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PREFACE 
 
 
The book focused on the role of ubiquitin protesome system (UPS) in central nervous 

system. Proteasomes are large multicatalytic proteinase complexes that are found in the 
cytosol and in the nucleus of eukaryotic cells with a central role in cellular protein turnover. 
The UPS has a central role in the selective degradation of intracellular proteins. In addition to 
serving as a means to rapidly eliminate short-lived regulatory proteins involved in cell cycle, 
cell growth, and differentiation, in periods of stress rapid elimination of denatured, misfolded 
and damaged proteins by the proteasome becomes a critical determinant of cell fate. These 
aspects are analyzed in central nervous system physiology and pathology. 

Chapter 1 - Multiple critical cellular processes are regulated by maintaining the 
appropriate levels of proteins. Whereas de novo protein synthesis is a comparatively slow 
process, proteins are rapidly degraded at a rate compatible with the control of cell cycle 
transitions, signaling events and induction of cell death. The ubiquitin-proteasome system 
(UPS) plays a pivotal role in the degradation of short-lived and regulatory proteins important 
in a variety of basic cellular processes, including regulation of the cell cycle, modulation of 
cell surface receptors and ion channels, and antigen presentation. On the other hand the UPS 
also displays an important quality control function, removing abnormal proteins from the 
cytosol, the nucleus and the endoplasmic reticulum. The pathway involves an enzymatic 
cascade through which multiple 76–amino acid ubiquitin monomers are covalently attached 
via a three-step process to the protein substrate, which is then degraded by the 26S 
proteasome complex, a cylindrical organelle that recognizes ubiquitinated proteins, degrades 
the proteins, and recycles ubiquitin. It is now clear that regulated protein degradation by the 
UPS affects practically every cellular process. In the nervous system, ubiquitination plays a 
role, among others, in neuronal signaling, synapse formation and function, as well as, in 
various diseases. It is becoming increasingly evident that altered activities of the UPS are 
crucially involved in the pathophysiology of Parkinson’s disease, Alzheimer’s disease, 
Huntington’s disease, prion diseases and in spinocerebellar ataxia, just to name a few. Protein 
degradation pathways are also targets for therapy as shown by the successful results obtained 
with the inhibitors of the 26S proteasome. Further work in this area holds great promise 
toward our understanding and treatment of a wide range of neurological disorders. 

Chapter 2 - Between the 1950s and 1980s, scientists were focusing mostly on how the 
genetic code is transcribed to RNA and translated to proteins, but how proteins are degraded 
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has remained a neglected research area. With the discovery of the lysosome by Christian de 
Duve, it was assumed that cellular proteins are degraded within this organelle. Yet, several 
independent lines of experimental evidence strongly suggested that intracellular proteolysis is 
largely nonlysosomal, but the mechanisms involved remained obscure. The discovery of the 
ubiquitin–proteasome system (UPS) resolved the enigma. The authors now recognize that 
degradation of intracellular proteins is involved in regulation of a broad array of cellular 
processes, such as cell cycle and division, regulation of transcription factors, and assurance of 
the cellular quality control. Not surprisingly, aberrations in the system have been implicated 
in the pathogenesis of human disease, such as malignancies and neurodegenerative disorders, 
which led subsequently to an increasing effort to develop mechanism based drugs. 

Chapter 3 - Cells contain many different kinds of proteins, each fulfilling structural, 
functional, or regulatory roles. The presence of either damaged or mutated proteins, or of 
altered levels of normal proteins could cause pathological conditions and even cell death. 
Therefore, monitoring the state of all these proteins, as well as continuously adjusting their 
levels to suit demands, is paramount to survival. To exercise such quality control, cells are 
continuously spending energy both to synthesize new proteins, and to simultaneously degrade 
them, even though many may still be functional. An important characteristic of regulatory 
degradation is that it is specific; only the correct proteins are removed in a time-coordinated 
manner. Such extraordinary specificity is achieved by a modular system that identifies 
proteins that are to be degraded, marks them by covalently attaching ubiquitin to an amino 
residue, and finally proteolyses them into amino acids. This sequence of events is executed 
by the following components. Recognition of target proteins is carried out by a specific 
ubiquitin-protein ligase, called an E3. This protein recognizes the substrate and usually 
directs a ubiquitin-conjugating enzyme, an E2, to attach ubiquitin, a small 76 amino acid 
protein, onto an amino group on the substrate. Ubiquitin molecules are often added one to 
another, resulting in chains of ubiquitin extending from the protein targeted for degradation. 
These polyubiquitin conjugates are then shuttled to the 26S proteasome, a large ATP-
dependent proteolytic complex, where they are degraded. Interestingly, ubiquitination is a 
reversible process, with deubiquitinating enzymes able to remove ubiquitin from the target 
before it can be recognized by the proteasome. Hence, transfer of the polyubiquitinated 
conjugate to the proteasome must happen swiftly or be shielded from these enzymes. The 
cumulative balance of these processes allows the ubiquitin-proteasome system to control the 
cellular levels and half lives of thousands of proteins making it a key player in basic 
biological pathways such as cell division, differentiation, signal transduction, trafficking, and 
quality control. Not surprisingly, aberrations in the system have been implicated in the 
pathogenesis of many diseases, certain malignancies, neurodegenerative disorders, 
inflammation and immune response. Understanding of the underlying mechanisms involved 
is important for the development of novel, mechanism-based drugs. 

Chapter 4 - Covalent modification of proteins by ubiquitin is a key mechanism for the 
control of cellular processes as diverse as cell proliferation, differentiation, apoptosis. 
Deubiquitination, reversal of this modification, is catalyzed by deubiquitinating enzymes that 
belong to the superfamily of proteases. Deubiquitinating enzymes occupy the second largest 
family of enzymes in the ubiquitin system, implying their functions in the control of diverse 
cellular processes by regulating the fate, function of ubiquitinated proteins. Cellular functions 
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of deubiquitinating enzymes include the regulation of proteasome activity, protein stability, 
signal transduction, DNA repair, chromatin dynamics, transcription, endocytosis. 
Deubiquitinating enzymes also play important roles in the processing of inactive ubiquitin 
precursors for the generation of matured ubiquitin monomers, the removal of ubiquitin from 
‘distal’ end of poly-ubiquitination chains conjugated to proteins for controlling the fidelity of 
the ubiquitination process, the cleavage of ubiquitin adducts for the release of free ubiquitin. 
Deubiquitinating enzymes consist of five families that have distinct catalytic domain 
structures: the ubiquitin-specific protease (USP) family, the ubiquitin C-terminal hydrolase 
(UCH) family, the ovarian tumor protease (OTU) family, the Machado-Joseph disease protein 
(MJD) family, the Jab1/MPN/Mov34-domain protease (JAMM) family. While the JAMM 
family members are metalloproteases, the other family members are cysteine proteases. As 
the names of certain families imply, deubiquitinating enzymes play critical regulatory roles in 
a multitude of processes from cancer to neurodegenerative diseases. In this chapter, the 
authors summarize the catalytic properties of deubiquitinating enzymes so far been identified, 
the recent findings on their functions as cellular regulators. The authors also describe the 
specific features of deubiquitinating enzymes that are related with neuronal diseases.  

Chapter 5 - Ubiquitin-like (UBL) domain proteins (UDPs) constitute a family of proteins 
with a modular architecture, which is characterized by an integral UBL-domain. Although 
members of the UDP family display a variety of different functions, many of them are on 
some level connected with the ubiquitin-proteasome system, a central pathway, which 
accommodates intracellular protein degradation in eukaryotic cells. While some UDPs are 
involved in substrate recruitment for the 26S proteasome, also a ubiquitin-specific hydrolase, 
an ER-membrane resident protein, a co-chaperone, and a ubiquitin ligase belong to this 
family. Several of these proteins have been implicated in the development of 
neurodegenerative diseases. Of the initially studied UDPs, most bound the proteasome in a 
UBL-dependent manner. Therefore it appeared that proteasome binding was a general feature 
of this protein family. However, evidence is accumulating that a number of UDPs also bind 
to other components of the ubiquitin pathway, while some appear not to bind the proteasome 
at all. Hence UDPs appear functionally more diverse than one would expect from their 
structural appearance. Here the authors provide insight into the UDP family and attempt to 
summarize what is known about their physiological role, especially with respect to 
neurodegenerative diseases. The authors come to the conclusion that, despite their striking 
structural similarity, UDPs display rather diverse binding features, and appear to be part of a 
sophisticated protein network within the ubiquitin system. 

Chapter 6 - The 20S proteasome, a 700 kDa multicatalytic proteinase complex, is 
responsible for the extralysosomal protein degradation that occurs in the cytosol and nucleus 
of eukaryotic cells. It represents the proteolytic core of the 26S proteasome, a 2000 KDa 
elongated structure formed by the 20S capped, at each side, by the 19S regulatory complex 
(also called PA700). The 26S complex is involved in the ATP, ubiquitin-dependent and 
ubiquitin-independent proteolytic pathways. The proteasome constitutes up to 1% of protein 
in the cells and the free 20S proteasomes are the major portion of the total amount of 
proteasomes. Its molecular architecture is extremely conserved from archaebacteria to higher 
eukaryotes and is organized in four stacked 7-membered rings of α and β subunits, in a 
cylinder-like shape. The two inner rings are composed of β subunits, harbouring the active 
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sites, flanked by the two outer rings made up of non-catalytic α subunits which regulate the 
substrate access through the opening of the outer ring and the binding of regulators. The 20S 
proteasome is a member of the N-terminal nucleophile (Ntn)-hydrolases family. Its N-
terminal threonine residues are exposed as the nucleophile in peptide bond hydrolysis. The 
three β subunits, β1, β5 and β2 (also called Y/delta, X and Z, respectively) express the three 
catalytic activities, designated peptidyl-glutamyl peptide hydrolyzing, chymotrypsin-like and 
trypsin-like, based on the ability to cleave peptide bonds on the carboxyl side of hydrophobic, 
basic and acidic aminoacids, respectively. Furthemore, two additional activities cleaving 
bonds after branched chain and small neutral amino acids have been described and called 
branched chain amino acid preferring and small neutral amino acid preferring. They enable 
the 20S proteasome to degrade alone a wide variety of protein substrates: poorly folded or 
unfolded proteins and oxidized proteins characterized by an increased surface 
hydrophobicity. Under the influence of γ-interferon, a major immunomodulatory cytokine, 
vertebrate proteasomes assemble catalytically-active subunits, named β5i, β1i and β2i (also 
called LMP7, LMP2 and MECL1, respectively) which replace their constitutive homologues, 
β5, β1 and β2, respectively, and associate to a regulatory particle, PA28, (or 11S regulatory 
complex) also induced by γ-interferon. Such a complex has been demonstrated to be 
specialized in generating MHC class I antigenic peptides. This review focuses on recent 
progress concerning the structure, including the assembly pathway, and the enzymatic 
activities that are involved in physiological/pathological functions exerted by the eukaryotic 
20S proteasomes in the cell. 

Chapter 7 - 26S proteasomes are ~2.4 MDa supramolecular assemblies that function as 
protein degrading complexes in neuronal as well as other cell types. They constitute the final, 
common destination of the proteins degraded by the ubiquitin-proteasome pathway, and 
perhaps by some non-ubiquitin-dependent pathways as well. 26S proteasomes are formed by 
association of the core 20S proteasomes with one or two PA700 activators (19S caps). While 
the core 20S proteasomes harbor the proteolytic activities, the remaining features of 26S 
proteasomes are conferred by components of the PA700. Mammalian PA700 is composed of 
18 subunits, including 6 AAA ATPases (Rpt1-6) and several non-ATPase subunits (Rpn1-3, 
Rpn5-12 and Uch37). PA700 is physically divided into the lid and base subcomplexes. 
PA700 allows the recognition of polyubiquitinated proteins, their attachment, unfolding, 
opening of the closed proteasomal ‘gates’ and translocation of the unfolded polypeptide chain 
of the substrate towards the central catalytic cavity of the proteasome. At the same time 
PA700 allows the release of free ubiquitin through at least two different deubiquitinating 
activities. All of these functions are coupled to the ATP-ase activity of the complex, making 
them highly susceptible to ATP depletion such as during episodes of limited hypoxia or 
ischemia. Moreover, under those conditions 26S proteasomes tend to separate into free 20S 
proteasomes and PA700 complexes. Besides the canonical 26S proteasome subunits, several 
proteins associate loosely with the 26S proteasome, including additional deubiquitinating 
enzymes, ubiquitin ligases and polyubiquitin binding and delivery factors. 

Chapter 8 - The 26S proteasome has long been viewed as a major therapeutic target. 
However, in the past 20 years only inhibitors of the proteolytic sites have been developed. 
Such a focus was primarily the result of the limited availability of assays for monitoring 
activity of the 26S proteasome. Due to the difficulties in preparation of naturally 
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polyubiquitinated proteins, these assays were based on artificial model substrates, typically 
monomeric proteins that could be either polyubiquitinated in vitro without a specific E3 
ubiquitin ligase (lysozyme, DHFR, Ub-Pro-β-gal) or degraded without polyubiquitination 
(fluorogenic peptides, loosely structured caseine, denatured ovalbumin). Although these 
reagents proved invaluable in uncovering the basic principles of proteasomal function, it 
becomes increasingly clear that they did not allow one to address the puzzling complexity of 
the 19S cap composition, indispensable in the highly controlled and rapid (T1/2 <5 min) 
degradation of naturally unstable regulatory proteins and signalling molecules. Recent 
development of in vitro assays for specific ubiquitination and degradation of natural 
substrates from yeast, pioneered by several research groups including ours, has turned the 
tide. As the authors will discuss these studies, although in their early stages, have already 
revealed an unanticipated complexity of the substrate recruitment mechanism and the 
catalytic cycle itself.  

Chapter 9 - The ubiquitin-proteasome system is responsible for the majority of regulated 
intracellular protein degradation. The importance of this system is reflected in its 
involvement in a large number of biological processes such as cell cycle traverse, apoptosis, 
antigen presentation, circadian rhythms, protein quality control, etc., as well as many aspects 
of neuronal development and function. The proteolytic component of the system is the 26S 
proteasome, a large ATP-dependent enzyme that degrades proteins marked for destruction by 
polyubiquitin chains. The 26S proteasome is composed of two subunits, the 20S proteasome 
and the 19S regulatory complex. The 20S proteasome is a cylindrical particle composed of α 
and β subunits arranged as four heptameric rings housing the proteolytic activity. 
Indiscriminate protein degradation by the 20S proteasome is prevented by the fact that the 
active sites are sequestered within the central chamber of the cylinder, and substrate access is 
blocked by N-terminal extensions of the α subunits constituting the outer rings. For substrates 
to gain entry into the 20S proteasome, the α N-terminal extensions must be reoriented in 
order to open the axial channel leading into the proteasome catalytic chamber. This is 
accomplished by binding of the 19S regulatory complex and/or other proteasome activator 
complexes to one or both ends of the 20S cylinder. The 19S regulatory complex is a 
multiprotein structure that recognizes, unfolds and pumps polyubiquitylated substrates into 
the 20S catalytic core. Other identified proteasome activators include PA28α and PA28αβ 
that are involved in MHC class I antigen presentation, PA28γ, thought to be involved in 
apoptosis, and PA200 recently linked to DNA repair. Inhibitors of the 20S proteasome 
include Hsp90 and PI31 — which presumably compete with proteasome activators for 
binding the 20S proteasome α rings — PR39, a noncompetitive reversible inhibitor of 
proteasomes and PA28αβ-proteasome complexes, and many viral proteins that inhibit 20S 
and 26S proteasomes as well as other components of the ubiquitin-proteasome system. In 
addition to activators and inhibitors of 20S proteasomes, there are numerous proteins that 
bind to the 26S holoenzyme and modulate its activity. These include a host of ubiquitin-
conjugating enzymes (E2s), ubiquitin-ligases (E3s), ubiquitin-chain elongation factors (E4s), 
isopeptidases, and an increasing number of polyubiquitin chain receptors thought to deliver 
polyubiquitylated substrates to the 26S proteasome. Finally, the HEAT repeat-containing 
protein Ecm29 has been proposed to function as an adaptor that links 26S proteasomes to 
protein quality control and endoplasmic reticulum-associated protein degradation pathways, 
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endocytosis and vesicular trafficking, and transport processes through interaction of Ecm29 
with molecular motors. In this review, the authors will discuss recent developments 
concerning the aforementioned proteasome-interacting proteins with emphasis on those 
proteins which likely function within the normal physiology and pathophysiology of the 
nervous system. 

Chapter 10 - The accumulation of misfolded or damaged proteins causes the failure of 
normal cell structure and functions needed for growth and viability. The toxicity of misfolded 
species has been linked to human diseases, neurodegenerative disorders in particular, 
including Alzheimer’s, Parkinson’s and Huntington’s diseases, characterized by the 
accumulation of intracellular aggregates or inclusion bodies. To interrupt this adverse 
development, defective proteins must be rapidly repaired by molecular chaperones or 
destroyed by energy-dependent cytoplasmic proteases. A balance among these processes 
ultimately maintains the cellular homeostasis. In eukaryotes, the 26S proteasome, a 
protease/chaperone complex that generally acts as an ubiquitination system, is a central 
component in the protein triage decision process, though it also selectively degrades 
structurally abnormal proteins in a ubiquitin-independent manner. In either case, all substrate 
proteins must undergo the structural changes and stabilization necessary for a rapid 
degradation. It has, therefore, often been suggested that several chaperone functions are 
closely related to the stimulation of proteasomal degradation. This chapter summarizes recent 
discoveries pertaining to chaperone activities in the ubiquitin-proteasome system, and to their 
regulation of protein breakdown mediated by the proteasome. 

Chapter 11 - Proteasomes are present in the cytoplasm and in the nuclei of all cell types 
including neurons and glial cells. Their relative abundance within subcellular compartments 
is highly variable depending on the cell type as well as depending on physiological and/or 
pathological stimuli. Cytoplasmic proteasomes are not uniformly distributed; instead they are 
enriched at the centrosomes at the cytoskeletal networks and at the outer surface of 
membranaceous organelles such as the endoplasmic reticulum and the endosome system. In 
the nuclei proteasomes are present throughout the nucleoplasm but are usually not found 
within the nucleoli. Nuclear proteasomes often associate with structures of the nuclear matrix 
in particular with discrete subnuclear domains called the PML nuclear bodies (POD 
domains). PML bodies in the nucleus and the pericentrosomal area of the cytoplasm may 
function as proteolytic centers of the cell since they are enriched in components of the 
proteasome system. Under conditions of impaired proteolysis proteasomes and ubiquitinated 
proteins further accumulate at those locations. The knowledge about intracellular distribution 
of proteasomes is important for our understanding of the dynamic organization of the 
ubiquitin- and proteasome-dependent proteolysis within cells. The present chapter will 
review available information about subcellular localization of proteasomes with emphasis on 
neuronal and glial cells; however since most data were obtained in other cell types they will 
be reviewed as well whenever this is relevant.  

Chapter 12 - The regulated degradation of a majority of cellular proteins is catalyzed by 
the ubiquitin-proteasome system (UPS). The catalytic engine at the center of the UPS is the 
proteasome, a large multi-subunit self-compartmentalized protease. The UPS is engaged in a 
variety of functions critical to protein quality control, including surveillance and elimination 
of misfolded proteins that are irreparably damaged and potentially toxic. Unfortunately, when 
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the capacity of the UPS is exceeded, misfolded protein substrates accumulate and tend to self 
associate, a characteristic hallmark of a growing class of aggregation diseases such as 
Alzheimer’s and Parkinson’s. These aggregates are subsequently assembled through an active 
and regulated process to form aggresomes. Aggresomes are dynamic structures, formed in 
response to an overload of improperly folded proteins. Assembly of aggresomes occurs at the 
centrosome, a juxtanuclear structure with roles historically limited to microtubule 
organization as it relates to cellular division and directional motor protein-dependent 
transport within the cell. Moreover, studies characterizing aggresome formation have 
demonstrated that the centrosome serves as a site for the recruitment and concentration of 
UPS components, including the proteasome, its regulators and a host of other proteins 
involved in protein quality control. Therefore, in addition to other cellular activities, the 
centrosome may play a central role in protein quality control, spatially regulating critical 
processes in protein folding, degradation, and aggregation. 

Chapter 13 - Proteins co-translationally inserted into the endoplasmic reticulum (ER) of 
neuronal cells must undergo proper folding, association and posttranslational modifications in 
order to assure their function in the different segments of the secretory pathway, plasma 
membrane and extracellualar space. A quality control (QC) system assures that only properly 
folded and assembled proteins exit the ER, while misfolded and aberrant proteins are 
degraded by a process known as ER-associated degradation (ERAD). The most studied form 
of ERAD relies on the activity of the cytosolic ubiquitin-proteasome system (UPS) and 
requires recognition and extraction (a.k.a. retrotranslocation or dislocation) of misfolded 
proteins prior to their degradation. Nevertheless, ample evidence exists for UPS-independent 
cytosolic and lumenal ERAD as well. ER and cytoplasmic chaperones assist in the 
retrotranslocation process, which is mediated through the Sec61 translocone or derlin-
associated channels. Emerging substrates are ubiquitinated on the cytosolic face of the ER by 
a limited number of specialized E2s and E3s. Studies in yeast have implied in ERAD a 
cytosolic AAA ATP-ase called VCP (valosin-containing protein; Cdc48, p97, TER94) in 
association with the Ufd1-Npl4 dimer. Inefficient ERAD and/or increased load with 
misfolded proteins induce ER stress, which in turn activates a transcriptional response known 
as UPR (unfolded protein response). UPR involves transient attenuation of translation 
followed by increased synthesis of ER chaperones, components of ERAD and other proteins 
involved in relieving ER stress. However, persistent ER stress leads to the initiation of 
apoptosis. Inefficient ERAD contributes to the formation of cytoplasmic inclusions 
characteristic of neurodegenerative disorders, while acute ER stress is often associated with 
neuronal cell loss during cerebral ischemia. VCP is mutated in a hereditary dominant disorder 
known as inclusion body myopathy, Paget’s disease of the bone and frontotemporal dementia 
(IBMPFD). 

Chapter 14 - The proteasome is an intracellular multisubunit protease. It plays an 
important role in a myriad of intracellular processes and in removing misfolded proteins by 
degradation. Protein misfolding and aggregation are common to most neurodegenerative 
diseases, suggesting that abnormalities of protein homeostasis contribute to pathogenesis. 
Recent cell-based and genetic studies suggest that perturbations in the proteasome 
degradation mechanisms contribute to neurodegenerative disease processes Although, 
significant progress has been made in the understanding of substrate recognition and 
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proteolysis, very little is known on the intermediate steps of transportation of misfolded 
protein into the proteolytic proteasome chamber and their effects on proteasome proteolytic 
activity. Mathematical models can help to understand proteasome dysfunction in 
neurodegenerative diseases. Using the in silico informatics work done on the specificity and 
kinetics of the proteasome molecules, different non-exclusive models of proteasome 
dysfunction can be predicted. If the influx and cleavage rate are impaired a low degradation 
rate is predicted, while if the cleavage rate is limiting, such as for substrates containing 
polyglutamine tracks, the degradation rate increases at the decrease of the influx rate. From 
these standpoints, misfolded protein accumulation in neurodegenerative disease could be due 
to a low cleavage capacity of catalytic subunits toward specific substrates, such as 
polyglutamine rich sequence proteins, with a consequent direct ‘clogging’ of proteasomes by 
undegraded longer fragments. An alternative hypothesis suggests an impaired transport into 
the proteolytic chamber, mainly due to a reduced capacity of proteasome 19S gating subunits 
to attach substrate recruitment fragments. ATP deficiency and steric modification of the 
substrates are envisaged as potential mechanisms generating such impairment. These 
theoretical studies, although in their early stages, have already revealed an unanticipated 
complexity of the dysfunction of proteolytic activity in neurodegenerative diseases at the 
level of substrate recruitment mechanism as well as at the level of the catalytic cycle itself. 

Chapter 15 - The brain is a very complex structure. The complexity of the brain is 
necessary for it to carry out its varied functions, such as receiving and processing stimuli, 
learning and memory, effecting motor output, is critical to the survival of the organism. 
Gaining a complete understanding of the structure and function of the brain requires an 
understanding of its embryonic development. Many billions of neurons must differentiate into 
neurons and subsequently be wired up correctly and form functional synapses. These 
processes occur during neural development, which has a number of distinct stages: 
neurogenesis, axon guidance, arborisation and synaptogenesis that are multifaceted and 
tightly regulated. One mechanism for the regulation of intricate cellular processes, such as the 
cell cycle, synaptic plasticity and neural development, is through the control of protein levels 
via their synthesis and or degradation. The ubiquitin-proteasome system (UPS) is able to 
regulate protein levels by targeting specific proteins for proteasome-mediated proteolysis or 
for their endocytosis and subsequent lysosomal-mediated proteolysis. Evidence is now 
accumulating that these mechanisms are critical for the correct development of the nervous 
system during its distinct stages. A number of E3 ubiquitin ligases such as Neuralized, ligand 
of num-protein X, Sel-10 and mind bomb have been identified as being required for regulating 
lateral inhibition and neurogenesis via the ubiquitin-mediated internalisation of the Notch and 
Delta transmembrane proteins critical for the differentiation of neurons. Genetic screens in 
Drosophila have identified components of the UPS such as bendless, a ubiquitin-conjugating 
enzyme (E2), non-stop, a ubiquitin-specific protease and ariadne-1 which interacts with a 
novel ubiquitin-conjugating enzyme in the navigation of axons to their targets. Recently the 
UPS has been identified as mediating the chemotropic responses of Xenopus retinal growth 
cones to specific guidance cues such as netrin-1 and brain-derived neurotrophic factor, since 
proteasome inhibition blocks chemotropic responses to these cues and leads to increases in 
ubiquitin-protein complexes in growth cones. The UPS is also able to regulate axon guidance 
at the level of guidance cue receptors at the cell surface which may enable a growth cone to 
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change its responsiveness to particular cues during it journey. For example, as growth cones 
cross the Drosophila midline the internalisation of the guidance cue receptor, roundabout, is 
controlled by commissureless interacting with DNedd4, an E3 ubiquitin ligase, resulting in 
the removal of Robo from the growth cone surface. Once they have reached their targets 
growth cones undergo morphological changes such as branch formation during arborisation 
and subsequently synaptogenesis. Recent studies suggest that the UPS is involved in branch 
retraction in mushroom body neurons during metamorphosis. Moreover, two E3 ligases, 
highwire, and the anaphase promoting complex (APC), a de-ubiquitinating enzyme fat facets, 
regulate synaptogenesis via a balance of ubiquitination and de-ubiquitination at the 
neuromuscular junction in Drosophila. These studies establish a fundamental role for the 
UPS in regulating the development of the nervous system via both ubiquitin-mediaded 
endocytosis and ubiquitin-mediated proteolysis. 

Chapter 16 - The central nervous system (CNS) is the most complex structure known, 
and understanding its function is considered the ‘final frontier’ of biology. Neurons and their 
supporting glial cells form the cellular building blocks of the CNS. Individually these cells 
express a vast array of proteins that receive and transmit information; collectively integrating 
and processing this information allowing us to make sense of our environment and modify 
our behaviors. The process of protein degradation and turnover is essential for physiology of 
neuronal cells. The proteasome-ubiquitin system (UPS) plays central role in cytosolic 
proteolysis. It regulates the distribution of cell cycle phases, gene expression, transcription 
and antigen processing. In the CNS the proteasome pathway has additional functions which 
are due to physiology of the CNS. Many neuronal specific proteins interact with the 20S 
proteasome, moreover, brain proteasomes are thought to have a different proteolytic profile 
than proteasomes from other tissues. Proteasomes are present ubiquitously, but not 
homogenously, in CNS cells (both in neurons and in glia). The subcellular localization of 
proteasomes differs in various parts of the CNS. Both neurons and glia are able to induce 
immunosubunits of proteasome under inflammatory conditions. UPS also shapes the 
function, development, and plasticity of synaptic connections and UPS elements are recruited 
in post-synaptic densities (PDS). The UPS is also essential for Long-Term Facilitation and is 
required for the establishment of long-term memory, moreover the blockade of UPS produces 
full retrograde amnesia in rat. The knowledge of the UPS in particular areas of the CNS and 
of the function of this system in every neuronal cell, enables to draft a more complex vision 
on protein turnover in the CNS, but details of all the processes remain to be discovered. 

Chapter 17 - Compared to the central nervous system (CNS), the involvement of the 
ubiquitin-proteasome system (UPS) in peripheral nerve biology has received less attention. 
Nonetheless, there are several emerging areas of peripheral nerve biology, as well as 
pathobiology, in which the ubiquitin-proteasome pathway appears to play critical roles. A 
major contribution to understanding the role of the UPS in nervous system function came 
from studies of the Drosophila neuromuscular junction. Overexpression of the 
deubiquitinating protease fat facets in motor neurons led to a profound disruption of synaptic 
growth control, indicating that a balance between ubiquitination and deubiquitination is key 
for synaptic development. Recent studies in a variety of neuronal model systems revealed that 
ubiquitination is a critical factor in basic presynaptic and postsynaptic mechanisms, as well as 
synaptic plasticity throughout the nervous system. In addition to the role in synaptic 
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communication, the UPS is involved in controlling the survival and proliferation of 
peripheral glial cells, called Schwann cells. Similarly, the survival of cultured sympathetic 
neurons is also influenced by the UPS. In response to injury, peripheral nerves degenerate by 
an apoptosis independent mechanism known as Wallerian degeneration. This mechanism 
involves the fragmentation of axonal microtubules and the destruction of the axolemma. The 
application of proteasome inhibitors slows this degenerative process and profoundly delays 
Wallerian degeneration. Therefore, it is possible that proteasome inhibitors can help to 
maintain axonal integrity in neurodegenerative events where axonal degeneration is involved. 
The UPS has also been linked to at least two distinct hereditary disorders of the PNS, namely 
neurofibromatosis and demyelinating neuropathies. In neurofibromatosis, Schwann cell 
proliferation is deregulated leading to multiple tumors, mostly schwannomas. Mutated forms 
of the neurofibrinin 2 tumor suppressor gene are rapidly degraded by the proteasome and 
thought to contribute to a loss of function phenotype of the wild type allele. Peripheral 
myelin protein 22 (PMP22), also known as growth arrest specific gene 3, is a short-lived 
Schwann cell protein that is also degraded by the proteasome. Mutations within and 
duplication of the PMP22 gene are linked to demyelinating neuropathies, including Charcot-
Marie-Tooth disease type IA. When PMP22 is mutated or overexpressed, the degradation of 
the protein is slowed leading to its accumulation in cytosolic aggregates, termed aggresomes. 
The formation of PMP22 aggresomes is associated with an impairment of UPS activity and 
the recruitment of proteasome substrates and chaperones to the aggregates. These events can 
disrupt the cell cycle of the Schwann cells and enhance neural dysfunction. The findings 
described here indicate that there has been a tremendous progress in our understanding of the 
role of the UPS in PNS biology. Significantly, findings from the PNS have provided ground-
breaking insights into basic neural mechanisms, such as synaptic communication and axonal 
degeneration. The involvement of the UPS in peripheral nerve disease reveals another 
commonality between the CNS and PNS, and will help to speed the development of novel 
therapeutic strategies aimed at influencing protein turnover in the nervous system. 

Chapter 18 - The ubiquitin-proteasome pathway (UPS) is understood to have a major role 
in the regulation of the cell cycle of dividing cells. More recently, it has become clear that 
even non-dividing cells, like neurons, rely on the specific regulated protein degradation 
pathways of the UPS. Through genetic studies as well as elegant biochemical and cell 
biological experiments it is now clear that the UPS plays an important role in neuron specific 
functions, such as pathfinding during development, neurodegeneration and synaptic 
plasticity. The regulation of synapse formation and re-formation is central to neuronal 
function. Recent work has demonstrated that the regulated destruction of specific components 
of the synapse is a crucial determinant of the long-term status of a neuronal connection. 
Moreover, it is clear that neurotransmitter stimulation of receptors can begin a cascade 
resulting in the targeted removal of specific synapse scaffold proteins. The permanent 
removal of these proteins through degradation allows for the rearrangement of synapse 
components in a manner specific to the neurotransmitter-mediated signal.  

Chapter 19 - Organisms respond to acute environmental change by orchestrating a stress 
response to prevent further damage. The key aspect of the stress response is a reaction to any 
form of macromolecular damage that exceeds a set threshold, independent of the underlying 
cause. It is becoming clear that higher organisms developed a complex, sensitive and maybe 
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equally important network of regulatory pathways, relying largely on protein interactions, 
post-translational modifications and proteolysis. Molecular chaperones help hundreds of 
signalling molecules to keep their activation-competent state, and regulate various signalling 
processes ranging from signalling at the plasma membrane to transcription. Furthermore, 
molecular chaperones recognize proteins of non-native structure, prevent them from 
irreversible intracellular aggregation, and then act with regulatory co-chaperones in the 
conversion of proteins to be properly folded and in a functional state, stabilizing the 
phenotypes of various cells and organisms. This may be related to their low affinity for the 
proteins they interact with, which means that they represent weak links in protein networks. 
However, not every non-native protein is folded successfully. Those proteins that are not 
accurately folded/refolded are then directed to the ubiquitin-proteasome system (UPS) for 
destruction. The UPS is the predominant nonlysosomal protein degradation pathway which 
insures the viability, proliferation and signaling of eukaryotic organisms. In periods of stress, 
rapid elimination of denatured, misfolded and damaged proteins by proteasomes also 
becomes a critical determinant of cell fate. Stress response including its associated oxidative, 
nitrosylative and energetic stresses underlie neurodegeneration and evoke a discreet set of 
transcriptional events which have a complex and interdependent relationship with 
proteasomal function. Both chaperones and proteasomes act jointly together for selective 
removal of proteins with aberrant structure so as to keep protein homeostasis in cells. Though 
the precise nature of the cooperative linkage between chaperone and UPS pathways remains 
largely elusive so far, how slowly folding or misfolded polypeptides are targeted for 
proteasomal degradation, accumulating evidence from in vivo and in vitro studies shed some 
light on the molecular mechanisms that link proteasomes and molecular chaperones. 
Generally, selection of proteins for degradation is mediated by E3 ubiquitin ligases of the 
mechanistically distinct HECT and RING domain sub-types. Recent studies suggest that the 
U-box protein family represents a third class of E3 enzymes. CHIP, a U-box-containing 
protein, is a degradatory co-chaperone of heat-shock protein 70 (Hsp70) and Hsp90 that 
facilitates polyubiquitination of chaperone substrates. This mechanism affords time for a 
separate set of stressor-specific adaptations, designed to re-establish cellular homeostasis, to 
take action. Finally, the disruption of this protein folding quality control results in the 
accumulation of non-native protein species that can form oligomers, aggregates, and 
inclusions indicative of neurodegenerative disease. Many neurodegenerative diseases such as 
amyotrophic lateral sclerosis, Alzheimer’s disease, Parkinson’s disease and polyglutamine 
diseases, to cite the well studied, are characterized by conformational changes in proteins that 
result in misfolding, aggregation and intra- or extra-neuronal accumulation of amyloid fibrils. 
A common feature may be the formation of off-pathway folding intermediates that are 
unstable, self-associate, and with time lead to a chronic imbalance in protein homeostasis 
acting on the correct functioning of molecular chaperones and the UPS with deleterious 
consequences on cellular function. This has led to a hypothesis that enhancement of 
components of the cellular quality control machinery, specifically the levels and activities of 
molecular chaperones and the UPS suppress aggregation and toxicity phenotypes to allow 
cellular function to be restored. A detailed understanding of the molecular basis of 
chaperone-UPS mediated protection against neurodegeneration might lead to the 
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development of therapies for neurodegenerative disorders that are associated with protein 
misfolding and aggregation. 

Chapter 20 - Glucocorticoid hormones exert a variety of effects on the brain and impact 
memory, anxiety, and CNS responses to stress. The action of these hormones is mediated 
primarily by soluble receptors, the corticosteroid or glucocorticoid receptors, which primarily 
act directly in the nucleus to regulate select networks of target genes. Multiple mechanisms 
account for the diversity of glucocorticoid action including cell and tissue-specific response 
of target genes, the differential action of receptor variants as well as complex interactions 
between a plethora of accessory factors that directly or indirectly modulate glucocorticoid 
receptor activity. Furthermore, many in vitro and in vivo model studies have revealed a 
relationship between expression levels of glucocorticoid receptors and cellular 
responsiveness to glucocorticoid hormone. Various intrinsic and extrinsic factors influence 
the expression of the glucocorticoid receptors and thereby impact cellular output to 
glucocorticoid hormone exposure. This review will focus on the current state of knowledge 
regarding the regulation of glucocorticoid receptor protein expression and highlight a number 
of recent studies that illustrate the critical importance of cellular maintenance of appropriate 
receptor levels in complex neuronal responses. 

Chapter 21 - The apoptotic pathway and the ubiquitin- and proteasome system (UPS) are 
mutually dependent and interconnected. Active caspases are able to cleave proteasomal 
subunits leading to a decrease in proteasome activity, while proteasomes are able to degrade 
active caspases. Proteasome inhibitors easily induce apoptosis in rapidly cycling cells and in 
particular in malignant cells, however they are relatively well tolerated by differentiated, 
postmitotic cells such as neurons. Moreover, they confer neuroprotection likely through the 
induction of heat shock proteins and inhibit apoptotic and excitotoxic neuronal death 
triggered by different mechanisms. Nevertheless, at higher doses they eventually induce 
apoptosis. Some populations of neurons are more susceptible to the proapoptotic effects of 
proteasome inhibitors than other, in particular the dopaminergic neurons in the striatum. 
Proteasome dependent steps are located both in the induction and the execution stages of 
apoptosis, upstream and downstream from caspase activation. Multiple mechanisms of action 
may be involved such as inhibition of the cell cycle, oxidative stress, protein aggregation and 
inhibition of NFκB activation, just to name a few. The clinical use of proteasome inhibitors 
raises the question of their possible neurotoxic effect, which may surface when this class of 
drugs will be used in the treatment of chronic disorders such as rheumatoid arthritis. The 
relationship between the UPS and apoptosis in neuronal cells is therefore highly complex and 
far from being fully understood. 

Chapter 22 - Unrepaired protein damage leads to the formation of lethal protein 
aggregates in cells and ultimately causes cell death. Protein damage accumulates in cells due 
to oxidative stress, transduction with prion particles with dominant conformations or due to 
genetic alterations in proteins that lead to formation of insoluble aggregates. All prokaryotic 
and eukaryotic cells possess two main strategies to counteract these changes and avoid the 
accumulation of protein aggregates. These pathways for protein quality control include: (1) 
the protein chaperone and refolding systems and (2) targeted proteolysis of the malfolding 
protein. In mammalian cell the molecular chaperones heat shock proteins 70 and 90 (Hsp70 
and 90) appear to play key regulatory roles in protein triage after damage. These molecular 
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chaperones can bind to malfolded proteins, deter the aggregation cascade and then target the 
protein substrates towards either: (1) the pathways of refolding by chaperonin- containing 
folding structures or (2) can promote ubiquination of its target through mechanisms involving 
the ubiquitin ligase CHIP and deliver the ubiquinated protein to the proteasome for 
degradation. Dysregulation of this system occurs during aging and is amplified during a 
range of degenerative disease states. Failure of this defense system may occur at many levels 
and decreased expression of proteins that mediate pathways 1 and 2 appears to be involved in 
aging, particularly of neuronal cells. 

Chapter 23 - The causes of various neurodegenerative diseases, particularly sporadic 
cases, remain unknown, but increasing evidence suggests that these diseases may share 
similar molecular and cellular mechanisms of pathogenesis. One prominent feature common 
to most neurodegenerative diseases is the accumulation of misfolded proteins in the form of 
insoluble protein aggregates or inclusion bodies. Although these aggregates have different 
protein compositions, they all contain ubiquitin and proteasome subunits, implying a failure 
of the ubiquitin-proteasome system (UPS) in the removal of misfolded proteins. A direct link 
between UPS dysfunction and neurodegeneration has been provided by recent findings that 
genetic mutations in UPS components cause several rare, familial forms of neurodegenerative 
diseases. Furthermore, it is becoming increasingly clear that oxidative stress, which results 
from aging or exposure to environmental toxins, can directly damage UPS components, 
thereby contributing to the pathogenesis of sporadic forms of neurodegenerative diseases. 
Aberrations in the UPS often result in defective proteasome-mediated protein degradation, 
leading to accumulation of toxic proteins and eventually to neuronal cell death. Interestingly, 
emerging evidence has begun to suggest that impairment in substrate-specific components of 
the UPS, such as E3 ubiquitin-protein ligases, may cause aberrant ubiquitination and 
neurodegeneration in a proteasome-independent manner. This chapter provides an overview 
of the molecular components of the UPS and their impairment in familial and sporadic forms 
of neurodegenerative diseases, and summarizes present knowledge about the pathogenic 
mechanisms of UPS dysfunction in neurodegeneration.  

Chapter 24 - The accumulation of unfolded, misfolded or damaged proteins in cells is a 
threat to cell survival. The ubiquitin-proteasome system (UPS) is responsible for the 
degradation of these abnormal proteins. UPS dysfunction has been postulated to play a key 
role in the pathogenesis of neurodegenerative diseases such as Alzheimer’s and Parkinson’s 
diseases. Both normal and misfolded proteins can undergo highly specific degradation by the 
UPS. Selective degradation of correctly folded proteins underlies many cellular regulations. 
Examples include degradation of cyclins or their inhibitors in the regulation of the cell cycle 
and the degradation of IκB in the activation of immunity responses. The endoplasmic 
reticulum (ER) is the site of synthesis of membrane proteins and secretory proteins. In the 
ER, defective or unfolded proteins are degraded [a process known as ER-associated proteins 
degradation (ERAD)], whereas correctly folded proteins are spared. In the familial form of 
Alzheimer’s disease, transcriptional misreading of the stress-induced polyubiquitin gene 
produces ubiquitin with aberrant C-terminal extensions that competitively inhibit proteasomal 
function. This inhibition of UPS may impair ERAD, thereby causing the accumulation of 
misfolded proteins in the ER, resulting in ER stress and induction of cell death through the 
activation of calpain and caspase-3. Proteasome inhibitors such as lactacystin have been 
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reported to activate the pro-apoptotic transcription factor C/EBP-homologous protein 
(CHOP) and to cause cell death in cultured cortical neurons. Although the inhibition of 
proteasomes has been linked to cell death, recent studies have shown that, below a threshold 
level, proteasome inhibition can activate neuroprotective responses — proteasome inhibition 
has been shown to induce various molecular chaperones such as heat shock proteins (HSPs) 
that increase cell tolerance to the accumulation of unfolded and damaged proteins, stimulate 
the expression of UPS components through a feedback mechanism, and suppress 
inflammatory responses by inhibiting IκB degradation. Although the inhibition of 
proteasomes may stimulate neuroprotective responses, prolonged ER stress ultimately leads 
to apoptosis. Further studies to elucidate the impact of proteasomal inhibition on other 
cellular signaling pathways may provide insights on the interplay between the UPS and cell 
physiology. A better understanding of the function and activation of the neuroprotective or 
pro-apoptotic responses would provide a means to manipulate this pathway in order to cure 
diseases associated with unfolded proteins. Much remains to be discovered about the 
inducibility and functioning of chaperones and neuroprotective ubiquitin-proteasome 
pathways in neurons. Such studies would be useful, since genetic polymorphism in these 
protective systems and changes in their expression with ageing may play critical roles in the 
accumulation of unfolded or damaged proteins, and in the pathogenesis of disease. Moreover, 
pharmacological induction or activation of these protein repair-and-degradative systems 
could in future be developed into innovative therapies for neurodegenerative diseases. 

Chapter 25 - The ubiquitin-proteasome system (UPS) has a central role in the selective 
degradation of many intracellular proteins. Functional failure of the UPS may result in an 
abnormal accumulation of ubiquitinated, misfolded, aggregated, or oxidated proteins that 
should be removed from cells, finally resulting in cell death. Recent advances in genetic 
studies in familiar Parkinson’s disease (PD) have provided important insight into the 
molecular pathways involved in disease pathogenesis. Proteins coded by the causal genes of 
familial parkinsonism, such as α-synuclein, parkin, ubiquitin carboxy-terminal hydrolase L1 
(UCH-L1), and DJ-1, are possibly related to the ubiquitin-proteasome protein degradation 
system. Mutations in these proteins may interfere with normal protein degradation by UPS 
caused by ‘loss of function’ or ‘gain of function’. A major constituent of Lewy bodies is 
aggregated α-synuclein. Mutant α-synuclein aggregates and resists degradation by the UPS, 
eventually disturbing normal cellular functions. Both parkin and UCH-L1 are components of 
the UPS that contribute to normal ubiquitination and de-ubiquitination mechanisms, 
respectively. Loss-of-function of parkin or UCH-L1 can interrupt normal protein degradation 
by the UPS. In addition, DJ-1 may also function to alleviate protein misfolding. The 
accumulated findings suggest the hypothesis that UPS failure and the subsequent proteolytic 
stress contribute to the etiopathogenesis that underlies dopaminergic neurodegeneration in 
both hereditary and sporadic PD. Experimental studies have revealed that dopaminergic 
neurons may be particularly vulnerable to proteasome inhibition in vitro and in vivo. Local 
administration of a proteasome inhibitor into the nigrostriatal system (the substantia nigra, 
striatum, or medial forebrain bundle) in rodents is sufficiently to induce dopaminergic neuron 
degeneration in the substantia nigra and the formation of α-synuclein-immunopositive 
intracytoplasmic inclusions similar to Lewy bodies. In addition, it has recently been reported 
that dopaminergic neurons progressively degenerate with Lewy-body-like inclusion 



Preface xxiii

formation following the systemic administration of proteasome inhibitors in rats. These 
experimental findings suggest that the inhibition of the UPS may be a common pathway for 
dopaminergic neuron death in PD, although further studies are required to establish the 
proteasome-inhibitor-induced PD model. If UPS failure is a key mechanism underlying 
dopaminergic neuron death, the next question, which is probably a more essential one, is why 
UPS failure occurs in dopaminergic neurons in PD. There must be primary, upstream events 
that affect UPS function. To date, several factors have been stressed in the pathogenetic 
mechanisms underlying dopaminergic neuron degeneration in PD, such as deficits in 
mitochondrial function, oxidative stress, neuroinflammation, and the accumulation of 
aberrant or misfolded proteins. Determining the principal molecular pathways that exaggerate 
UPS dysfunction will provide relevant clues to the understanding of the pathogenesis of 
sporadic and familial forms of PD. This chapter reviews the most recent advances in the 
authors knowledge on the relationships between UPS failure and dopaminergic neuron 
degeneration.  

Chapter 26 - The ubiquitin-proteasome system (UPS) has multiple roles in axon 
degeneration. An efficiently functioning UPS is essential for maintenance of healthy axons, 
but the UPS is also required to activate pathways of programmed axon death designed to 
remove axons in injury, disease and development. Thus, as in the cell body (Chapter 24) the 
UPS is a double-edged sword for axons. Genetic defects in the UPS often cause progressive 
degeneration of synapses and distal axons. These structures appear more vulnerable than 
neuronal cell bodies to failure of normal protein turnover. Similarly, pharmacological 
blockade with proteasome inhibitors causes neurite death in vitro and peripheral neuropathy 
in vivo, suggesting long axons are critically dependent on a fully functioning UPS. Thus, 
axon degeneration could make an important contribution to neurodegenerative disorders 
where UPS defects are reported, such as Alzheimer's disease, Parkinson's disease and 
Huntington's disease. Prominent and early axon and synapse pathology has been reported in 
each of these disorders. The UPS also controls axon survival by regulating nuclear and 
axonal events. A chimeric nuclear protein containing an N-terminal region of 
multiubiquitination factor Ube4b delays the degeneration of injured axons in the slow 
Wallerian degeneration mutant mouse (WldS) for several weeks. The Ube4b domain of WldS 

protein is required for its neuroprotective effect in vivo and interacts with valosin containing 
protein (VCP/p97) within the nucleus, an event that may influence downstream axonal 
mediators of this phenotype. Proteasome inhibition in axons also delays Wallerian 
degeneration, possibly by preventing downregulation of the MEK/ERK pathway. Rapid 
Wallerian degeneration in wild-type axons seems to be a proactive, regulated process, similar 
in principle to apoptosis, albeit different in molecular details. Physical axon injury is not the 
only way to trigger this process because WldS delays also axon degeneration caused by 
several genetic and toxic insults. The common factor may be a blockade of anterograde 
axonal transport. Transport from the cell body may deliver an inhibitor of Wallerian 
degeneration that stops it from being triggered in healthy axons. Axonal pruning, the large-
scale elimination of excess axon branches formed during development, also requires cell-
autonomous action of the UPS. Cell specific deletion of genes encoding E1 and proteasome 
subunits in Drosophila blocks this process suggesting that the UPS degrades key regulators 
of the pruning process, or participates in the execution phase. There are interesting parallels 
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with Wallerian degeneration, which also requires UPS activity in Drosophila. Both are 
proactive, cell-autonomous axon death programmes regulated in part by the UPS. However, 
at least some of the molecular details are distinct. Thus, several specific actions of the UPS 
participate in programmed degeneration of axons, whereas non-specific failure of the UPS 
can cause axon pathology. The apparent contradiction reflects the many roles of the UPS in 
the normal biochemistry of axons, roles that will be important to consider for effective 
targeting of therapeutic strategies.  

Chapter 27 - Chronic pain states involve long-term biochemical and anatomical changes 
including plasticity at the first synapse in the spinal cord, which is crucial to the development 
of hyperalgesia (increased sensitivity to noxious stimuli) and allodynia (perception of 
innocuous stimuli as painful). Spinal dorsal horn neurons become hyperexcitable in the 
process of “central sensitisation”, which shows partial similarity to other forms of synaptic 
plasticity, such as hippocampal long-term potentiation (LTP). Both processes involve pre- 
and post-synaptic changes, and rely on the NMDA receptor and associated proteins. The 
ubiquitin-proteasome system (UPS) has been implicated in central sensitisation and the 
development of neuropathic pain. In an animal model of neuropathic pain, proteasome 
inhibitors have been shown to rapidly attenuate behavioural hyperalgesia and allodynia, 
inhibited firing of dorsal horn neurons evoked by noxious and innocuous stimuli in 
neuropathic animals, or by mustard oil in normal animals. Expression of the enzyme UCH-L1 
(Ubiquitin C-terminal hydrolase) was further increased in the spinal cord dorsal horn 
ipsilateral to neuropathy, supporting a central role for the UPS in neuropathic pain. Studies of 
other CNS areas have emphasised the importance of the UPS in regulation of synapse 
structure and neurotransmitter release and its role of such changes in plasticity. 
Postsynaptically, the UPS mediates changes in composition of the postsynaptic density (PSD) 
since activity-dependent ubiquitination regulates PSD composition and several key 
scaffolding molecules which are involved in pain sensitisation, undergo activity-dependent 
ubiquitination. PSD-95 in particular plays a key role in neuropathic pain. PSD-95 links to the 
NMDA receptor which is essential for central sensitisation and may regulate AMPA receptor 
synaptic insertion. NMDA receptor activation causes PSD-95 ubiquitination and degradation 
and blockade of this process prevents NMDA receptor induced AMPA-receptor recycling 
and long-term depression. Since alteration in levels of surface glutamate receptor expression 
is a key means by which synaptic strength is altered, these observations further support the 
idea of acute regulation of synapse function by the ubiquitin-proteasome pathway. In 
addition, proteasome inhibitors reduce NMDA receptor-dependent activation of the CREB 
and ERK/MAPK signalling cascades, indicating a further mechanism by which the UPS may 
influence long-term plasticity during chronic pain. The UPS is also involved in synapse 
development and in morphological changes in dendritic spines. Thus, a wide array of changes 
in protein: protein interactions, signalling events and cytostructural changes depend on UPS 
function during the synaptic plasticity that underlies chronic pain states. These processes may 
represent promising targets for the development of novel analgesic strategies. 

Chapter 28 - Protein misfolding and aggregation are common to most neurodegenerative 
diseases, suggesting that abnormalities of protein homeostasis contribute to pathogenesis. 
Protein folding inside cells is assisted by various chaperones and folding factors, and 
misfolded proteins are eliminated by the ubiquitin-proteasome system (UPS) and 
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macroautophagy to ensure high fidelity of protein expression. Under certain circumstances, 
misfolded proteins escape the degradation process, yielding to deposit of protein aggregates 
such as loop-sheet polymer and amyloid fibril. Dysfunction of the UPS or macroautophagy 
pathways might contribute in a wide variety of neurodegenerative diseases. Some proteins, 
when not properly degraded through the UPS, tend to form aggregates by binding to one 
another to form an insoluble structure that is very difficult to disassemble. Many of the 
components of neurodegenerative disease aggregates have been studied for their ability to 
form independent aggregates in vitro and in vivo and their biological activity described. 
Consistent with this view, protein aggregates have been regarded in a pathogenic 
connotation, with most aspects of neurologic pathogenesis being largely attributed to their 
presence in nerve tissues. However, the neurotoxicity of protein aggregates remains 
ambiguous as direct evidence substantiating it have long remained elusive. Primary UPS 
involvement in neurodegenerative diseases seems even more probable when the UPS is 
viewed not simply as an isolated degradation machine but rather as a complex cascade linked 
both to other degradation processes and to chaperone systems. In neurodegenerative diseases, 
perturbations of proteasome function may occur through its recruitment to or sequestration 
into protein aggregates, through chronic overloading of proteasome capacity by misfolded 
protein, or through still undetermined effects on other activities of the UPS. Collectively, 
these dysfunctions in proteasome activity could also be called proteasomepathies and 
differentiated from other specific protein degradation system disturbance. The identification 
of several degradation system disturbances will assist in choosing therapies when protein-
specific disease-modifying treatments are available. 

Chapter 29 - The ubiquitin-proteasome system (UPS) is a highly regulated and 
fundamental pathway for protein degradation. It controls many key cellular mechanisms 
critical for cell viability and function and also removes abnormal and toxic proteins generated 
by a lifetime of environmental damage. Most proteins are tagged by ubiquitin prior to 
degradation by the UPS. Notably, abnormal protein deposits containing ubiquitinated 
proteins are detected in a variety of neurodegenerative diseases. Such disorders include 
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis and Huntington’s 
disease, to name a few. Whether these protein deposits are pathogenic or represent a coping 
mechanism to prolong survival of the affected cells is a hotly debated issue. Lately, 
tremendous strides have been made to elucidate the mechanisms regulating the accumulation 
and aggregation of ubiquitinated proteins associated with neurodegeneration. This chapter 
provides a critical overview of the latest studies addressing these mechanisms. First, the 
authors will focus on oxidative stress. The brain is considered to be unusually sensitive to 
oxidative damage. Moreover, many age-related neurodegenerative disorders exhibit abnormal 
accumulation of oxidatively damaged proteins. Although there are many tantalizing clues 
indicating that the proteasome is crucial for the degradation of oxidatively modified proteins, 
the authors still lack a clear understanding of how these proteins are targeted for proteasomal 
degradation. The controversy is over the requirement of ubiquitination for the degradation of 
oxidatively modified proteins. Secondly, the authors will address the relationship between 
inflammation and UPS impairment. The brain was long considered to be an immunologically 
privileged site, particularly because of the blood brain barrier and the lack of a lymphatic 
system. However, more recently it has been shown that the brain mounts an inflammatory 
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response, as noted from the occurrence of edema, microglia and astrocyte activation, local 
invasion of circulating immune cells and production of cytokines and other immune factors. 
There is abundant evidence supporting that an inflammatory reaction is mounted within the 
CNS following trauma, stroke, infection and seizures, all of which can augment brain 
damage. The authors will discuss how products of inflammation induce oxidative stress and 
the accumulation and aggregation of ubiquitinated proteins. A better understanding of the 
mechanisms that regulate the aggregation of ubiquitinated proteins is of clinical importance 
for developing therapeutic strategies to prevent and treat neurodegenerative diseases. One of 
the major challenges that we are faced with is to single out the UPS as a therapeutic target for 
preventing neurodegeneration. This challenge rests on developing therapeutic strategies that 
will enhance degradation of abnormal and toxic proteins without compromising the normal 
function of the UPS. 

Chapter 30 - Tau proteins belong to the family of Microtubule-Associated Proteins 
(MAPs). They are mostly expressed in neurons where they act on the assembly and the 
stability of tubulin. Depending on their phosphorylation state, tau proteins will modulate the 
polymerisation and the stability of microtubules within the axon. The primary function of tau 
and its differential phosphorylation enable tau to be involved in neurite outgrowth and in 
axonal transport. Hence, these proteins appear important for the physiology and the normal 
function of a neuron. However, tau proteins are also the major constituents of intraneuronal 
and glial inclusions described in Alzheimer’s disease (AD) and many other related disorders 
called tauopathies. They are thought to be directly linked to the progression of 
neurodegeneration. For instance, the gravity of the symptoms observed in AD was shown to 
be closely related to the progression of the ‘tau pathology’. The recent discovery of mutations 
within the tau gene has strengthened the role of tau in the neurodegenerative processes 
observed in all these disorders. Indeed, the presence of certain mutations within tau can lead 
to its intraneuronal and intraglial aggregation and the death of the cells affected. In all these 
diseases tau proteins are abnormally modified when aggregated. In particular, molecular 
analysis revealed that this protein is hyperphosphorylated in its filamentous state. This 
implies that some kinases or phosphatases are involved in the abnormal processing of tau and 
may be responsible for its aggregation and the subsequent neurodegeneration. The 
intracellular accumulation of tau may also induce its hyperphosphorylation and 
fibrillogenesis. Inhibition of tau protein proteolysis may then be one of the mechanisms 
involved in its intracytoplasmic accumulation. In AD or Parkinson’s disease (PD), it was 
shown that the activity of proteasome was inhibited. In its aggregated form, tau is also 
ubiquitinated suggesting that the proteasome can be involved in the degradation of tau 
protein. A major question concerning the proteasome impairment in AD and its involvement 
in the degradation of tau is its place in the cascade of events leading to tau aggregation and 
neurodegeneration. On one hand, a proteasome defect could contribute to the failure of the 
clearance of tau inclusions noticed in the disease as observed by the presence of ubiquitinated 
tau in the neurofibrillary tangles. On the other hand, the deficiency of this proteolytic system 
can also lead to tau protein accumulation, hyperphosphorylation, ubiquitination and finally to 
its intraneuronal aggregation.  

This review focuses on the recent advances made in the understanding of the 
relationships between tau protein malfunction, its hyperphosphorylation and the ubiquitin-
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dependent proteasomal degradation of tau in AD and other tauopathies. The challenge is to 
pinpoint the role of the proteasome in the cascade of events leading to neurodegeneration. 

Chapter 31 - Parkinson’s disease (PD) is a movement disorder characterized by the 
selective loss of dopaminergic (DA) neurons in substantia nigra. It is generally believed that a 
combination of environmental and genetic factors underlie the selective death of these DA 
neurons and ensuing locomotor symptoms. Significant breakthroughs in human genetic 
studies have recently led to the identification of several genes linked to PD. Among these 
genes, α-synuclein, parkin, UCH-L1 and DJ-1 play diverse roles in ubiquitin-dependent 
proteolysis by the 26 S proteasome, while the functions of PINK1 and LRRK2 are still 
largely unknown. Pathogenic mutations of α-synuclein enhance its propensity to misfold and 
aggregate. Parkin has a protein-ubiquitin E3 ligase activity towards a variety of substrates. 
When parkin is mutated, accumulation of its substrates may significantly contribute to the 
demise of dopaminergic neurons. Ubiquitin Carboxyl-terminal Hydroxylase L1 (UCH-L1) is 
a brain-specific deubiquitinating enzyme, whose catalytic activity is significantly reduced by 
its mutations found in a few PD cases. Among the many functions of DJ-1, its ability to 
counteract reactive oxygen species appears to be critically involved in PD. Mutations of DJ-1 
greatly affect its stability and dimerization, as well as interactions with a variety of proteins 
including parkin. The disparate functions of these PD-linked proteins all fall within the 
framework of how the cell handles misfolded and aggregated proteins. An emerging common 
theme is that unfolded or misfolded proteins, if not promptly removed through ubiquitin-
dependent proteolysis by the 26 S proteasome, may induce Unfolded Protein Response 
(UPR). Cells activate the UPR program to increase the production of proteins that help to 
handle misfolded or unfolded proteins. Another cellular program that is operating in parallel 
and perhaps connected with UPR is the ability of the cell to accumulate misfolded proteins in 
the form of aggresomes. The formation of a single large inclusion at the centrosome area 
greatly minimizes the impact of dispersed aggregates of misfolded proteins. Increasing 
evidence suggests that the cell may activate autophagy to degrade proteins in the aggresome. 
Thus, a unifying theme may connect the diverse functions of several PD-linked genes to the 
three sets of overlapping, interdependent cellular programs: UPR, Aggresome Formation and 
Autophagy. Cell death could be triggered when these protective mechanisms fail. The 
greatest challenge is to understand the selectivity of cell death. The general functions of the 
ubiquitin-dependent proteolysis system (UPS), as well as those of the three protective cellular 
programs, must be considered within the unique cellular and physiological context of 
dopaminergic neurons to ultimately answer the question. Superimposed on this complexity is 
the impact of various toxins implicated in PD. Although this multilayered view may be an 
oversimplification of the involvement of UPS in PD, it allows us to summarize many pieces 
of seemly unrelated information into a coherent model that can be tested experimentally. 
Future explorations under this framework would provide us a more comprehensive view on 
the molecular and cellular basis of PD.  

Chapter 32 - Huntington’s disease (HD) belongs to a group of nine polyglutamine 
(polyQ) tract disorders, which also includes spinocerebellar ataxias (SCA's) types -1, 2, 3, 6, 
7, and 17, spinobulbar muscular atrophy (SMBA) and dentatorubral-pallidoluysian atrophy 
(DRPLA). The proteins involved in each of these disorders show no homology to one another 
except for an expanded polyQ tract. Although each protein is ubiquitously expressed 
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throughout the central nervous system (and most non-neural tissues), only a distinct subset of 
neurons is affected in each disease, with only partial overlap between each. A common 
feature of these diseases is the formation of polyQ-containing intraneuronal inclusions, which 
are typically also immunoreactive for ubiquitin. However, the pathogenesis of these diseases 
is unknown, and there is much debate as to whether it is the inclusions themselves that are 
pathogenic or whether they are merely markers of disease. One suggestion, on the basis of 
numerous studies showing co-localisation of various other proteins with the inclusions, has 
been that the inclusions contribute to pathogenesis, interfering with normal cellular 
functioning by trapping components such as transcription factors, molecular chaperones, and 
components of the ubiquitin-proteasome system (UPS), and thus preventing them from 
carrying out their normal functions. However, this theory is disputed, with other studies 
suggesting that the inclusions may in fact be a form of cellular defense. Other evidence 
against a toxic role for aggregates includes the short-stop HD animal model, where increased 
inclusion formation accompanies decreased neuronal death, and SCA-1 models in which the 
protein is mutated so as not to form aggregates but toxicity is still seen. As the inclusions in 
these polyQ diseases are ubiquitinated, the role of the UPS in their pathogenesis has come 
under scrutiny. While some studies show that the function of the UPS is impaired in these 
disorders, other studies report no loss of function. Any impairment of the UPS may relate to 
difficulty with degradation of expanded or perhaps just aggregated polyQ proteins, although 
the evidence for such difficulty is also conflicting. It has been reported that UPS components 
are sequestered irreversibly into aggregates of polyQ-containing huntingtin (Htt) fragments. 
These Htt fragments were incompletely degraded, and a stable interaction between the 
polyQ-bearing proteins and the proteasome was seen. Such a stable interaction with non-
degradable, aggregated polyQ proteins might result in depletion of proteasomal activity. In 
support of this suggestion, other studies have reported that UPS impairment is seen in the 
presence of aggregated polyQ-bearing proteins, and that this is evident in both the 
cytoplasmic and the nuclear compartments, even when the aggregated protein sequences are 
targeted to either the nucleus or cytoplasm alone. However, this impairment is also seen in 
cells where there are no detectable aggregates or toxicity, suggesting that UPS overload may 
not be a factor in neurotoxicity. Furthermore, an animal model of SCA-7 has shown that 
while there is neuronal damage in susceptible cells, the UPS remains functional in these 
neurons. Here we review the conflicting evidence from previous studies of the UPS in polyQ 
disorders, and discuss both the possible roles of the UPS in the pathogenesis of these diseases 
and the effect of inclusion formation on the UPS. 

Chapter 33 - Prion diseases are a group of neurodegenerative diseases that affect humans 
and animals. They are distinct from other neurodegenerative disorders in that they can be 
infectious as well as familial or sporadic. Prion diseases are characterized by long incubation 
periods prior to onset of symptoms, and the pathology is limited to the central nervous system 
consisting mainly of vacuolation in neuronal cell bodies, neuronal cell death, deposition of 
protein aggregates, and astrocytosis. Prion diseases were originally classified as slow viral 
infections; however, there is mounting evidence to support the claim that the infectious unit 
is a protein. A small endogenous protein, the prion protein (PrPC; c: cellular), is a key factor 
in these diseases. The expression of PrPC is highest in neurons and its precise physiological 
role is not clear. It is processed through the secretory system to the plasma membrane where 
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it is predominantly an extracellular glycosyl-phosphatidyl-inositol anchored protein that 
contains one disulfide bond and it is di-glycosylated. The protein aggregates detected in 
diseased individuals contain a structurally altered protease resistant form of PrPC, called PrPSc 
(Sc: scrapie). PrPSc is though to be the major part of the infectious unit. The neurotoxic 
mechanisms behind neuronal death in prion diseases are not clear. Loss of functional PrPC 
and/or PrPSc toxicity have been suggested; however, PrPC knockout mice are apparently 
normal, suggesting that loss of PrPC is not the major cause, and toxic effects of PrPSc are 
limited to PrPC expressing tissue. Therefore, alternate pathways of neurotoxicity have been 
proposed, e.g., transmembrane forms of PrPC, and an interplay between the ubiquitin-
proteasome system (UPS) and cytosolic PrPC or cytosolic PrPSc. As with other 
neurodegenerative diseases the UPS has been linked with prion diseases. There are, for 
example, reports of ubiquitinated PrPSc, increased polyubiquitin expression, and impaired 
proteasome activity in prion disease and disease models. The majority of PrPC is 
topologically located in the secretory system and the extracellular space. However, there are 
reports describing a small subset of PrPC in the cytosol, cytosolic PrPC, where it is subject to 
efficient ubiquitin-proteasome degradation. This subset of PrPC can either arise from 
inefficient translocation into the endoplasmic reticulum (ER) or retrotranslocation from the 
ER via the ER-associated-degradation (ERAD) pathway. Cytosolic PrPC has a tendency to 
aggregate if proteasome activity is inhibited. Initial reports of toxic effects of cytosolic PrPC 
on cells prompted speculation whether impairment of cytosolic PrPC degradation by the UPS 
due to, e.g., PrPC mutations or perturbed ubiquitin-proteasome activity, with a resulting rise 
in cytosolic PrPC concentration, could explain some of the neurotoxicity in prion diseases. 
However, the effects of cytosolic PrPC between studies are in conflict, with some studies 
reporting toxic effects and others reporting neuroprotective effects. A recent study of the 
effect of mild proteasome inhibition on viability in scrapie cell-culture models has shown that 
cytosolic aggresome formation of PrPSc, rather than PrPC, caused apoptosis, suggesting that 
accumulation of cytosolic PrPSc due to impairment of the UPS could be an important factor in 
the neurotoxic mechanisms at work in prion diseases. 

Chapter 34 - The proteasome plays a pivotal role during proteolytic processing of cellular 
proteins required for the generation of antigenic peptides presented to cytotoxic T cells by 
major histocompatibility complex class I molecules. The process of peptide generation is 
greatly improved by formation of immunoproteasomes through replacement of three β 
subunits with β1i (also called LMP2), β5i (LMP7) and β2i (MECL-1) and expression of 
PA28, a heptameric activator complex. The assembly of immunoproteasomes is stimulated by 
interferon-γ, a cytokine that is produced shortly after viral infection and is one of the 
mediators that link innate and adaptive immune responses. Numerous infectious 
microorganisms developed sophisticated strategies to avoid presentation of their antigenic 
peptides including production of proteasome-modulating molecules. Recent studies indicate a 
unique mechanism of epitope generation by proteasomes referred to as peptide splicing. In 
the brain, microglial cells are the major antigen presenting cells. However, during 
inflammation virtually all cells in the central nervous system can be induced to express 
immunoproteasomes and to present antigens in association with MHC class I molecules. The 
proteasome-mediated generation of peptide epitopes evolutionarily serves to present antigens 
derived from intracellular infectious microorganisms. However, proteolytic processing of 
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intracellular proteins is by no means selective and includes processing of all proteins 
including self molecules that can become targets for cytotoxic T cells during several 
inflammatory and degenerative central nervous system diseases, such as multiple sclerosis 
and paraneoplastic neurological disorders. The role of ubiquitin-proteasome pathway in 
neuroinflammatory disorders extends beyond antigen processing for MHC class I 
presentation. Activation of NF-κB a key modulator of inflammatory reaction results from 
proteasomal degradation of its inhibitor – IκB. Proteasomes are also involved in the 
regulation of the activity of other transcription factors involved in the inflammatory 
responses including STAT proteins and Egr-1. Understanding of the underlying mechanisms 
involved in proteasome-mediated inflammatory processes is important for the development of 
novel, mechanism-based drugs.  

Chapter 35 - The proteasome is involved in a number of critical intracellular processes. A 
major function of the proteasome is non-lysosomal degradation of intracellular proteins, in 
particular defect or damaged proteins. Targeted proteins are attached to ubiquitin, a process 
which is catalysed by three enzymes, E1 – E3. In human brain, the activity of proteasome is 
varying in different regions and with age. The normal function of proteasome in the nervous 
system is as essential as in other tissues, and perhaps even more, due to the limited capability 
of renewal of neurons and glial cells. Indeed, inhibition of proteasome alone has been shown 
to induce neuron death in vitro. There is considerable interest concerning the role of the 
ubiquitin-proteasome pathway in pathological neurodegeneration. This is partly due to the 
observation that proteasome activity decreases with normal aging of the brain. The main 
reason, however, is the accumulation of disease-related proteins in aggregates within neurons 
or glial cells that is a major feature of many neurodegenerative diseases, as Parkinson’s 
disease, Huntington’s disease, amyotrophic lateral sclerosis and Alzheimer’s disease. Besides 
proteolysis, another vital task of the proteasome is the processing of intracellular proteins to 
be presented by the MHC class I molecules to cytotoxic T lymphocytes on the surface of the 
cell. Antibodies to proteasome have been identified in patients with autoimmune diseases as 
systemic lupus erythematosus and Sjögren syndrome. Proteasome antibodies have recently 
also been identified in serum from patients with immune-mediated neurological diseases, as 
multiple sclerosis (MS) and paraneoplastic cerebellar degeneration (PCD). In addition, 
autoreactive T cells to proteasome have been identified in MS patients. The presence of 
circulating proteasome antibodies suggests a more widespread affection of the immune 
system than indicated by the organ-specific nature of MS and PCD. A humoral response to 
proteasome can be triggered by the elevated proteasome levels that are found in some 
autoimmune diseases secondary to tissue damage. Primary damage of cells is a plausible 
explanation for an immune response targeted to an intracellular organelle. PCD is associated 
with a systemic tumour, and apoptosis of dying tumour cells could result in cross-
presentation of intracellular antigens to the immune system and evoke immune responses, 
whereas the mechanism of initiation of systemic immune responses to proteasome in MS is 
unknown. The functional role of antibodies to proteasome in chronic inflammatory 
neurological disease remains to be determined. If the antibodies are indeed of pathogenic 
importance, as has been shown for antibodies to intracellular targets in SLE, the action of 
these antibodies might mimic the action of synthetic proteasome inhibitors. Such inhibitors 
exert their action through disturbance of protein breakdown, inhibition of antigen 
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presentation and inhibition of proliferation, as well as the induction of apoptosis. In animal 
models, proteasome inhibitors also have potent anti-inflammatory effects. Thus, immune 
responses to proteasome in chronic inflammatory disease can potentially be both harmful, 
through interference with normal proteasome function, and beneficial, by suppressing 
inflammation. This review article aims to evaluate the current literature on antibodies to 
proteasome in neurological diseases, and to discuss the potential importance of these 
responses. 

Chapter 36 - In higher eukaryotic cells, the 26S proteasome is the central component of 
the ubiquitin-proteasome system (UPS), in which it provides for the degradation of 
cytoplasmic and nuclear proteins, usually tagged with ubiquitin oligomers, and their 
resolution into short peptides. This pathway is involved in the control of a large array of 
cellular processes including protein turnover, digestion of damaged, mutant and viral 
proteins, cell cycle regulation, cell division, differentiation and development. Furthermore, it 
is also implicated in DNA repair, stress, immune and inflammatory responses, apoptosis, cell 
surface receptor modulation, transcription factor processing and activation, etc. Proteins 
belonging to different molecular pathways playing an important role in glioma progression or 
regression may undergo degradation or processing via the UPS, and consequently be 
inactivated, or conversely activated following proteasome inhibition. In GBM there is a 
striking shift of the balance constitutive/immunoproteasome towards the latter; paralleled by 
depression of the chymotrypsin-like activity. This is in opposition to its expected 
enhancement, being this activity higher in the immunoproteasome with respect to the 
standard proteasome. A better understanding of this discrepancy as well as of the enhanced 
apoptosis associated with proteasome inhibition, as observed in GBM, could be helpful in 
designing novel therapeutic strategies. 

Chapter 37 - Pituitary tumors are usually benign lesions, but their tumorigenic process 
may constitute a model of the initial stages of carcinogenesis. Two major theories have been 
subject to most investigation: hormonal (usually hypothalamic factors) and/or growth factor 
over-stimulation, or a molecular defect within the pituitary itself. Oncogenes and tumor 
suppressor genes involved in other types of tumor do not appear to play a major role in the 
pathogenesis of pituitary tumors. In addition, germline genetic disorders, in which pituitary 
tumors are a common feature, have not shed much light on the pathogenesis of the more 
common sporadic tumors. An increasing number of reports point to deregulation of the cell 
cycle in these tumors, while transgenic disruption of the cell cycle machinery frequently leads 
to pituitary tumors in animal models. Cell cycle progression during G1, S and G2 phases is 
normally regulated by the fluctuation in the concentration of cyclins, cyclin-dependent 
kinases (CDKs) and their inhibitors, while securin, separin and cohesin regulate progression 
through M phase. This is mainly achieved through the programmed degradation of these 
proteins within the ubiquitin-proteasome system (UPS), but also by transcriptional regulation 
and subcellular compartmentalization. Alterations of these processes result in uncontrolled 
proliferation, aneuploidy and tumorigenesis. Aberrations of one or more components of the 
pRb/p16/cyclinD1/CDK4 pathway have been shown in 80% of pituitary tumors. The authors 
have shown that low levels of nuclear p27 in human pituitary tumors associate with increased 
degradation of the protein through the UPS. Human securin, identified as the product of 
pituitary tumor transforming gene (PTTG), is over-expressed in human pituitary tumors. This 
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can cause aneuploidy and inhibition of p53 actions towards cell cycle arrest, DNA repair and 
apoptosis. PTTG also contributes to pituitary tumorigenesis by modulation of angiogenesis. 
Degradation of PTTG is ubiquitin-dependent and promotes the initiation of anaphase and exit 
from mitosis. Incomplete PTTG degradation through the anaphase-promoting 
complex/cyclosome (APC/C) secondary to PTTG over-expression results in doubling of 
chromosome numbers. Whether the cell cycle changes reported in pituitary tumors are truly 
causal remains uncertain and it is more likely that alteration in signaling pathways feed into 
the cell cycle which then executes an aberrant set of instructions that result in cell 
proliferation. Excessive regulatory hormone stimulation can lead to an increased number of 
cells in the pituitary in various physiological or pathological states. Animal models also 
provide data that in the presence of excessive hypothalamic hormone stimulation, adenoma 
formation can occur. Hormonal (usually hypothalamic factors) and/or growth factor over-
stimulation of the pituitary is dependent on signaling through membrane and/or nuclear 
receptors. A number of these receptors such as protein G- coupled receptors, tyrosine-kinase 
receptors, growth hormone, glucocorticoid and estrogen receptors are down-regulated via 
degradation through the ubiquitin proteasome system. Various anomalies of receptor 
expression observed in pituitary tumors may be explained through excessive or incomplete 
degradation, which may then cause aberrant signaling in different proliferative pathways to 
result in tumor formation. Increasing research in the field of ubiquitin-proteasome 
degradation of various proteins involved in pituitary proliferation is likely to provide new 
insights into pituitary tumorigenesis. 

Chapter 38 - One of the most common neurological disorders today is epilepsy. Epilepsy 
is a chronic brain disease characterized by recurrent, spontaneous seizures resulting from 
abnormal synchronization of neurons in the central nervous system. Seizures can stem from a 
variety of brain insults including head trauma, fever, illness, and electroconvulsive shock. 
However, one of the most important factors governing seizure susceptibility appears to be 
genetic predisposition. Epilepsy often results from inheritance of one or a combination of 
several predisposing genetic factors that disturb the balance of excitatory and inhibitory 
neural networks in the brain. More than 70 genes have been linked to epilepsy from work 
done on inherited disorders in humans, mice, and fruit flies. These genes encode a wide 
variety of products ranging from ion channel proteins to tRNAs. Recently, a relationship has 
begun to emerge between epilepsy and genes of the ubiquitin-proteasome system (UPS). The 
UPS is the molecular machinery responsible for the degradation of cytoplasmic proteins in 
the cell. A protein is marked for proteolytic processing in the UPS by the addition of 
ubiquitin molecules that target the protein to the proteasome, a multisubunit complex that 
reduces it to small peptides and amino acids. Defects in UPS genes have been linked to 
epilepsy and altered seizure susceptibility in humans, mice, dogs, and most recently in fruit 
flies. The two human UPS genes linked to epilepsy are UBE3A and EPM2B. These genes 
both encode E3 ubiquitin ligase proteins, the enzymes directly responsible for mediating the 
transfer of ubiquitin to substrates to mark them for proteasomal degradation. Defects in the 
human UBE3A gene lead to Angelman syndrome, a complex genetic disease marked by 
epilepsy in conjunction with other neurological manifestations such as mental retardation and 
ataxia. Mutation of the human EPM2B gene causes a severe and ultimately fatal form of 
progressive myoclonus epilepsy known as Lafora disease, which is characterized by the 
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occurrence of starchy inclusion bodies within cells. Similar to humans, disruption of the 
homologs of UBE3A and EPM2B in animal models leads to altered seizure susceptibility and 
epilepsy. Finally, the most recent addition to the list of epilepsy-related UPS genes is mei-
P26 in the fruit fly Drosophila melanogaster. Mutation of the mei-P26 gene has recently 
been shown to drastically decrease seizure susceptibility, essentially curing epilepsy in 
Drosophila models of the disease. The protein encoded by mei-P26 resembles E3 ubiquitin 
ligases but this function has not yet been tested biochemically. Although the mechanisms by 
which these genes regulate seizure susceptibility are still under investigation, it is becoming 
increasingly clear that UPS-related genes play a critical role in the etiology of epilepsy and 
human seizure disorders. 

Chapter 39 - Ischemic stroke is caused by obstruction of blood flow to the brain, 
resulting in energy failure that initiates a complex series of metabolic events, ultimately 
causing neuronal death. Cell death occurs by a necrotic pathway characterized by either 
ischemic/homogenizing cell change or edematous cell change. Death also occurs via an 
apoptotic-like pathway that is characterized, minimally, by DNA laddering and a dependence 
on caspase activity and, optimally, by those properties, additional characteristic protein and 
phospholipid changes, and morphological attributes of apotosis. Death may also occur by 
autophagocytosis. This review is directed at understanding how the ubiquitin-proteasome 
system (UPS) participates in global and focal cerebral ischemia. These are the two principal 
rodent models for human disease. Proteasomes are large multicatalytic protease complexes 
that are found in the cytosol and in the nucleus of eukaryotic cells with a central role in 
cellular protein turnover. The UPS is the predominant nonlysosomal protein degradation 
pathway which insures the viability, proliferation and signaling of eukaryotic organisms. 
Overwhelming data exists implicating a critical role of the UPS in cerebral ischemic injury. 
Ischemic and hypoxic trauma and their associated oxidative, nitrosylative and energetic stress 
underlie neurodegeneration following stroke and evoke a discreet set of transcriptional events 
which have a complex and interdependent relationship with proteasomal function. Rapid 
elimination of denatured, misfolded and damaged proteins by the proteasome becomes a 
critical determinant of cell fate. Proof of principle has been obtained from animal models of 
cerebral ischemia in which proteasome inhibitors reduce neuronal and astrocytic 
degeneration, cortical infarct volume, infarct neutrophil infiltration, and nuclear factor-κB 
(NF-κB) immunoreactivity. This neuroprotective efficacy has been observed when 
proteasome inhibitors have been used 6 hours after ischemic insult. Strategies aimed at 
effecting long lasting changes in proteasomal function are not recommended given the 
growing body of evidence implicated long term proteasomal dysfunction in chronic 
neurodegenerative disease. These effects are likely due to the fact that the UPS is also 
essential for cellular growth, metabolism and repair. These effects of proteasomal inhibition 
make development of short lived proteasome inhibitors or compounds which can spatially 
and temporally regulated the UPS desirable clinical targets. Preclinical studies in animal 
models indicate that the use of specific proteasome inhibitors may be valuable in treating a 
host of acute neurological disorders including ischemic stroke. Proteasome inhibition could 
be a potential treatment option for stroke. 

Chapter 40 - The ubiquitin-proteasome system (UPS) is of key importance in the 
degradation of misfolded/abnormal proteins, viral proteins and many short-lived proteins that 
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play vital roles in cell proliferation, differentiation, apoptosis and inflammatory processes. 
Therefore, both the ubiquitin - protein conjugation system and the 26S proteasomes constitute 
important target for pharmacological intervention. A number of small molecule inhibitors that 
target the 20S proteasome are described in the literature as possible anti-cancer and anti-
inflammatory agents. Among them, a dipeptidyl boronic acid bortezomib (Velcade®, PS-341) 
is currently used in clinical practice for the treatment of relapsed or refractory myeloma, 
while MLN-519, a synthetic analog of microbial lactacystin, is under clinical evaluation for 
the treatment of ischemic cerebral stroke. Novel highly selective inhibitors of the 20S 
proteasome that bind noncovalently to the substrate binding-sites only and that exhibit less 
cytotoxic effects against normal cells, have recently been generated by combinatorial 
chemistry or identified by high-throughput screening of the pharmaceutical company's 
compound archives. Furthermore, a number of agents used in conventional therapies, dietary 
chemopreventive compounds and toxins block 26S proteasome-dependent protein 
degradation, either by inhibiting the 20S proteolytically active subunits or by regulating the 
expression or function of non-proteolytic subunits of this complex. Moreover, selected small 
molecules function as 20S proteasome activators and may be considered as potential 
therapeutics in pathological states resulting from the loss of proteasome activity, such as 
neurodegenerative disorders. Finally, more recently particular attention has been focused on 
small molecules that could block protein degradation at the level of their ubiquitination or 
could direct disease- promoting proteins for ubiquitination and degradation. These groups of 
modulators are currently being tested in preclinical settings for their therapeutic potential in 
cancer and inflammatory diseases.  

The chapter summarizes the current knowledge on the chemistry of synthetic and natural 
inhibitors and modulators of the UPS, their mode of action and potential therapeutic 
relevance in the therapy of various human diseases with special respect to the central nervous 
system (CNS) pathology. 

Chapter 41 - The ubiquitin-proteasome system (UPS), aside from a major degradation 
pathway of intracellular proteins, involves the modulation of key proteins that control cellular 
physiology through cell cycle regulation, immune response, and activation of gene 
expression. The core enzymatic molecule of the UPS is the 20S proteasome. Alterations in 
the proteasome proteolytic pathway have been contributed to protein alterations associated 
with aging and, in fact, dysregulation of the UPS has been linked to several disease states 
including neurodegenerative diseases (i.e. Parkinson’s, Alzheimer’s, and Huntington’s 
disease), malignancies, and inflammatory-related diseases. As such, strong preclinical data 
now exist supporting the use of reversible proteasome inhibitors to treat a variety of disease 
states including cancer, rheumatoid arthritis, asthma, psoriasis, autoimmune 
encephalomyelitis, myocardial infarction, and ischemic brain injury. Currently, the 
proteasome inhibitor Velcade® is approved for treatment of multiple myeloma. Phase I safety 
trials have also been completed with the proteasome inhibitor MLN-519, at doses capable of 
reducing blood proteasome activity by 80%. Experimental studies with MLN-519 have 
indicated significant neuroprotective treatment effects in animal models of 
ischemia/reperfusion injury at doses that reduce blood 20S proteasome activity by 40-80%. 
Following focal ischemic brain injury in rats, treatment with MLN-519 has been associated 
with a significant reduction of brain infarction along with improved neurological outcome 



Preface xxxv

and electrophysiological brain activity as evaluated up to two weeks post-injury. Importantly, 
MLN-519 exhibited a wide therapeutic treatment window with a delayed initial treatment of 
up to 6-10 h post-injury. The therapeutic efficacy has been linked to an attenuation of 
aberrant gene expression; in particular, studies with MLN-519 have indicated that treatment 
of ischemic brain injury in rats is associated with a reduction of the nuclear factor (NF)-κB 
mediated neuro-inflammatory response, where, following injury, MLN-519 treatment has 
been shown to reduce activated NF-κB immunoreactivity and attenuate the increase in both 
cytokine (TNF-α, IL-1β, and IL-6) and cellular adhesion molecule (ICAM-1 and E-selectin) 
expression. MLN-519 also provided dramatic reductions of both neutrophil and macrophage 
infiltration into the injured rat brain. Similar anti-inflammatory effects of proteasome 
inhibition have been observed in other experimental inflammatory disease models as well. 
The aim of this chapter is to review the experimental and clinical data relating to the role of 
the proteasome in CNS disorders and to evaluate the potential use of proteasome inhibitors to 
treat CNS disease. 

Chapter 42 - The proteasome is an enzyme, which is present within all cells, from yeast 
to humans. It has a central role in the proteolytic degradation of the vast majority of 
intracellular proteins. Among the key proteins modulated by the proteasome are those 
involved in controlling inflammatory processes, cell cycle regulation, and gene expression. 
Agents that inhibit the proteasome have been shown to be active in numerous animal models 
of inflammation and cancer. Two proteasome inhibitors are under clinical evaluation. MLN-
519 is being studied for the treatment of reperfusion injury that occurs following cerebral 
ischemia and myocardial infarction. The other, Bortezomib (Velcade®), has recently been 
licensed for the clinical treatment of multiple myeloma. It is also undergoing further 
evaluation for the treatment of chronic lymphocytic leukemia and a variety of solid tumors. 
The proteasome may also have an important role in the evolution of HIV-related disorders 
including AIDS and inflammatory disorders. Therapeutic strategies using proteasome 
inhibitors for the treatment of these conditions have now entered preclinical development. 
MLN-519 is a small-molecular-weight lactacystin analogue developed by Millenium 
(LeukoSite) for the potential treatment of inflammatory disease and stroke using a novel 
ubiquitin proteasome enzyme inhibitor approach. The reperfusion that follows an ischemic 
event provides both positive and negative factors that affect the overall outcome of the 
cerebral tissue. The ischemic endothelium upregulates the expression of cell adhesion 
molecules, which then attract the circulating leukocytes. Once bound to the endothelium, 
these cells diapedese into the tissue and are responsible for the destruction and much of the 
subsequent tissue damage. MLN-519 attenuates the expression of these cellular proteins, 
reduces the invasion of leukocytes and hence limits tissue damage. MLN-519 has 
demonstrated a neuroprotective effect in rat models of middle cerebral artery temporary 
occlusion. MLN-519 reduces infarct volume, brain edema and increases neurological 
recovery with a reported therapeutic window of at least 6-hours. These effects are associated 
with a temporary reduction of circulanting 20S proteasome activity (70-80%), with a reduced 
leukocyte infiltration and decreased nuclear factor-κB activation. Similar protective results 
have also been reported in experimental myocardial infarction models in rats and pigs: MLN-
519 protects cardiac tissue from ischemia and maintains its functionality as demonstrated by 
preserved left ventricular developed pressure and contractile function. These data 
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demonstrate substantial clinical value, since many patients are admitted to the hospital hours 
after the stroke or heart attack has occurred and reperfusion has begun. That inhibition of the 
proteasome can be of benefit under these clinically-relevant conditions demonstrates their 
potential in these common life-threatening diseases. An explorative phase I trial has 
demonstrated that MLN-519 is well tolerated by healthy subjects at levels that are maximally 
neuroprotective in experimental conditions. It is currently undergoing further evaluation for 
clinical trials in acute stroke and myocardial infarction. 

Chapter 43 - Bortezomib (Velcade®) is a dipeptide boronic acid proteasome inhibitor that 
specifically targets the chymotryptic-like proteolytic activity of the 20S proteasome. It has 
shown great potential as a novel anti-cancer agent and has been approved for the treatment of 
multiple myeloma. Therapeutic development as a single agent or in combination with other 
agents is ongoing in hematological malignancies as well as in various solid tumor types. 
Furthermore, application of proteasome inhibition therapy in other areas of disease is being 
explored, such as prevention of reperfusion injury following acute ischemic stroke and 
management of chronic inflammatory diseases. Bortezomib is generally well tolerated. 
However, one of the most serious overall as well as dose limiting toxicities has been 
peripheral neuropathy. Bortezomib-induced peripheral neuropathy constitutes a length-
dependent, sensory rather than motor, axonal, small rather than large fiber, polyneuropathy. 
In agreement with its small fiber neuropathy characteristics, neuropathic pain and symptoms 
of autonomic dysfunction have also been frequently reported upon bortezomib treatment. 
Risk factors for bortezomib neurotoxicity include pre-existent neuropathy and prior treatment 
with neurotoxic (anti-cancer) agents. Additionally, individual susceptibility, and not only 
cumulative dose, is of great importance. After discontinuing bortezomib therapy, neuropathy 
resolves in approximately half of the patients. Nevertheless, in severe cases, pharmacologic 
management of (autonomic) neuropathy and neuropathic pain is required up to several 
months after discontinuation of bortezomib. The exact biological mechanism of peripheral 
neuropathy induced by systemic proteasome inhibition therapy still has to be elucidated. 
Detrimental effects of proteasome inhibition on nerve terminal protein homeostasis as well as 
myelin production by Schwann cells might explain the high incidence of neurotoxicity in 
bortezomib-treated patients.  
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ABSTRACT 
 

Multiple critical cellular processes are regulated by maintaining the appropriate 
levels of proteins. Whereas de novo protein synthesis is a comparatively slow process, 
proteins are rapidly degraded at a rate compatible with the control of cell cycle 
transitions, signaling events and induction of cell death. The ubiquitin-proteasome 
system (UPS) plays a pivotal role in the degradation of short-lived and regulatory 
proteins important in a variety of basic cellular processes, including regulation of the cell 
cycle, modulation of cell surface receptors and ion channels, and antigen presentation. 
On the other hand the UPS also displays an important quality control function, removing 
abnormal proteins from the cytosol, the nucleus and the endoplasmic reticulum. The 
pathway involves an enzymatic cascade through which multiple 76–amino acid ubiquitin 
monomers are covalently attached via a three-step process to the protein substrate, which 
is then degraded by the 26S proteasome complex, a cylindrical organelle that recognizes 
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ubiquitinated proteins, degrades the proteins, and recycles ubiquitin. It is now clear that 
regulated protein degradation by the UPS affects practically every cellular process. In the 
nervous system, ubiquitination plays a role, among others, in neuronal signaling, synapse 
formation and function, as well as, in various diseases. It is becoming increasingly 
evident that altered activities of the UPS are crucially involved in the pathophysiology of 
Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, prion diseases and in 
spinocerebellar ataxia, just to name a few. Protein degradation pathways are also targets 
for therapy as shown by the successful results obtained with the inhibitors of the 26S 
proteasome. Further work in this area holds great promise toward our understanding and 
treatment of a wide range of neurological disorders. 
 

Keywords: protein degradation, ubiquitin, proteasome, ubiquitin-proteasome system, protein 
misfolding disease. 
 
 

ABBREVIATIONS 
 
ALS, amyotrophic lateral sclerosis; AMP, adenosine monophosphate; AP2, amyloid ß-

protein; ATP, adenosine triphosphate; CNS, central nervous system; DUB, deubiquitinating 
enzyme;E1, ubiquitin activating enzyme; E2, ubiquitin conjugating enzyme; E3, ubiquitin 
ligating enzyme; ER, endoplasmic reticulum; ERAD, endoplasmic reticulum associated 
degradation; HD, Huntington's disease; HSPs, heat shock proteins; MHC, major 
histocompatibility complex; MPC; multicatalytic proteinase complex; PD, Parkinson’s 
disease; PKC; protein kinase-C; PolyQ, polyglutamine diseases; PPi, inorganic 
pyrophosphate; PS2, presenilin-2 membrane protein; SUMO, small ubiquitin-relayed 
modifier; UCH-L1, ubiquitin C-terminal hydrolases-L1; UPS, ubiquitin-proteasome system; 
VCP, Valosin Containing Protein. 

 
 

INTRODUCTION 
 
Protein degradation was for a long time disregarded as a topic of little importance for 

medicine and physiology in general and for neuroscience in particular. Proteolysis took a 
back seat while gene expression and signal transduction held center stage as the dominant 
regulatory mechanisms. However, cellular proteins exist in a state of a dynamic equilibrium, 
being constantly degraded and renewed in order to keep high quality necessary for the proper 
performance of their functions. When we look each day in a mirror and see our face, in 
reality we see every day a different person, since the proteins making up our cells undergo a 
constant turnover. Proteins differ in their stability and longevity within cells: some have a 
half-life of seconds, while others have a half-life of days. Moreover, external stimuli and 
internal clocks can affect the stability of many proteins. Completely blocking protein 
degradation inevitably leads to cell death, demonstrating that regulated intracellular 
degradation of proteins is essential for cell survival.  

It was generally accepted for a long time that cell proteins end up in the lysosomes, 
regarded as a cellular trash can, where they are degraded in exoergic reactions by an array of 
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acid hydrolases. Protein degradation was considered an unimportant and boring area of study, 
where nothing new can be expected. Although lysosomal enzymes were implicated in protein 
degradation, the notion was abandoned when it was discovered that lysosomal inhibitors like 
leupeptin, antipain, and chymostatin were inactive as inhibitors of basal protein breakdown. 
Moreover, protein turnover occurred in cells that lacked lysosomes such as reticulocytes. It 
was first shown more than half a century ago that degradation of some enzymes requires 
adenosine triphosphate (ATP), implying that an active, energy-requiring process is 
responsible for protein turnover. In the 1970s Avram Hershko and Aaron Ciechanover have 
discovered an ATP-dependent proteolytic system in reticulocyte lysates. It required 
conjugation of a small polypeptide, that was essential for degradation but lacked any 
proteolytic activity on its own. It was subsequently shown that this 7-kd factor, later 
identified as ubiquitin, was ligated to larger proteins and targeted them for ATP-dependent 
degradation, a process known as ubiquitination (or ubiquitylation). The search for the 
protease degrading polyubiquitinated proteins ended when it was discovered that it is a huge 
26S complex, which at its core has a 20S particle, previously characterized by Sherwin Wilk 
and Marian Orlowski as the multicatalytic proteinase complex (MPC) and described earlier 
by Klaus Scherrer as the prosome, a ribonucleoprotein particle. In 1988 the identity of both 
particles was confirmed and the name ‘proteasome’ was proposed to replace former 
nomenclature (MPC, prosome, macropain, etc.). 

During the decade of 1980s and early 1990s the research on this field continued at a slow 
pace: the crowd gathered at the few scientific meetings dedicated to ubiquitin and proteasome 
seldom exceeded a hundred. Finally, by mid-1990s, the scientific community realized the 
importance of the ubiquitin-proteasome system (UPS) in various aspects of the function and 
structure of cells and tissues, including its role in the nervous system. Over the last decade 
the number of reports on the role of UPS in nervous system found annually in Medline has 
steadily grown (Figure 1). The field has received its ultimate recognition when Avram 
Hershko, Aaron Ciechanower and Irwin Rose have been awarded the 2004 Nobel Prize in 
Chemistry. Gossips are in the air that a possibility of a second Nobel Prize in the field does 
exist, this time in Medicine or Physiology. It is now clear that regulated protein degradation 
by the UPS is a critical component of numerous cellular processes in all eukaryotes, 
including the cell cycle, cell growth and differentiation, embryogenesis, apoptosis, signal 
transduction, DNA repair, regulation of transcription and DNA replication, transmembrane 
transport, endocytosis, stress responses, antigen presentation and other aspects of the immune 
response. The well-known physiological functions of UPS in the nervous system include 
circadian rhythm regulation, axon guidance and acquisition of memory. Therefore, if you are 
a neuroscientist working in basic research or a clinician working in clinical neurology the 
chances are very high that at some stage of your practice you will encounter some aspect of 
the UPS. 

For many years it has been thought that activity of the UPS is limited to the cytosol and 
the nucleus, where its components are located. However, recent experimental evidence has 
demonstrated that membrane-anchored and even secretory pathway-compartmentalized 
proteins are also targeted by the UPS. The fact that ubiquitin- and proteasome-dependent 
proteolysis directs so many cellular processes may not seem all that surprising. Proteolysis 
leads to a rapid and irreversible destruction of proteins; it can thereby dismantle existing 
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cellular programmes and allow new ones to take root: it is not surprising that the UPS is 
involved in the regulation of many basic cellular processes. Protein ubiquitylation 
/deubiquitylation can now be seen to be as important as protein phosphorylation 
/dephosphorylation in the control of macromolecular mechanisms in the cell. 
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Figure 1. The number of publications examining the role of ubiquitin-proteasome system (UPS) in 
nervous system (NS). Number of reports published on Medline between 1994 to 2004 using the search 
strategies UPS and the combination UPS and NS (UPS-NS). 

 
COMPONENTS OF THE UPS 

 
At the very core of the UPS is the E1-E2-E3 ubiquitination cascade (Figure 2), which 

eventually delivers the polyubiquitinated protein to the 26S proteasome for degradation into 
short peptides and free ubiquitin. The latter is recycled within the cell. While at first glance 
simple, the ubiquitination cascade is in fact very complex, taking into account that there are 
over 700 different E3s in the human genome, grouped into several families. Many of the E3 
are assembled from modular subunits and are regulated by a different posttranslational 
modification with the ubiquitin-like protein called Nedd8 (neddylation). Selection of the 
proteins to be degraded by the different E3s depends on multiple criteria, including their 
primary amino acid sequence, partial cleavage by other proteases, phosphorylation status, 
modification by yet another ubiquitin-like protein called SUMO (sumoylation), association 
with other proteins, etc. Moreover, sometimes the E1-E2-E3 cascade does not suffice for an 
efficient ubiquitination of a substrate and an additional factor called E4 or polyubiquitin 
chain elongation factor is required for efficient protein degradation. According to the model 
depicted on Figure 2, 26S proteasomes bind polyubiquitinated substrates. This is true, 
however for the efficient degradation of many proteins additional ‘delivery’ or ‘shuttle’ 
factors such as valosin-containing protein (VCP, p97) or Rad23 are required for their delivery 
or handling to the proteasome. The ubiquitination cascade is constantly counteracted by 
multiple deubiquitinating enzymes (DUBs), however they are required for the expression of 
the ubiquitin genes, recycling of ubiquitin and prevention of the build-up of harmful 
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polyubiquitin chains. Yet another layer of complexity is added by the fact that while Lys48 is 
used for the formation of common polyubiquitin chains targeting proteins for degradation, the 
remaining five Lys residues of the ubiquitin molecule may be also used for the formation of 
polyubiquitin chains with many different functions. Moreover, monoubiquitination and 
multiubiquitination (monoubiquitination at multiple lysines of one substrate) have important 
roles in protein trafficking and vesicle internalization. Furthermore, there are many ubiquitin-
like proteins, which can be covalently attached to proteins performing different functions. 
Nedd8 and SUMO are just examples of this group of covalent modifiers. Ubiquitin-like 
motifs are also found within larger and more complex proteins. 
 

 

Figure 2. An overview of the ubiquitin- and proteasome-dependent system of protein degradation. The 
ubiquitin activating enzyme (E1) forms a highly energetic thiolester intermediate with ubiquitin (Ubi), 
transferring it to one of several Ubi conjugating enzymes (E2). E2 interacts with one of hundreds Ubi 
ligases (E3), which recognize different substrates to be ubiquinated. Ubi moieties are then transferred to 
the substrates forming poly-Ubi chains. Lys-48 linked poly-Ubi chains are recognized and bound by the 
26S proteasomes. Once bound, the substrates are degraded into peptides, while free Ubi is recycled. 
Monoubiquitinated proteins and chains with linkages other than Lys-48 serve non-proteolytical 
functions. Ubiquitinated substrates can be de-ubiquitinated by the action of one of several 
deubiquitinating enzymes (DUBs). 26S proteasome is composed of the 20S proteasome and two PA700 
caps. 20S proteasome by itself is able to degrade unfolded and oxidized proteins. It can also associate 
with different activators, such as PA28. ATP indicates adenosine triphosphate, AMP adenosine 
monophosphate, PPi inorganic pyrophosphate.  

While the structure and function of the core 20S proteasome is well known, the 26S 
proteasome guards its secrets very well, avoiding crystallization. The function of many 
PA700 subunits is poorly understood. They undergo different posttranslational modifications 
which may change their activity and influence the distribution of the complex within cells. 
There are contradicting theories explaining the workings of the PA700 cap. A static view has 



Mario Di Napoli and Cezary Wójcik 6 

been recently challenged by a model involving the breakdown of PA700 into its components 
during every catalytic cycle. There also exists a possibility that different forms of PA700 may 
be present in the cells, some involving alternative components, such as the signalosome or 
the VCP hexamer. Moreover, the function of other proteasome activators and associated 
proteins, including PA28 and PA200, remains obscure. However, mathematical models and 
computer simulation of proteasome functions can help to understand the 26S proteasome. 
Recent advances in this topic have already revealed an unanticipated complexity of 
proteolytic activity acting on the substrate recruitment mechanism and the catalytic cycle 
itself. The knowledge of the detailed structure and function of the 26S proteasome allows us 
to predict its dysfunction in different pathological situations, leading to the definition of a 
possible group of disorders characterize by compromised proteasome function, which can be 
collectively designated as the ‘proteasomepathies’. 

 
 

INVOLVEMENT OF THE UPS IN PATHOGENESIS  
OF MULTIPLE CNS DISORDERS 

 
In the nervous system, the physiological significance of the UPS is just beginning to be 

explored. Dissecting the role of the UPS during neuronal differentiation and neuronal 
apoptosis in cell culture models has laid the groundwork for our current understanding of 
ubiquitination and proteasomal protein degradation in the brain. As in all other mammalian 
tissues, the UPS is fundamental to normal brain function and during its development in 
several aspects of neuronal physiology such as neuronal signaling, synapse formation and 
function, memory processing, etc. Degradation of proteins by the UPS seems to be spatially 
organized within cells. Protein which fail to be degraded tend to aggregate in specific cellular 
locations corresponding to specific ‘proteolysis centers’. Such aggregates, inclusion bodies or 
‘aggresomes’ are found in many neurodegenerative pathologies of the central nervous system 
(CNS) both inherited and acquired, such as Alzheimer’s (AD), Huntington's (HD), 
Parkinson’s (PD) and Lewy body diseases, amyotrophic lateral sclerosis (ALS) and 
Creutzfeld–Jakob disease (CJD). A consistent feature of major human neurodegenerative 
disorders is the accumulation of disease-related proteins, in non-native conformations, as 
protein aggregates within neurons or glial cells. Often the proteins in these aggregates are 
post-translationally conjugated with ubiquitin, suggesting a link between pathological 
protein-aggregation events in the nervous system and dysfunction of the UPS. The 
ubiquitinated protein aggregates are believed to result from malfunction or overload of the 
UPS or from structural changes in the protein substrates which prevent their recognition and 
degradation by the UPS. Impaired proteolysis might also contribute to the synaptic 
dysfunction seen early in neurodegenerative diseases because the UPS is known to play a role 
in normal functioning of synapses. Further, the switch from short to long-term facilitation in 
synapses is mediated by proteasomal degradation of inhibitors of the ‘long term’ pathway. 
Another interesting aspects is the participation of the UPS in the cleavage of components 
involved in AD: the amyloid ß-protein (AP2) and the presenilin-2 membrane protein (PS2). 
Several neurodegenerative diseases are associated with mutations of UPS components or of 
proteins that may resist proteasomal degradation if mutated. Mutations in parkin, encoding an 
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ubiquitin ligase (E3) result in juvenile recessive PD. α-Synuclein, which is mutated in some 
familiar forms of PD, is highly enriched in presynaptic terminals and Lewy-bodies. Recently, 
the higher than normal level of wild-type α-synuclein was found in a family with early onset 
PD, and a contributing mechanism could be an insufficient clearance by the UPS. Genetic 
evidence clearly demonstrates that disruption of ubiquitin-mediated processes can lead to 
neurodegeneration; however, the relationship between the UPS and idiopathic 
neurodegenerative disorders is less clear. In the latter cases, although a number of different 
mechanisms could potentially contribute to dysfunction of the UPS and promote the 
neurodegenerative process, whether UPS dysfunction is causally related to disease 
pathogenesis, or alternatively arises as a result of the pathological state, and indeed whether 
ubiquitinated inclusions are harmful or beneficial to cells, remains to be clarified. Recent 
studies on HD and other polyglutamine diseases (PolyQ) show that the respective mutated 
proteins can interfere with axonal transport. The huntingtin protein involved in HD also 
interacts with synaptic vesicles and proteins involved in neurotransmission. In 
spinocerebellar ataxia 1, there is an altered trafficking of glutamate receptor subunits and 
protein kinase-C (PKC) in Purkinje cells. Given the role of the UPS in disease 
pathophysiology, it is important to study the key proteins in the axons and in the synapses 
that may be altered in the different disorders.  

The involvement of aberrant protein folding combined with their inefficient clearance 
from neurons by the UPS has led to a proposal of calling collectively the various 
neurodegenerative disorders as ‘protein misfolding diseases’ or ‘conformational diseases’. 
For most of proteins to be active, they need well-defined three-dimensional structures alone 
or in complex. Folding is a process through which newly synthesized proteins get to the 
native state. Protein folding inside cells is assisted by various chaperones and folding factors, 
and misfolded proteins are eliminated by the UPS to ensure high fidelity of protein 
expression. Under certain circumstances, specific peptides or proteins misfold altering the 
folding pathway or final conformation of a protein, often as a result of mutations, give rise to 
protein aggregates; misfolded proteins escape the degradation process, yielding to deposit of 
protein aggregates such as loop-sheet polymer and AP2 fibril. Protein misfolding gives rise to 
the malfunctioning of living systems. Many neurological ‘conformational diseases’ have the 
accumulation of misfolded proteins and this combined accumulation results in the promotion 
of insoluble protein deposits and neuronal cell death (Table 1).  
All of these diseases are characterized by the failure of the cell’s ‘quality control system’ to 
remove toxic, misfolded proteins—they then accumulate and cause disease, via various 
pathways (in some cases, as in AD, involving triggering apoptosis)—that are only partially 
understood. The first step of the cell’s ‘quality control’ system is the binding of molecular 
chaperones to nascent proteins as they emerge from the ribosomes. Molecular chaperones are 
themselves proteins, and they promote correct folding of nascent proteins and prevent 
harmful protein-protein interactions or aggregation. However, a fraction of newly-translated 
proteins fail to fold properly. These defective proteins are then degraded by the final step in 
the cellular ‘quality control system’, which is the UPS. Although mutation is involved in 
producing defective, aggregation-prone toxic proteins (or, in the case of certain types of PD, 
defective components of the ‘quality control system’) in the case of familial forms of AD and 
PD, it is not exactly known how pathways for removal of toxic proteins may break down in 
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the more common, late-onset sporadic forms of these diseases. Most likely there is a gradual 
decrease with age of the UPS capability to cope with misfolded proteins, which in some 
individuals is faster than in another, and which can be enhanced by complex multiple genetic 
and environmental factors. While recruitment of misfolded proteins in the cytosol to 
proteolytic centers and formation of ‘aggresomes’ may have a beneficial, protective function, 
accumulation of misfolded proteins within the ER triggers the so called unfolded protein 
response (UPR) in an attempt to overcome the burden of misfolded proteins. Persistent UPR 
leads to apoptosis in both acute and chronic pathologies of the CNS, such as stroke and PD, 
respectively. The UPS counteracts the ER stress by degrading proteins retrotranslocated from 
the ER to cytosol in a process known as ERAD (ER-associated degradation). Mutations of 
VCP, an ATP-ase with a supposed role in ERAD of many proteins, are associated with a 
newly discovered form of frontotemporal dementia, providing yet another proof of the role of 
the UPS in CNS pathology. 

 
Table 1. ‘Conformational diseases’ - neurological diseases caused by defects in protein 

folding, stability and aggregation. 
 

Disease Aggregate type UPS components Location Characteristic pathology 
Plaques Ubiquitin 

Proteasome 
Extracellular Extracellular neuritic plaques  Alzheimer 

disease 
Tangles Ubiquitin 

Proteasome 
Cytoplasmic Neurofibrillary tangles of 

hyperphosphorylated tau 
Parkinson 
disease 

Lewy bodies Proteasome 
Ubiquitin HSPs 
E3–Parkin 
DUB– UCH-L1 

Cytoplasmic Intracellular Lewy bodies, Lewy 
neurites, fibrillar, α-synuclein 

Multiple system 
atrophy 

Glial/neuronal 
inclusions 

Ubiquitin Cytoplasmic Oligodendroglial inclusions 
immunostained with tau and ubiquitin 

Polyglutamine 
disease 

Inclusions Proteasome 
Ubiquitin 
HSPs 

Cytoplasmic Aggregates and fibrillar, huntingtin 
fragments 

   Nuclear neuronal inclusions 
Prion diseases Aggresome-like Ubiquitin 

HSPs 
Cytoplasmic Intracellular deposits, and occasional 

synaptic and axonal deposits 
   Extracellular Amyloid plaques 
Familial 
encephalopathy 
with 
neuroserpin 
inclusion 
bodies 

Collins bodies 
neuronal 
inclusions  

Neuroserpin Cytoplasmic Eosinophilic neuronal inclusions of 
neuroserpin (Collins' bodies) in the 
deeper layers of the cerebral cortex and 
the substantia nigra.  

Stroke Aggresome-like Ubiquitin 
HSPs 

Cytoplasmic/ 
nuclear 

Protein aggregates surrounding nuclei 
and along dendrites in postischemic 
neurons in the neuronal soma, dendrites, 
and axons. Ubiquinated proteins are 
associated with intracellular membranous 
structures in neuronal lysosomal vesicles 
and in late endosome-like organelles in 
the ischemic area 

DUB indicates deubiquitinating enzyme, UCH-L1, ubiquitin C-terminal hydrolases-L1, HSPs, heat 
shock proteins. 
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Today, only a handful of diseases, particularly neurodegenerative ones, are known to be 
caused by malfunction of the UPS. With perhaps as many as 1000 human genes encoding 
components of ubiquitin and ubiquitin-related modification pathways, it is almost certain that 
many more diseases will be found to arise from genetic errors in the UPS or by pathogen 
subversion of the system. The high sensitivity of postmitotic, fully differentiated cells to 
oxidized or misfolded proteins, which need to be eliminated rapidly in order to maintain 
neuronal metabolism, makes neurons particularly vulnerable to defects in UPS-mediated 
protein degradation. At the moment, for few disorders, we can temporarily relieve symptoms 
by pharmacological or surgical manipulation of the neurotransmitters emitted by the 
degenerating neurons, but the discovery during the past decade of the role of UPS in several 
neurodegenerative diseases could permit us to interrupt the process of neuronal loss itself by 
repair and possibly augmentation of the neuronal UPS, which will impose a major challenge. 
Various aspects of the role played by the UPS in the different neurodegenerative disorders 
are discussed extensively in several chapters of this book. This opens several avenues for the 
development of new therapies because the components of the UPS could be potential targets 
for therapy of CNS diseases and disorders. Introducing the concept of UPS dysfunction into 
our thinking will also allow us to transcend the classic category of clinical and anatomical 
pathology. An excellent example is the obsolescence of the term olivopontocerebellar 
atrophy. The sporadic form of olivopontocerebellar atrophy has been found to harbour 
cytoplasmic inclusions in oligodendrocytes consisting chiefly of α-synuclein. The same is 
true for Shy-Drager syndrome and striatonigral degeneration. These three entities have now 
been combined into a pathogenetically based category called multiple system atrophy. The 
familial form of olivopontocerebellar atrophy has been subsumed into the various forms of 
spinocerebellar ataxia, which are differentiated by their genetic defects and by the nature of 
their protein aggregates. The term olivopontocerebellar atrophy has therefore proved useless 
and has virtually disappeared from the literature. As we consider the pathogenesis and 
classification of neurodegenerative disease, we must consider the identity of the abnormally 
aggregating protein, the cause of its misfolding, causes of protein aggregation other than 
misfolding, the causes of failure of the UPS to dispose of the abnormally folded or 
aggregated protein, and the mechanism by which abnormally aggregated protein causes 
cellular damage. This framework will bring a more rational classification of diseases and a 
very high probability of specific treatments or prevention. It was proposed the concept that 
neurodegenerative diseases such as AD and PD, as well as, other conditions collectively 
represent ‘conformational diseases’ in which altered function of the UPS can cause or 
directly contribute to disease pathogenesis. Many disease causing phenotypes are common to 
multiple neurodegenerative disorders and caused by a gain of function associated with 
protein misfolding and aggregation, while individual variations can be attributed to a 
particular group of neurons affected and a loss of function phenotypes, both dependent on the 
particular protein affected by the disease. However, it has become increasingly apparent that 
there are a variety of conditions in vivo where, even with chaperones and the proteolytic 
machinery present in the same compartment as a misfolding protein, these mechanisms of 
quality control fail and the misfolded proteins proceed to form aggregates. A protective 
action of aggregate formation, as opposed to an immediately pathogenic role, has been 
increasingly supported. For example, in the case of HD, serial examination of neuronal cells 
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in culture overproducing a polyQ-expanded huntingtin-GFP fusion revealed that those cells 
containing morphologically visible fluorescent aggregates exhibited better viability than 
those bearing diffusely fluorescent material. This seems consistent with the concept that it is 
small assemblies of misfolded proteins, not morphologically visible inclusions, that exert 
toxic effects on cells. Correspondingly, a recent comparison of size versus toxicity for 
aggregates of the prion protein PrP suggested that small aggregates containing one to two 
dozen molecules were the most toxic to cells. Apparently, the cells do not have mechanisms 
for clearing these small aggregates while have a better possibility in controlling intracellular 
levels of bigger aggregates. Earlier studies suggested that the UPS might be the mainstay of 
removal of aggregation-prone species. Indeed, aggregates detected in neurodegenerative 
disease are usually reactive with anti-ubiquitin antibodies, implying that the misfolding 
species have been recognized by the ubiquitin conjugation system and further experimental 
evidences indicate that these modified proteins present a particular challenge to proteasomes, 
possibly leading to their inhibition. From this standpoint, we probably should consider 
several ‘conformational diseases’ as ‘proteasomopathies’ where the final pathogenetic 
determinant is the inability of proteasomes to degrade misfolded proteins. However, recent 
work with autophagy-deficient mice demonstrates that downstream of the UPS, neurons may 
still clear the aggregated proteins by autophagic mechanisms, which constitute the last line of 
defense. When those fail, massive neurodegeneration takes place. The mechanism of this 
inactivation remains unknown but two possible models could account for the impairment of 
UPS function by protein aggregation and to explain the accumulation of misfolded 
ubiquinated substrates in neurodegenerative diseases (Figure 3). One possibility is that the 
aggregated or aggregation-prone proteins directly inhibit or ‘choke’ the 26S proteasome—a 
situation that might result from their engagement by degradation-resistant or hard-to-unfold 
proteins: a reduced cleavage strength towards specific amino acid sequences keep the 
proteasome sequestrated with undegraded substrate and intermediate long fragments. 
Perturbations of proteasome function may also occur through its recruitment to or 
sequestration into protein aggregates, through chronic overloading of proteasomal capacity 
by misfolded protein, or through still undetermined effects on other activities of the UPS. In 
this manner protein aggregates directly inhibit or sequester 26S proteasomes (Figure3; Panel 
A). A second possibility, not mutually exclusive with the first, is that protein aggregates 
indirectly interfere with UPS function by sequestering or directly ‘clogging’ proteasomes, it 
is possible that they could impair UPS function by influencing the proteasome activity or 
distribution of UPS modulators, inactivating or depleting a UPS activator (Figure 3; Panel B) 
where aggregation would result due low influx of substrate into the 20S core particle. 
Proteasome substrates with a low affinity binding to 19S sites which regulates the influx (and 
unfolding) mechanisms will have strongly reduced transportation rates. However, no true 
‘proteasomopathy’ has been identified, i.e. no mutations in the genes coding for subunits of 
the 26S proteasome have been identified to be associated with disease susceptibility. 
Obviously, mutations leading to the loss of proteasome activity would have been fatal, 
however it is easy to envision alleles of proteasome genes, which induce very discrete 
changes into such a complex organelle as the 26S proteasome. Such changes may gradually 
over the years tilt the delicate balance of protein degradation and aggregation within cells 
towards aggregation, contributing to the pathogenetic cascade. Genetic abnormalities within 
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the ubiquitin pathway, either in ubiquitin-ligase (E3) enzymes or in deubiquitinating enzymes 
have been however identified. They cause disease because of problems associated with 
substrate recognition or supply of free ubiquitin, respectively. In some cases, mutations in 
protein substrates of the UPS may directly contribute to disease progression because of 
inefficient substrate recognition by elements of the ubiquitination cascade, delivery factors or 
the proteasome itself. Mutations in transcripts of ubiquitin (as a result of ‘molecular 
misreading’) also affect ubiquitin-dependent proteolysis with catastrophic consequences. 
This has been shown in AD and tauopathies and could apply to other age-associated 
neurodegenerative conditions.  
 

 

Figure 3. Mechanisms of proteasome block: simple sketch of impaired 26S proteasome degradation of 
ubiquitinated substrate. Two possible scenarios are conjectured. Panel A. Inhibition of the 26S 
proteasome activity due to filling up with substrates and intermediates that have a reduced number of 
cleavage sites. Substrates are ubiquitinated and transported into the proteasome core via the binding 
with the 19S particle. Substrates are then cleaved by the proteasome according to the cleavage 
specificities. These are defined by the interaction between the amino acid sequence and the proteasome 
catalytic sites. PolyQ repeats strongly impair the cleavage activity with a concomitant reduction of the 
degradation rate. The internal volume will be progressively filled with long intermediates which have a 
low efflux rate and undegraded substrate. Opening the gate favors the efflux of intermediate subsrates, 
which then exit in a length dependent manner. Therefore, long intermediates have a low efflux rate. 
According to the model, the filling of the proteasome stops the influx of new substrate molecules, 
causing an accumulation of substrate outside the proteasome. Panel B: Inhibition of 26S proteasome 
activity due to impaired transport of substrates caused by amino acid sequence changes on the substrate 
that effect 19S binding. The interaction between substrate and proteasome regulating the influx of 
substrate is largely unknown. Energetic barrier between the amino acid sequence constituting the 
substrate and the structure of the 19S can be hypothesized. Here, for simplicity we depict an impaired 
transport of substrate. A limited influx of substrates results in an accumulation of non-degraded proteins 
outside the proteasome (see Chapter 14). Courtesy of Fabio Luciani, School of Biotechnology and 
Biochemical Sciences, UNSW, Sydney, Australia. 

It appears now that ubiquitin modification may in fact recruit aggregated species for 
clearance via an independent mechanism, the ‘autophagy’ pathway. Autophagy involves the 
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recognition and packaging/engulfment of targeted proteins or organelles into autophagosome 
vesicles that become fused with lysosomes, wherein both vesicles and their contents are 
broken down. Thus, it seems that ubiquitin modification of defective proteins may provide an 
entryway to either the proteasomal system or, in contexts where aggregation is occurring, the 
autophagy system. 

Within the nervous system, accumulation of misfolded proteins as a result of defective 
ubiquitin-dependent proteolysis may contribute to aggregation events, which underlie the 
pathogenesis of several major human neurodegenerative diseases. The role played by the 
UPS is also evident in autoimmune diseases and inflammatory responses of the CNS, in the 
pathogenesis of different CNS tumors, in cerebral ischemia but is also involved in epilepsy 
and seizure susceptibility. 

 
 

DRUGS INTERFERING WITH THE UPS FUNCTION 
 
Because of the central role the UPS plays in such a broad array of basic cellular 

processes, development of drugs that modulate the activity of the system may provide a 
highly specific, target-oriented therapeutic approach to many neurological diseases. 
Proteasome inhibitors have been originally developed in the early 1990s as a tool to study the 
UPS, however they quickly made they way to the clinic. Velcade® (Bortezomib) is a potent 
proteasome inhibitor, which has been approved in 2003 by the FDA for the treatment of 
chemotherapy-resistant multiple myeloma. Although the current focus of potential 
proteasomal drugs is on cancer, the prevalence of this pathway in neuronal function makes it 
a tantalizing target for future CNS therapeutics. However, inhibition of enzymes common to 
the entire pathway, such as the proteasome, affects many processes non specifically although 
a narrow window between beneficial effects and toxicity can be identified for a short-term 
treatment. Surprisingly, many cell types, including neurons, but not cancer cells, resist short 
intervals of inhibition of proteasome activity. Recent experimental evidence strongly suggests 
that such inhibitors may indeed be beneficial in brain infarct and autoimmune 
encephalomyelitis. Because specificity of the ubiquitin proteasome mediated proteolysis is 
determined by specific ubiquitin ligases (E3s), identification of specific E3s and their 
allosteric modulators and inhibitors are likely to provide effective therapeutic targets for the 
treatment of several CNS disorders. New proteasome inhibitors and drugs inhibiting ubiquitin 
ligases are under development using different methods of the high-throughput screening of 
compounds obtained by combinatorial chemistry. A better approach may be the development 
of small molecules that are substrate specific and bind, preferably, to specific substrates or to 
their ancillary proteins rather then to an E3. Finally, drugs may be envisioned which will 
interact specifically with delivery/shuttle factors, such as inhibitors of VCP. Although many 
proteasome inhibitors are available, no effective drugs exist that can stimulate the 
proteasome. Since abnormal protein aggregation is a common feature of different 
neurodegenerative diseases, enhancement of proteasome activity might be an efficient way to 
remove the aggregates that accumulate in the brain. 

Proteasome inhibitors have been tested in different experimental systems for the 
treatment of various disorders of the nervous system in particular those associated with 
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ischemia-reperfusion injury. MLN-519 is a proteasome inhibitor with pharmacokinetic 
properties different from those of Velcade®, which entered phase I clinical trials for the 
treatment of stroke. While the clinical experience with proteasome inhibitors is limited, they 
seem to be quite safe to use. Nevertheless, they have the potential of producing detrimental 
side effects including the induction of some kind of neurodegenerative changes.  

 
 

CONCLUDING REMARKS 
 
The Editors hope that the information gathered in this single volume by a pleiade of 

authors from divergent areas of expertise will provide the readers with the basic, necessary 
information in this emerging field. Of course, this collection of articles is not meant to 
provide a comprehensive coverage of the field; instead, we have attempted to zoom in 
covering some topics of particular interest and emerging issues. We hope that this volume 
serves to bring both the expert and the novice up to date. We have attempted to draw together 
contributions from experts in the field to illustrate the comprehensive manner in which the 
UPS regulates cell physiology and pathology in nervous system. There is no doubt that when 
the full implications of protein modification by ubiquitin and ubiquitin-like molecules are 
going to be fully understood, then we will gain fundamental new insights into crucial life 
processes. We will also have come to an understanding of those pathological processes 
resulting from UPS malfunction. The medical implications of the UPS research should have 
considerable impact on the pharmaceutical industry and should open new avenues for 
therapeutic intervention in human diseases. However, everyone also needs to keep in mind 
that due to the accelerating pace of biomedical research in general and the study of the UPS 
in particular we are likely to see within the months and years to come new advances which 
will require the updating of this book. We will certainly welcome any suggestions for 
changes and amendments of this book which we may include in the future editions. Despite 
its all limitations, we believe that this book will provide the readers with an important source 
of information. 

The basic science chapters of this book are going to present an overview of the different 
aspects of the UPS, while the following chapters will address more specifically the UPS 
function in the context of neuronal tissue and the nervous system. We tried to select the most 
important topics covering this vast area, however many topics must have been omitted or 
covered in less detail due to spatial constrains. Even though the field is young, it has now 
reached the point at which the scientific community at large needs reference works in which 
contributing authors indicate the fundamental roles of the UPS in the physiology and 
pathology of the nervous system, therefore the appearance of this book on the UPS in 
nervous system is extremely timely. There are no doubts that the involvement of the UPS in 
the pathogenesis of multiple diseases, the continuous use of proteasome inhibitors in the 
clinic, as well as, the foreseen introduction of a new generation of drugs inhibiting or 
activating selected ubiquitin ligases creates a need for a concise source of information 
discussing the role of the UPS in the nervous system. In this volume, we are pleased to 
present a collection of articles that discuss recent developments and emerging themes 
discussing the role of UPS in the physiology and pathology of nervous system. This 
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collection of articles highlights the story of UPS as we currently know it: from the regulation 
of basic cellular processes to quality control and the pathogenetic mechanisms of 
neurological diseases, from X-ray crystallography of the 20S proteasome to the interaction 
between substrates and their ligases, to the development of mechanism-based drugs, and to 
target-specific aberrant processes. On the pages of this volume, the basic knowledge about 
the UPS will be dissected in terms of the intracellular localization, structures and functions of 
proteasomes and related particles, the emerging roles of enzymes of ubiquitylation and 
deubiquitylation, the roles of ubiquitin-like proteins and the formation of aggresomes as the 
consequence of proteasome inhibition. 

Finally, we would like to dedicate this book to our loving families in acknowledgement 
of their understanding and support and to extend our appreciation and thanks to the Authors 
for their work in reviewing this extraordinary progress and for providing a basis for 
understanding future advances of the UPS in the physiology and pathology of nervous 
system.  

 
 

Good reading! 
 
 

Mario Di Napoli, M.D. Sulmona, L’Aquila, Italy 
 

Cezary Wójcik, M.D. Ph.D.,  Evansville, IN, United States 
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ABSTRACT 
 

Between the 1950s and 1980s, scientists were focusing mostly on how the genetic 
code is transcribed to RNA and translated to proteins, but how proteins are degraded has 
remained a neglected research area. With the discovery of the lysosome by Christian de 
Duve, it was assumed that cellular proteins are degraded within this organelle. Yet, 
several independent lines of experimental evidence strongly suggested that intracellular 
proteolysis is largely nonlysosomal, but the mechanisms involved remained obscure. The 
discovery of the ubiquitin–proteasome system (UPS) resolved the enigma. We now 
recognize that degradation of intracellular proteins is involved in regulation of a broad 
array of cellular processes, such as cell cycle and division, regulation of transcription 
factors, and assurance of the cellular quality control. Not surprisingly, aberrations in the 
system have been implicated in the pathogenesis of human disease, such as malignancies 
and neurodegenerative disorders, which led subsequently to an increasing effort to 
develop mechanism based drugs. 
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ABBREVIATIONS 
 
APC, Adenomatous Polyposis Coli; APF-1, ATP-dependent Proteolysis Factor 1 

(ubiquitin); BSA, bovine serum albumin; CP, 20S core particle (of the proteasome); G6PD, 
glucose-6-phosphate dehydrogenase; MCP, multicatalytic proteinase complex (26S 
proteasome); MVBs, multivesicular bodies; ODC, ornitihine decarboxylase; PEPCK, 
phosphoenol-pyruvate carboxykinase; RP, 19S regulatory particle (of the proteasome); TAT, 
tyrosine aminotransferase; Ub, ubiquitin; UBIP, ubiquitous immunopoietic polypeptide 
(ubiquitin); UBLs, ubiquitin-like proteins; UPS, ubiquitin–proteasome system. 

 
 

INTRODUCTION 
 
The concept of protein turnover is hardly 60 years old. Beforehand, body proteins were 

viewed as essentially stable constituents that were subject to only minor ‘wear and tear’: 
dietary proteins were believed to function primarily as energy providing fuel, which were 
independent of the structural and functional proteins of the body. The problem was hard to 
approach experimentally, as research tools were not available. An important research tool that 
was lacking at that time were stable isotopes. While radioactive isotopes were developed 
earlier by George de Hevesy (de Hevsey G, Chemistry 1943. In Nobel Lectures in Chemistry 
1942–1962. World Scientific 1999, pp. 5–41), they were mostly unstable and could not be 
used to follow metabolic pathways). The concept that body structural proteins are static and 
the dietary proteins are used only as a fuel was challenged by Rudolf Scheonheimer in 
Columbia University in New York city. Schoenheimer escaped from Germany and joined the 
Department of Biochemistry in Columbia University founded by Hans T Clarke [1–3]. There 
he met Harold Urey, who was working in the Department of Chemistry and who discovered 
deuterium, the heavy isotope of hydrogen, a discovery that enabled him to prepare heavy 
water, D2O. David Rittenberg who had recently received his Ph.D. in Urey’s laboratory, 
joined Schoenheimer, and together they entertained the idea of ‘employing a stable isotope as 
a label in organic compounds, destined for experiments in intermediary metabolism, which 
should be biochemically indistinguishable from their natural analog’ [1] Urey later 
succeeded in enriching nitrogen with 15N, which provided Schoenheimer and Rittenberg with 
a ‘tag’ for amino acids and as a result for the study of protein dynamics. They discovered that 
following administration of 15N-lablled tyrosine to rat, only ∼50% was recovered in the urine, 
‘while most of the remainder is deposited in tissue proteins. An equivalent of protein nitrogen 
is excreted’ [4]. They further discovered that from the half that was incorporated into body 
proteins, ‘only a fraction was attached to the original carbon chain, namely to tyrosine, while 
the bulk was distributed over other nitrogenous groups of the proteins’ [4] mostly as an 
αNH2 group in other amino acids. These experiments demonstrated unequivocally that the 
body structural proteins are in a dynamic state of synthesis and degradation, and that even 
individual amino acids are in a state of dynamic interconversion. Similar results were 
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obtained using 15N-lablled leucine [5]. This series of findings shattered the paradigm in the 
field at that time that: (1) ingested proteins are completely metabolized and the products are 
excreted, and (2) body structural proteins are stable and static. Schoenheimer was invited to 
deliver the prestigious Edward K Dunham lecture at Harvard University, where he presented 
his revolutionary findings. After his untimely tragic death in 1941, his lecture notes were 
edited by Hans Clarke, David Rittenberg and Sarah Ratner, and were published in a small 
book by Harvard University Press. The editors called the book ‘The Dynamic State of Body 
Constituents’ [6], adopting the title of Schoenheimer’s presentation. In the book, the new 
hypothesis is clearly presented: ‘The simile of the combustion engine pictured the steady-
state flow of fuel into a fixed system, and the conversion of this fuel into waste products. The 
new results imply that not only the fuel, but the structural materials are in a steady state of 
flux. The classical picture must thus be replaced by one which takes account of the dynamic 
state of body structure’. However, the idea that proteins are turning over was not accepted 
easily and was challenged as late as the mid-1950s. For example, Hogness et al. [7] studied 
the kinetics of β-galactosidase in Escherichia coli and summarized their findings: ‘To sum 
up: there seems to be no conclusive evidence that the protein molecules within the cells of 
mammalian tissues are in a dynamic state. Moreover, our experiments have shown that the 
proteins of growing E. coli are static. Therefore, it seems necessary to conclude that the 
synthesis and maintenance of proteins within growing cells is not necessarily or inherently 
associated with a ‘dynamic state’. While the experimental study involved the bacterial β-
galactosidase, the conclusions were broader, including also the authors’ hypothesis on 
mammalian proteins. 

The use of the term ‘dynamic state’ was not incidental, as they challenged directly 
Schoenheimer’s studies. Now, after more then six decades of research in the field and with 
the discovery of the lysosome and later the complex ubiquitin–proteasome system (UPS) with 
its numerous tributaries, it is clear that the area has been revolutionized. We now realize that 
intracellular proteins are turning over extensively, that this process is specific, and that the 
stability of many proteins is regulated individually and can vary under different conditions. 
From a scavenger, unregulated and nonspecific end process, it has become clear that 
proteolysis of cellular proteins is a highly complex, temporally controlled and tightly 
regulated process that plays major roles in a broad array of basic pathways. Among these 
processes are cell cycle, development, differentiation, regulation of transcription, antigen 
presentation, signal transduction, receptor-mediated endocytosis, quality control and 
modulation of diverse metabolic pathways. Subsequently, it has changed the paradigm that 
regulation of cellular processes occurs mostly at the transcriptional and translational levels, 
and has set regulated protein degradation in an equally important position. With the multitude 
of substrates targeted and processes involved, it is not surprising that aberrations in the 
pathway have been implicated in the pathogenesis of many diseases, among them certain 
malignancies, neurodegeneration, and disorders of the immune and inflammatory system. As 
a result, the system has become a platform for drug targeting, and mechanism-based drugs are 
currently developed, one of them is already on the market. 
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Figure 1. The lysosome. Ultrathin cryosection of a rat PC12 cell that had been loaded for 1 h with 
bovine serum albumin (BSA)-gold (5 nm particles) and immunolabelled for the lysosomal enzyme 
cathepsin B (10-nm particles) and the lysosomal membrane protein LAMP1 (15 nm particles). 
Lysosomes are recognized also by their typical dense content and multiple internal membranes. Bar, 
100 nm. Courtesy of Viola Oorschot and Judith Klumperman, Department of Cell Biology, University 
Medical Centre Utrecht, The Netherlands. 

 
THE LYSOSOME AND  

INTRACELLULAR PROTEIN DEGRADATION 
 
In the mid-1950s, Christian de Duve discovered the lysosome (see, e.g., de Duve et al., 

[8] and Gianetto and de Duve [9] and Figure 1). The lysosome was first recognized 
biochemically in rat liver as a vacuolar structure that contains various hydrolytic enzymes, 
which function optimally at an acidic pH. It is surrounded by a membrane that endows the 
contained enzymes latency that is required to protect the cellular contents from their action 
(see below). The definition of the lysosome has been broadened over the years. This is 
because it has been recognized that the digestive process is dynamic and involves numerous 
stages of lysosomal maturation together with the digestion of both exogenous proteins (which 
are targeted to the lysosome through receptor mediated endocytosis and pinocytosis) and 
exogenous particles (which are targeted via phagocytosis; the two processes are known as 
heterophagy), as well as digestion of endogenous proteins and cellular organelles (which are 
targeted by micro- and macroautophagy; see Figure 2). The lysosomal/vacuolar system as we 
currently recognize is a discontinuous and heterogeneous digestive system that also includes 
structures that are devoid of hydrolases – for example, early endosomes which contain 
endocytosed receptor–ligand complexes and pinocytosed/phagocytosed extracellular 
contents. On the other extreme, it includes the residual bodies – the end products of the 
completed digestive processes of heterophagy and autophagy. In between these extremes one 
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can observe primary/nascent lysosomes that have not yet been engaged yet in any proteolytic 
process; early autophagic vacuoles that might contain intracellular organelles; 
intermediate/late endosomes and phagocytic vacuoles (heterophagic vacuoles) that contain 
extracellular/intracellular protein degradation contents/particles; and multivesicular bodies 
(MVBs), which are the transition vacuoles between endosomes/phagocytic vacuoles and the 
digestive lysosomes. 
 

 

Figure 2. The four digestive processes mediated by the lysosome. (i) specific receptor-mediated 
endocytosis, (ii) pinocytosis (nonspecific engulfment of cytosolic droplets containing extracellular 
fluid), (iii) phagocytosis (of extracellular particles), and (iv) autophagy (micro- and macro-; of 
intracellular proteins and organelles) (with permission from Nature Publishing Group, copyright 
MacMillan Magazines Ltd. Published originally in Ciechanover [83]). 

The discovery of the lysosome along with independent experiments that were carried out 
at the same time and that have further strengthened the notion that cellular proteins are indeed 
in a constant state of synthesis and degradation (see, e.g., Simpson [10]), led scientists to feel, 
for the first time, that they have at hand an organelle that can potentially mediate degradation 
of intracellular proteins. The fact that the proteases were separated from their substrates by a 
membrane provided an explanation for controlled degradation, and the only problem left to 
be explained was how the substrates are translocated into the lysosomal lumen, exposed to 
the activity of the lysosomal proteases and degraded. An important discovery in this respect 
was the unravelling of the basic mechanism of action of the lysosome – autophagy (reviewed 
in Mortimore and Poso [11]). Under basal metabolic conditions, portions of the cytoplasm, 
which contain the entire cohort of cellular proteins, are segregated within a membrane-bound 
compartment, and are then fused to a primary nascent lysosome and their contents digested. 
This process was denoted microautophagy. Under more extreme conditions, for example 
starvation, mitochondria, endoplasmic reticulum membranes, glycogen bodies and other 
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cytoplasmic entities can also be engulfed by a process called macroautophagy (see, e.g., 
Ashford and Porter [12]; the different modes of action of the lysosome in digesting extra- and 
intracellular proteins are shown in Figure 2). However, over a period of more than two 
decades, between the mid-1950s and the late 1970s, it has become gradually more and more 
difficult to explain several aspects of intracellular protein degradation based on the known 
mechanisms of lysosomal activity: accumulating lines of independent experimental evidence 
indicated that the degradation of at least certain classes of cellular proteins must be 
nonlysosomal. 

Yet, in the absence of any ‘alternative’, researchers came up with different explanations, 
some more substantiated and others less, to defend the ‘lysosomal’ hypothesis. First was the 
gradual discovery, coming from different laboratories, that different proteins vary in their 
stability and their half-life times can span three orders of magnitude, from a few minutes to 
many days. Thus, the t½ of ornitihine decarboxylase (ODC) is ∼10 min, while that of glucose-
6-phosphate dehydrogenase (G6PD) is 15 h (for review articles, see, e.g., Schimke and Doyle 
[13] and Goldberg and St John [14]). Also, the rates of degradation of many proteins were 
shown to change with changing physiological conditions, such as availability of nutrients or 
hormones. It was conceptually difficult to reconcile the findings of distinct and changing 
half-lives of different proteins with the mechanism of action of the lysosome, where the 
microautophagic vesicle contains the entire cohort of cellular (cytosolic) proteins that are 
therefore expected to degrade at the same rate. Similarly, changing pathophysiological 
conditions, such as starvation or resupplementation of nutrients, were expected to affect the 
stability of all cellular proteins to the same extent. Clearly, this was not the case. 

Another source of concern about the lysosome as the organelle in which intracellular 
proteins are degraded was the finding that specific and general inhibitors of lysosomal 
proteases have different effects on different populations of proteins, making it clear that 
distinct classes of proteins are targeted by different proteolytic machineries. Thus, the 
degradation of endocytosed/pinocytosed extracellular proteins was significantly inhibited, a 
partial effect was observed on the degradation of long-lived cellular proteins, and almost no 
effect was observed on the degradation of short-lived and abnormal/mutated proteins. 

Finally, the thermodynamically paradoxical observation that the degradation of cellular 
proteins requires metabolic energy, and more importantly, the emerging evidence that the 
proteolytic machinery uses the energy directly, were in contrast with the known mode of 
action of lysosomal proteases that under the appropriate acidic conditions, and similar to all 
known proteases, degrade proteins in an exergonic manner. 

The assumption that the degradation of intracellular proteins is mediated by the lysosome 
was nevertheless logical. Proteolysis results from direct interaction between the target 
substrates and proteases, and therefore it was clear that active proteases cannot be free in the 
cytosol, which would have resulted in destruction of the cell. Thus, it was recognized that any 
suggested proteolytic machinery that mediates degradation of intracellular proteins must also 
be equipped with a mechanism that separates – physically or virtually – the proteases and 
their substrates, and enables them to associate only when needed. The lysosomal membrane 
provided this fencing mechanism. Obviously, nobody could have predicted that a new mode 
of posttranslational modification – ubiquitination – could function as a proteolysis signal, and 
that untagged proteins will remain protected. Thus, while the structure of the lysosome could 
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explain the separation necessary between the proteases and their substrates, and autophagy 
could explain the mechanism of entry of cytosolic proteins into the lysosomal lumen, major 
problems have remained unsolved. Important among them were: (i) the varying half-lives, (ii) 
the energy requirement, and (iii) the distinct response of different populations of proteins to 
lysosomal inhibitors. Thus, according to one model, it was proposed that different proteins 
have different sensitivities to lysosomal proteases, and their half-lives in vivo correlate with 
their sensitivity to the action of lysosomal proteases in vitro [15]. 

To explain an extremely long half-life for a protein that is nevertheless sensitive to 
lysosomal proteases, or alterations in the stability of a single protein under various 
physiological states, it was suggested that although all cellular proteins are engulfed into the 
lysosome, only the short-lived proteins are degraded, whereas the long-lived proteins exit 
back into the cytosol: ‘To account for differences in half-life among cell components or of a 
single component in various physiological states, it was necessary to include in the model the 
possibility of an exit of native components back to the extralysosomal compartment’ [16]. 
According to a different model, selectivity is determined by the binding affinity of the 
different proteins for the lysosomal membrane, which controls their entry rates into the 
lysosome, and subsequently their degradation rates [17]. For a selected group of proteins, 
such as the gluconeogenetic enzymes phosphoenol-pyruvate carboxykinase (PEPCK) and 
fructose-1,6-biphosphatase, it was suggested, though not firmly substantiated, that their 
degradation in the yeast vacuole is regulated by glucose via a mechanism called ‘catabolite 
inactivation’ that possibly involves their phosphorylation. However this regulated mechanism 
for vacuolar degradation is limited only to a small and specific group of proteins (see, e.g., 
Müller et al. [18]; reviewed in Holzer [19]). More recent studies have shown that at least for 
stress-induced macroautophagy, a general sequence of amino acids, KFFERQ, directs, via 
binding to a specific ‘receptor’ and along with cytosolic and lysosomal chaperones, the 
regulated entry of many cytosolic proteins into the lysosomal lumen. While further 
corroboration of this hypothesis is still required, it explains the mass entry of a large 
population of proteins that contain a homologous sequence, but not the targeting for 
degradation of a specific protein under defined conditions (reviewed in Majeski and Dice 
[20], and Cuervo and Dice [21]). The energy requirement for protein degradation was 
described as indirect, and necessary, for example, for protein transport across the lysosomal 
membrane [22] and/or for the activity of the H+ pump and the maintenance of the low acidic 
intralysosomal pH that is necessary for optimal activity of the proteases [23] We now know 
that both mechanisms require energy. In the absence of any alternative, and with lysosomal 
degradation as the most logical explanation for targeting all known classes of proteins at the 
time, Christian de Duve summarized his view on the subject in a review article published in 
the mid-1960s, saying: ‘Just as extracellular digestion is successfully carried out by the 
concerted action of enzymes with limited individual capacities, so, we believe, is intracellular 
digestion’ [24]. The problem of different sensitivities of distinct protein groups to lysosomal 
inhibitors has remained unsolved, and may have served as an important trigger in future quest 
for a nonlysosomal proteolytic system. Progress in identifying the elusive, nonlysosomal 
proteolytic system(s) was hampered by the lack of a cell-free preparation that could faithfully 
replicate the cellular proteolytic events – degrading proteins in a specific and energy 
requiring mode. An important breakthrough was made by Rabinovitz and Fisher, who found 
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that rabbit reticulocytes degrade abnormal, amino-acid analogue-containing hemoglobin [25]. 
Their experiments modelled known disease states, the hemoglobinopathies. In these diseases, 
abnormal mutated hemoglobin chains (such as sickle cell hemoglobin) or excess of 
unassembled normal hemoglobin chains (which are synthesized normally, but also 
excessively in thalassemias, diseases in which the pairing chain is not synthesized at all or is 
mutated and rapidly degraded, and consequently the bi-heterodimeric hemoglobin complex is 
not assembled) are rapidly degraded in the reticulocyte [26,27]. Reticulocytes are terminally 
differentiating red blood cells that do not contain lysosomes. Therefore, it was postulated that 
the degradation of hemoglobin in these cells is mediated by a nonlysosomal machinery. 
Etlinger and Goldberg [28] were the first to isolate and characterize a cell-free proteolytic 
preparation from reticulocytes. The crude extract selectively degraded abnormal hemoglobin, 
required ATP hydrolysis, and acted optimally at a neutral pH, which further corroborated the 
assumption that the proteolytic activity was of a nonlysosomal origin.  

A similar system was isolated and characterized later by Hershko, Ciechanover, and their 
co-workers [29]. Additional studies by this group led subsequently to resolution, 
characterization and purification of the major enzymatic components from this extracts and to 
the discovery of the ubiquitin (Ub) signalling system (see below). 

 
 

THE LYSOSOME HYPOTHESIS IS CHALLEGED 
 
As mentioned above, the unravelled mechanism(s) of action of the lysosome could 

explain only partially, and at times not satisfactorily, several key emerging characteristics of 
intracellular protein degradation. Among them were the heterogeneous stability of individual 
proteins, the effect of nutrients and hormones on their degradation, and the dependence of 
intracellular proteolysis on metabolic energy. The differential effect of selective inhibitors on 
the degradation of different classes of cellular proteins (see above but mostly below) could 
not be explained at all. The evolution of methods to monitor protein kinetics in cells together 
with the development of specific and general lysosomal inhibitors has resulted in the 
identification of different classes of cellular proteins, long- and short-lived, and the discovery 
of the differential effects of the inhibitors on these groups (see, e.g., Knowles and Ballard 
[30] and Neff et al. [31]). An elegant experiment in this respect was carried out by Brian 
Poole and his co-workers in the Rockefeller University. Poole was studying the effect of 
lysosomotropic agents, weak bases such as ammonium chloride and chloroquine, that 
accumulate in the lysosome and dissipate its low acidic pH. It was assumed that this 
mechanism underlies also the antimalarial activity of chloroquine and similar drugs where 
they inhibit the activity of parasite’s lysosome, ‘paralyzing’ its ability to digest the host’s 
hemoglobin during the intraerythrocytic stage of its life cycle. Poole and his co-workers 
metabolically labelled endogenous proteins in living macrophages with 3H-labelled leucine 
and ‘fed’ them with dead macrophages that had been previously labelled with 14C-leucine. 
They assumed, apparently correctly, that the dead macrophages debris and proteins will be 
phagocytosed by live macrophages and targeted to the lysosome for degradation. They 
monitored the effect of lysosomotropic agents on the degradation of these two protein 
populations. In particular, they studied the effect of the weak bases chloroquine and 
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ammonium chloride (which enter the lysosome and neutralize the H+ ions), and the acid 
ionophore X537A, which dissipates the H+ gradient across the lysosomal membrane. They 
found that these drugs specifically inhibited the degradation of extracellular proteins, but not 
that of intracellular proteins [32]. Poole summarized these experiments and explicitly 
predicted the existence of a nonlysosomal proteolytic system that degrades intracellular 
proteins: ‘Some of the macrophages labelled with tritium were permitted to endocytise the 
dead macrophages labelled with 14C. The cells were then washed and replaced in fresh 
medium. In this way, we were able to measure in the same cells the digestion of macrophage 
proteins from two sources. The exogenous proteins will be broken down in the lysosomes, 
while the endogenous proteins will be broken down wherever it is that endogenous proteins 
are broken down during protein turnover’ [33]. 

The requirement for metabolic energy for the degradation of both prokaryotic [34] and 
eukaryotic [10,35] proteins was difficult to understand. Proteolysis is an exergonic process 
and the thermodynamically paradoxical energy requirement for intracellular proteolysis made 
researchers believe that energy cannot be consumed directly by proteases or the proteolytic 
process per se, and is used indirectly. As Simpson summarized his findings [10] ‘The data 
can also be interpreted by postulating that the release of amino acids from protein is itself 
directly dependent on energy supply. A somewhat similar hypothesis, based on studies on 
autolysis in tissue minces, has recently been advanced, but the supporting data are very 
difficult to interpret. However, the fact that protein hydrolysis as catalyzed by the familiar 
proteases and peptidases occurs exergonically, together with the consideration that autolysis 
in excised organs or tissue minces continues for weeks, long after phosphorylation or 
oxidation ceased, renders improbable the hypothesis of the direct energy dependence of the 
reactions leading to protein breakdown’. Being cautious, however, and probably unsure 
about this unequivocal conclusion, Simpson still left a narrow orifice opened for a proteolytic 
process that requires energy in a direct manner: ‘However, the results do not exclude the 
existence of two (or more) mechanisms of protein breakdown, one hydrolytic, the other 
energy-requiring’. Since any proteolytic process must be at one point or another hydrolytic, 
the statement that makes a distinction between a hydrolytic process and an energy-requiring, 
yet nonhydrolytic one, is not clear. Judging the statement from a historical point of view and 
knowing the mechanism of action of the Ub system, where energy is required also in the 
prehydrolytic step (Ub conjugation), Simpson may have thought of a two-step mechanism, 
but did not give it a clear description. At the end of this clearly understandable and 
apparently difficult deliberation, he left us with a vague explanation linking protein 
degradation to protein synthesis, a process that was known to require metabolic energy: ‘The 
fact that a supply of energy seems to be necessary for both the incorporation and the release 
of amino acids from protein might well mean that the two processes are interrelated. 
Additional data suggestive of such a view are available from other types of experiments. 
Early investigations on nitrogen balance by Benedict, Folin, Gamble, Smith, and others point 
to the fact that the rate of protein catabolism varies with the dietary protein level. Since the 
protein level of the diet would be expected to exert a direct influence on synthesis rather than 
breakdown, the altered catabolic rate could well be caused by a change in the rate of 
synthesis’ [10]. With the discovery of lysosomes in eukaryotic cells it could be argued that 
energy is required for the transport of substrates into the lysosome or for maintenance of the 
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low intralysosomal pH (see above), for example. The observation by Hershko and Tomkins 
that the activity of tyrosine aminotransferase (TAT) was stabilized following depletion of 
ATP [35,36] indicated that energy may be required at an early stage of the proteolytic 
process, most probably before proteolysis occurs. Yet, it did not provide a clue as for the 
mechanism involved: energy could be used, for example, for specific modification of TAT, 
for example phosphorylation, that would sensitize it to degradation by the lysosome or by a 
yet unknown proteolytic mechanism, or for a modification that activates its putative protease. 
It could also be used for a more general lysosomal mechanism, one that involves transport of 
TAT into the lysosome, for example. The energy inhibitors inhibited almost completely 
degradation of the entire population of cell proteins, confirming previous studies (e.g. 
Simpson [10]) and suggesting a general role for energy in protein catabolism. Yet, an 
interesting finding was that energy inhibitors had an effect that was distinct form that of 
protein synthesis inhibitors which affected only enhanced degradation (induced by steroid 
hormone depletion), but not basal degradation. This finding ruled out, at least partially, a 
tight linkage between protein synthesis and degradation. In bacteria, which lack lysosomes, 
an argument involving energy requirement for lysosomal degradation could not have been 
proposed, but other indirect effects of ATP hydrolysis could have affected proteolysis in E. 
coli, such as phosphorylation of substrates and/or proteolytic enzymes, or maintenance of the 
‘energized membrane state’. According to this model, proteins could become susceptible to 
proteolysis by changing their conformation, for example, following association with the cell 
membrane that maintains a local, energy-dependent gradient of a certain ion. While such an 
effect was ruled out [37], and since there was no evidence for a phosphorylation mechanism 
(although the proteolytic machinery in prokaryotes had not been identified at that time), it 
seemed that at least in bacteria, energy is required directly for the proteolytic process. In any 
event, the requirement for metabolic energy for protein degradation in both prokaryotes and 
eukaryotes, a process that is exergonic thermodynamically, strongly indicated that in cells 
proteolysis is highly regulated, and that a similar principle/mechanism has been preserved 
along evolution of the two kingdoms. Implying from the possible direct requirement for ATP 
in degradation of proteins in bacteria, it was not too unlikely to assume a similar direct 
mechanism in the degradation of cellular proteins in eukaryotes. Supporting this notion was 
the description of the cell-free proteolytic system in reticulocytes [28,29], a cell that lacks 
lysosomes, which indicated that energy is probably required directly for the proteolytic 
process, although here too, the underlying mechanisms had remained enigmatic at the time. 

Yet, the description of the cell-free system paved the road for detailed dissection of the 
underlying mechanisms involved.  

 
 

THE UBIQUITIN-PROTEASOME SYSTEM 
 
The cell-free proteolytic system from reticulocytes [28,29] turned out to be an important 

and rich source for the purification and characterization of the enzymes that are involved in 
the UPS. Initial fractionation of the crude reticulocyte cell extract on the anion-exchange 
resin diethylaminoethyl cellulose yielded two fractions, which were both required to 
reconstitute the energy-dependent proteolytic activity that is found in the crude extract. The 
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unadsorbed flow through material was denoted fraction I, and the high salt eluate of the 
adsorbed proteins which was denoted fraction II (Table 1) [38]. This was an important 
observation and a lesson for the future dissection of the system. For one it suggested that the 
system is not composed of a single ‘classical’ protease that has evolved evolutionarily to 
acquire energy dependence (although such energy-dependent proteases, the mammalian 26S 
proteasome (see below) and the prokaryotic Lon gene product have been described later), but 
that it is made of at least two components. This finding of a two-component, energy-
dependent protease, left the researchers with no paradigm to follow, and in attempts to 
explain the finding, they suggested, for example, that the two fractions could represent an 
inhibited protease and its activator. Second, learning from this reconstitution experiment and 
the essential dependence between the two active components, we continued to reconstitute 
activity from resolved fractions whenever we encountered a loss of activity along further 
purification steps. This biochemical ‘complementation’ approach resulted in the discovery of 
additional enzymes of the system, all required to be present in the reaction mixture in order to 
catalyze the multistep proteolysis of the target substrate. We chose first to purify the active 
component from fraction I. It was found to be a small, ∼8.5 kDa heat stable protein that was 
designated ATP-dependent Proteolysis Factor 1, APF-1. APF-1 was later identified as Ub 
(see below; I am using the term APF-1 to the point in which it was identified as Ub and then 
change terminology accordingly). In retrospect, the decision to start the purification efforts 
with fraction I turned out to be important, as fraction I contained only one single protein – 
APF-1 – that was necessary to stimulate proteolysis of the model substrate we used at the 
time, while fraction II turned out to contain many more. Later studies showed that fraction I 
contains other components necessary for the degradation of other substrates, but these were 
not necessary for the reconstitution of the system at that time. This enabled us not only to 
purify APF-1 but also to quickly decipher its mode of action. If we would have started our 
purification efforts with fraction II, we would have encountered a significantly bumpier road. 
A critically important finding that paved the way for future developments in the field was that 
multiple moieties of APF-1 are covalently conjugated to the target substrate when incubated 
in the presence of fraction II, and the modification requires ATP (Ciechanover et al. [39] and 
Hershko et al. [40]; Figures 3 and 4). It was also found that the modification is reversible, 
and APF-1 can be removed from the substrate or its degradation products [40]. The discovery 
that APF-1 is covalently conjugated to protein substrates and stimulates their proteolysis in 
the presence of ATP and crude fraction II, led in 1980 to the proposal of a model according to 
which protein substrate modification by multiple moieties of APF-1 targets it for degradation 
by a downstream, at that time unidentified, protease that cannot recognize the unmodified 
substrate; following degradation, reusable APF-1 is released [40]. 
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Table 1. Resolution of the ATP-dependent proteolytic activity from crude reticulocyte 
extract into two essentially required complementing activities (adapted from 

Ciechanover et al. [38]; with permission from Elsevier/Biochem Biophys Res Commun) 
 

Fraction Degradation of [3H]globin (%) 
 -ATP +ATP 
Lysate 1.5  10 
Fraction I  0.0    0.0 
Fraction II 1.5    2.7 
Fraction I and Fraction II 1.6  10.6 

 

 

Figure 3. APF-1/ubiquitin is shifted to high molecular mass compound(s) following incubation in ATP-
containing crude cell extract. 125I-labelled APF-1/ubiquitin was incubated with reticulocyte crude 
Fraction II in the absence (open circles) or presence (closed circles) of ATP, and the reaction mixtures 
were resolved via gel filtration chromatography. The radioactivity measured in each fraction is shown. 
As can be seen, following addition of ATP, APF-1/ubiquitin becomes covalently attached to some 
component(s) in fraction II, which could be another enzyme of the system or its substrate(s) (with 
permission from Proceedings of the National Academy of the USA; published originally in Ciechanover 
et al. [39]). 
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Figure 4. Multiple molecules of APF-1/ubiquitin are conjugated to the proteolytic substrate, probably 
signalling it for degradation. To interpret the data described in the experiment depicted in Figure 2 and 
to test the hypothesis that APF-1 is conjugated to the target proteolytic substrate, 125I-APF-1/ubiquitin 
was incubated along with crude Fraction II (Figure 3 and text) in the absence (lane 1) or presence (lanes 
2–5) of ATP and in the absence (lanes 1,2) or presence (lanes 3–5) of increasing concentrations of 
unlabelled lysozyme. Reaction mixtures resolved in lanes 6 and 7 were incubated in the absence (lane 
6) or presence (lane 7) of ATP, and included unlabelled APF-1/ubiquitin and 125I-labelled lysozyme. 
C1–C6 denote specific APF-1/ubiquitin–lysozyme adducts in which the number of APF-1/ubiquitin 
moieties bound to the lysozyme moiety of the adduct is increasing, probably from 1 to 6. Reactions 
mixtures were resolved via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and visualized following exposure to an X-ray film (autoradiography) (with permission from 
Proceedings of the National Academy of the USA; published originally in Hershko et al. [40]). 

Aminoacid analysis of APF-1, along with its known molecular mass and other general 
characteristics raised the suspicion that APF-1 is Ub [41], a known protein of previously 
unknown function. Indeed, Wilkinson et al. [42] confirmed unequivocally that APF-1 is 
indeed Ub. Ub is a small, heat-stable and highly evolutionarily conserved protein of 76 
residues. It was first purified during the isolation of thymopoietin [43] and was subsequently 
found to be ubiquitously expressed in all kingdoms of living cells, including prokaryotes 
[44]. Interestingly, it was initially found to have lymphocyte-differentiating properties, a 
characteristic that was attributed to the stimulation of adenylate cyclase [44,45]. Accordingly, 
it was named UBIP for ubiquitous immunopoietic polypeptide [44]. However, later studies 
showed that Ub is not involved in the immune response [46], and that it was a contaminating 
endotoxin in the preparation that generated the adenylate cyclase and the T-cell 
differentiating activities. Furthermore, the sequence of several eubacteria and archaebacteria 
genomes as well as biochemical analyses in these organisms (unpublished) showed that Ub is 
restricted only to eukaryotes. The finding of Ub in bacteria [44] was probably due to 
contamination of the bacterial extract with yeast Ub derived from the yeast extract in which 
the bacteria were grown. While in retrospect the name Ub is a misnomer, as it is restricted to 
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eukaryotes and is not ubiquitous as was previously thought, from historical reasons it has still 
remained the name of the protein. Accordingly, and in order to avoid confusion, I suggest 
that the names of other novel enzymes and components of the Ub system, but of other 
systems as well, should remain as were first coined by their discoverers. 

An important development in the Ub research field was the discovery that a single Ub 
moiety can be covalently conjugated to histones, particularly to histones H2A and H2B. 
While the function of these adducts has remained elusive until recently, their structure was 
unravelled in the mid-1970s. The structure of the Ub conjugate of H2A (uH2A; was also 
designated protein A24) was deciphered by Goldknopf and Busch [47,48] and by Hunt and 
Dayhoff [49], who found that the two proteins are linked through a fork-like, branched 
isopeptide bond between the carboxy-terminal glycine of Ub (Gly76) and the ε-NH2 group of 
an internal lysine (Lys119) of the histone molecule. The isopeptide bond found in the histone–
Ub adduct was suggested to be identical to the bond that was found between Ub and the 
target proteolytic substrate [50] and between the Ub moieties in the polyubiquitin chain 
[51,52] that is synthesized on the substrate and that functions as a proteolysis recognition 
signal for the downstream 26S proteasome. In this particular polyubiquitin chain, the linkage 
is between Gly76 of one Ub moiety and internal Lys48 of the previously conjugated moiety. 
Only Lys48-based Ub chains are recognized by the 26S proteasome and serve as proteolytic 
signals. In recent years, it has been shown that the first Ub moiety can also be attached in a 
linear mode to the N-terminal residue of the proteolytic target substrate [53]. However, the 
subsequent Ub moieties are generating Lys48-based polyubiquitin chain on the first linearly 
fused moiety. N-terminal ubiquitination is clearly required for targeting naturally occurring 
lysine-less proteins for degradation. Yet, several lysine-containing proteins have also been 
described that traverse this pathway, for example the muscle specific transcription factor 
MyoD. In these proteins the internal lysine residues are probably not accessible to the 
cognate ligases. Other types of polyubiquitin chains have also been described that are not 
involved in targeting the conjugated substrates for proteolysis. Thus, a Lys63-based 
polyubiquitin chain has been described that is probably necessary to activate transcription 
factors (reviewed recently in Muratani and Tansey [54]). Interestingly, the role of 
monoubiquitination of histones has also been identified recently and this modification is also 
involved in regulation of transcription, probably via modulation of the structure of the 
nucleosomes (for recent reviews, see, e.g., Zhang [55] and Osley [56]). 

The identification of APF-1 as Ub, and the discovery that a high-energy isopeptide bond, 
similar to the one that links Ub to histone H2A, links it also to the target proteolytic substrate, 
resolved at that time the enigma of the energy requirement for intracellular proteolysis (see 
however below) and paved the road to the untangling of the complex mechanism of 
isopeptide bond formation. This process turned out to be similar to that of peptide bond 
formation that is catalyzed by tRNA synthetase following amino-acid activation during 
protein synthesis or during the nonribosomal synthesis of short peptides [57]. Using the 
unravelled mechanism of Ub activation and immobilized Ub as a ‘covalent’ affinity bait, the 
three enzymes that are involved in the cascade reaction of Ub conjugation were purified by 
Ciechanover, Hershko, and their co-workers. These enzymes are: (i) E1, the Ub-activating 
enzyme; (ii) E2, the Ub-carrier protein; and (iii) E3, the Ub-protein ligase [58,59]. The 
discovery of an E3, which is a specific substrate-binding component, indicated a possible 
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solution to the problem of the varying stabilities of different proteins – they might be 
specifically recognized and targeted by different ligases. 

In a short period, the Ub tagging hypothesis received substantial support. For example, 
Chin and co-workers injected into HeLa cells labelled Ub and hemoglobin and denatured the 
injected hemoglobin by oxidizing it with phenylhydrazine. They found that Ub conjugation 
to globin is markedly enhanced by denaturation of hemoglobin and the concentration of 
globin–Ub conjugates was proportional to the rate of hemoglobin degradation [60] Hershko 
et al. [61] observed a similar correlation for abnormal, aminoacid analogue-containing short-
lived proteins. A previously isolated cell cycle arrest mutant that loses the Ub–histone H2A 
adduct at the permissive temperature [62] was found by Finley, Ciechanover and Varshavsky 
to harbor a thermolabile E1 [63]. Following heat inactivation, the cells fail to degrade normal 
short-lived proteins [64]. Although the cells did not provide direct evidence for substrate 
ubiquitination as a destruction signal, they still provided the strongest direct linkage between 
Ub conjugation and degradation. 

At this point, the only missing link was the identification of the downstream protease that 
would specifically recognize ubiquitinated substrates. Tanaka et al. [65] identified a second 
ATP-requiring step in the reticulocyte proteolytic system, which occurred after Ub 
conjugation, and Hershko et al. [66] demonstrated that the energy is required for conjugate 
degradation. An important advance in the field was a discovery by Hough and co-workers, 
who partially purified and characterized a high-molecular mass alkaline protease that 
degraded Ub adducts of lysozyme but not untagged lysozyme, in an ATP-dependent mode 
[67]. This protease which was later called the 26S proteasome (see below) provided all the 
necessary criteria for being the specific proteolytic arm of the Ub system. This finding was 
confirmed, and the protease was further characterized by Waxman et al. [68], who found that 
it is an unusually large, is ∼1.5MDa enzyme, unlike any other known protease. A further 
advance in the field was the discovery [69] that a smaller neutral multisubunit 20S protease 
complex that was discovered together with the larger 26S complex, is similar to a 
‘multicatalytic proteinase complex’ (MCP) that was described earlier in bovine pituitary 
gland by Wilk and Orlowski [70]. This 20S protease is ATP-independent and has different 
catalytic activities, cleaving on the carboxy-terminal side of hydrophobic, basic and acidic 
residues. Hough et al. [69] raised the possibility – although they did not show it 
experimentally – that this 20S protease can be a part of the larger 26S protease that degrades 
the Ub adducts. Later studies showed that indeed, the 20S complex is the core catalytic 
particle of the larger 26S complex [71,72]  

However, a strong evidence that the active ‘mushroom’-shaped 26S protease is generated 
through the assembly of two distinct subcomplexes – the catalytic 20S cylinder-like MCP and 
an additional 19S ball-shaped subcomplex (that was predicted to have a regulatory role) – 
was provided only in the early 1990s by Hoffman et al. [73], who mixed the two purified 
particles and generated the active 26S enzyme. The proteasome is a large, 26S, multicatalytic 
protease that degrades polyubiquitinated proteins to small peptides. It is composed of two 
subcomplexes: a 20S core particle (CP) that carries the catalytic activity, and a regulatory 
19S regulatory particle (RP). The 20S CP is a barrel-shaped structure composed of four 
stacked rings, two identical outer α rings and two identical inner β rings. The eukaryotic α 
and β rings are composed each of seven distinct subunits, giving the 20S complex the general 
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structure of α1-7β1-7β1-7α1-7. The catalytic sites are localized to some of the β subunits. Each 
extremity of the 20S barrel can be capped by a 19S RP each composed of 17 distinct 
subunits, nine in a ‘base’ subcomplex, and eight in a ‘lid’ subcomplex. One important 
function of the 19S RP is to recognize ubiquitinated proteins and other potential substrates of 
the proteasome. Several Ub binding subunits of the 19S RP have been identified, although 
their biological roles and mode of action have not been discerned. A second function of the 
19S RP is to open an orifice in the a ring that will allow entry of the substrate into the 
proteolytic chamber. Also, since a folded protein would not be able to fit through the narrow 
proteasomal channel, it is assumed that the 19S particle unfolds substrates and inserts them 
into the 20S CP. Both the channel opening function and the unfolding of the substrate require 
metabolic energy, and indeed, the 19S RP ‘base’ contains six different ATPase subunits. 
Following degradation of the substrate, short peptides derived from the substrate are released, 
as well as reusable Ub (for a scheme describing the Ub system, see Figure 5; for the structure 
of the 26S proteasome, see Figure 6). 
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Figure 5. The ubiquitin–proteasome proteolytic system. Ubiquitin is activated by the ubiquitin-
activating enzyme, E1 (1) followed by its transfer to a ubiquitin carrier protein (ubiquitin-conjugating 
enzyme, UBC), E2 (2). E2 transfers the activated ubiquitin moieties to the protein substrate that is 
bound specifically to a unique ubiquitin ligase E3. The transfer is either direct [(3) in the case of RING 
finger ligases] or via an additional thiol-ester intermediate on the ligase [(4, 4a) in case of HECT 
domain ligases]. Successive conjugation of ubiquitin moieties to one another generates a polyubiquitin 
chain that serves as the binding (5) and degradation signal for the downstream 26S proteasome. The 
substrate is degraded to short peptides (6), and free and reusable ubiquitin is released by de-
ubiquitinating enzymes (DUBs) (7). 
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CONCLUDING REMARKS 
 
The evolution of proteolysis as a centrally important regulatory mechanism is a 

remarkable example for the evolution of a novel biological concept and the accompanying 
battles to change paradigms. The five decade journey between the early 1940s and early 
1990s began with fierce discussions on whether cellular proteins are static as has been 
thought for a long time, or are turning over. The discovery of the dynamic state of proteins 
was followed by the discovery of the lysosome, which was believed – between the mid-1950s 
and mid-1970s – to be the organelle within which intracellular proteins are destroyed. 
Independent lines of experimental evidence gradually eroded the lysosomal hypothesis and 
resulted in a new idea that the bulk of intracellular proteins are degraded – under basal 
metabolic conditions – via a nonlysosomal machinery. This resulted in the discovery of the 
Ub system in the late 1970s and early 1980s.  

With the identification of the reactions and enzymes that are involved in the Ub–
proteasome cascade, a new era in the protein degradation field began at the late 1980s and 
early 1990s. Studies that showed that the system is involved in targeting of key regulatory 
proteins – such as light-regulated proteins in plants, transcriptional factors, cell cycle 
regulators and tumor suppressors and promoters – started to emerge (see, e.g., Shanklin et al. 
[74], Hochstrasser and Varshavsky [75], Scheffner et al. [76], Glotzer et al. [77] and 
Ciechanover et al. [78]). They were followed by numerous studies on the underlying 
mechanisms involved in the degradation of specific proteins, each with its own unique mode 
of recognition and regulation. The unravelling of the human genome revealed the existence 
of hundreds of distinct E3s, attesting to the complexity and the high specificity and 
selectivity of the system. Two important advances in the field were the discovery of the 
nonproteolytic functions of Ub such as activation of transcription and routing of proteins to 
the vacuole, and the discovery of modification by Ub-like proteins (UBLs), which are also 
involved in numerous nonproteolytic functions such as directing proteins to their subcellular 
destination, protecting proteins from ubiquitination, or controlling entire processes such as 
autophagy (see, e.g., Mizushima et al. [79]) (for the different roles of modifications by Ub 
and UBLs, see Figure 7). 

All these studies have led to the emerging realization that this novel mode of covalent 
conjugation plays a key role in regulating a broad array of cellular process – among them cell 
cycle and division, growth and differentiation, activation and silencing of transcription, 
apoptosis, the immune and inflammatory response, signal transduction, receptor mediated 
endocytosis, various metabolic pathways, and the cell quality control – through proteolytic 
and nonproteolytic mechanisms. The discovery that Ub modification plays a role in routing 
proteins to the lysosome/ vacuole and that modification by specific and unique UBLs and 
modification system controls autophagy closed an exciting historical cycle, since it 
demonstrated that the two apparently distinct systems communicate with one another. 
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Figure 6. The Proteasome. The proteasome is a large, 26S, multicatalytic protease that degrades 
polyubiquitinated proteins to small peptides. It is composed of two subcomplexes: a 20S core particle 
(CP) that carries the catalytic activity, and a regulatory 19S regulatory particle (RP). The 20S CP is a 
barrel-shaped structure composed of four stacked rings, two identical outer a rings and two identical 
inner b rings. The eukaryotic α and β rings are composed each of seven distinct subunits, giving the 
20S complex the general structure of α1-7β1-7β1-7 α1-7. The catalytic sites are localized to some of the β 
subunits. Each extremity of the 20S barrel can be capped by a 19S RP each composed of 17 distinct 
subunits, 9 in a ‘base’ subcomplex, and 8 in a ‘lid’ subcomplex. One important function of the 19S RP 
is to recognize ubiquitinated proteins and other potential substrates of the proteasome. Several 
ubiquitin-binding subunits of the 19S RP have been identified, however, their biological roles mode of 
action have not been discerned. A second function of the 19S RP is to open an orifice in the α ring that 
will allow entry of the substrate into the proteolytic chamber. Also, since a folded protein would not be 
able to fit through the narrow proteasomal channel, it is assumed that the 19S particle unfolds substrates 
and inserts them into the 20S CP. Both the channel opening function and the unfolding of the substrate 
require metabolic energy, and indeed, the 19S RP ‘base’ contains six different ATPase subunits. 
Following degradation of the substrate, short peptides derived from the substrate are released, as well as 
reusable ubiquitin (with permission from Nature Publishing Group copyright MacMillan Magazines 
Ltd. Published originally in Ciechanover [83]). (a) Electron microscopy image of the 26S proteasome 
from the yeast S. cerevisiae. (b) Schematic representation of the structure and function of the 26SA 
proteasome. 
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Figure 7. Some of the different functions of modification by ubiquitin and ubiquitin-like proteins. (a) 
Proteasomal-dependent degradation of cellular proteins (see Figure 4). (b) Mono or oligoubiquitination 
targets membrane proteins to degradation in the lysosome/vacuole. (c) Monoubiquitination, or (d) a 
single modification by a ubiquitin-like (UBL) protein, for example SUMO, can target proteins to 
different subcellular destinations such as nuclear foci or the nuclear pore complex (NPC). Modification 
by UBLs can serve other, nonproteolytic, functions, such as protecting proteins from ubiqutination or 
activation of E3 complexes. (e) Generation of a Lys63-based polyubiquitin chain can activate 
transcriptional regulators, directly or indirectly (via recruitment of other proteins (Protein Y; shown), or 
activation of upstream components such as kinases). Ub denotes ubiquitin, K denotes Lys, and S 
denotes Cys. (with permission from Nature Publishing Group, copyright MacMillan Magazines Ltd. 
Published originally in Ciechanover [83]). 
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Figure 8 Aberrations in the ubiquitin–proteasome system and pathogenesis of human diseases. Normal 
degradation of cellular proteins maintains them in a steady-state level, though this level may change 
under various pathophysiological conditions (upper and lower right side). When degradation is 
accelerated due an increase in the level of an E3 (Skp2 in the case of p27, for example), or 
overexpression of an ancillary protein that generates a complex with the protein substrate and targets it 
for degradation (the Human Papillomavirus E6 oncoprotein that associates with p53 and targets it for 
degradation by the E6-AP ligase, or the cytomegalovirus-encoded ER proteins US2 and US11 that 
target MHC class I molecules for ERAD), the steady-state level of the protein decreases (upper left 
side). A mutation in a ubiquitin ligase [such as occurs in Adenomatous Polyposis Coli – APC, or in E6-
AP (Angelmans’ Syndrome)] or in the substrate’s recognition motif (such as occurs in β-catenin or in 
ENaC) will result in decreased degradation and accumulation of the target substrate intracellular protein 
degradation. 

With the many processes and substrates targeted by the Ub pathway, it is not surprising 
to find that aberrations in the system underlie, directly or indirectly, the pathogenesis of many 
diseases. While inactivation of a major enzyme such as E1 is obviously lethal, mutations in 
enzymes or in recognition motifs in substrates that do not affect vital pathways or that affect 
the involved process only partially, may result in a broad array of phenotypes. Likewise, 
acquired changes in the activity of the system can also evolve into certain pathologies. The 
pathological states associated with the Ub system can be classified into two groups: (a) those 
that result from loss of function – mutation in a Ub system enzyme or in the recognition motif 
in the target substrate that results in stabilization of certain proteins; and (b) those that result 
from gain of function – abnormal or accelerated degradation of the protein target (for 
aberrations in the Ub system that result in disease states, see Figure 8). Studies that employ 
targeted inactivation of genes coding for specific Ub system enzymes and substrates in 
animals can provide a more systematic view into the broad spectrum of pathologies that may 
result from aberrations in Ub-mediated proteolysis. Better understanding of the processes and 
identification of the components involved in the degradation of key regulatory proteins will 
lead to the development of mechanism-based drugs that will target specifically only the 
involved proteins. While the first drug, a specific proteasome inhibitor is already on the 
market [80] it appears that one important hallmark of the new era we are entering now will be 
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the discovery of novel drugs based on targeting of specific processes such as inhibiting 
aberrant Mdm2- or E6-AP mediated accelerated targeting of the tumor suppressor p53 which 
will lead to regain of its lost function. Many reviews have been published on different aspects 
of the Ub system. The purpose of this article was to bring to the reader several milestones 
along the historical pathway along which the Ub system has been evolved. For additional 
reading on the Ub system the reader is referred to the many reviews written on the system, 
among them for example are Glickman and Ciechanover [81] Pickart and Cohen [82]. Some 
parts of this review, including several figures, are based on another recently published review 
article [83]. 
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ABSTRACT 
 

Cells contain many different kinds of proteins, each fulfilling structural, functional, 
or regulatory roles. The presence of either damaged or mutated proteins, or of altered 
levels of normal proteins could cause pathological conditions and even cell death. 
Therefore, monitoring the state of all these proteins, as well as continuously adjusting 
their levels to suit demands, is paramount to survival. To exercise such quality control, 
cells are continuously spending energy both to synthesize new proteins, and to 
simultaneously degrade them, even though many may still be functional. An important 
characteristic of regulatory degradation is that it is specific; only the correct proteins are 
removed in a time-coordinated manner. Such extraordinary specificity is achieved by a 
modular system that identifies proteins that are to be degraded, marks them by covalently 
attaching ubiquitin to an amino residue, and finally proteolyses them into amino acids. 
This sequence of events is executed by the following components. Recognition of target 
proteins is carried out by a specific ubiquitin-protein ligase, called an E3. This protein 
recognizes the substrate and usually directs a ubiquitin-conjugating enzyme, an E2, to 
attach ubiquitin, a small 76 amino acid protein, onto an amino group on the substrate. 
Ubiquitin molecules are often added one to another, resulting in chains of ubiquitin 
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extending from the protein targeted for degradation. These polyubiquitin conjugates are 
then shuttled to the 26S proteasome, a large ATP-dependent proteolytic complex, where 
they are degraded. Interestingly, ubiquitination is a reversible process, with 
deubiquitinating enzymes able to remove ubiquitin from the target before it can be 
recognized by the proteasome. Hence, transfer of the polyubiquitinated conjugate to the 
proteasome must happen swiftly or be shielded from these enzymes. The cumulative 
balance of these processes allows the ubiquitin-proteasome system to control the cellular 
levels and half lives of thousands of proteins making it a key player in basic biological 
pathways such as cell division, differentiation, signal transduction, trafficking, and 
quality control. Not surprisingly, aberrations in the system have been implicated in the 
pathogenesis of many diseases, certain malignancies, neurodegenerative disorders, 
inflammation and immune response. Understanding of the underlying mechanisms 
involved is important for the development of novel, mechanism-based drugs. 
 

Keywords: ubiquitin, proteasome, protein degradation, ubiquitin-like proteins UPS. 
 
 

ABBREVIATIONS 
 
AD, Alzheimer's disease; APG, autophagy; AR-JP, autosomal recessive juvenile 

parkinsonism; ATP, adenosine triphosphate; CF, cystic fibrosis; CFTR, cystic fibrosis 
transmembrane regulator; CP, core particle; CUE, coupling of ubiquitin conjugation to 
endoplasmic reticulum degradation domain; D-box, destruction box; DNA, deoxyribonucleic 
acid; DUB, deubiquitinating enzyme; ER, endoplasmic reticulum; GTP, guanidine 
triphosphate; HECT, homologous to the E6-AP C-terminus; LBs, Lewy bodies; MHC, major 
histocompatibility complex; MVB, multivesicular body; ORF, open reading frame ubiquitin; 
PD, Parkinson's disease; RNA, ribonucleic acid; RP, regulatory particle; SCF, Skp1; Cullin; 
F-box; SP, stationary phase; TGN, trans golgi network; Ub, ubiquitin; UBC, ubiquitin-
conjugating enzyme; UIM, ubiquitin interacting motif; UBL, ubiquitin-like;UBR, ubiquitin 
ligase; UPS, ubiquitin-proteasome system. 

 
 

INTRODUCTION 
 
Until recently, the scientific world concentrated on aspects of the flow of genetic 

information from DNA to RNA to proteins. Regulation was attributed to key steps in 
transcription and translation, whereas proteolysis was considered an unregulated dead-end 
process. The approach changed completely with the remarkable discovery of the ubiquitin-
proteasome proteolytic pathway about 30 years ago. Then, in the late 1970s, the pioneering 
biochemical studies of Hershko, Rose, Ciechanover and coworkers revealed that energy, in 
the form of ATP, is needed to break down proteins, elevating the importance of this process 
from ‘uncontrolled’ to ‘highly regulated’ (see Chapter 2 and [1-6]). Later, through cumulative 
work of many colleagues, it transpired that specific and timely degradation of cellular 
proteins in this manner is tightly coordinated and used to regulate many – if not most – 
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biological processes (reviewed in [7-10]). The discovery of this pathway is described in the 
preceding chapter. 

Enzymes that hydrolyze peptide bonds are termed proteases. Proteases are numerous, 
varying in size, architecture, catalysis mechanism, substrate specificity and, most important, 
mode of regulation. For example, trypsin – one of the gastrointestinal enzymes - degrades 
dietary proteins ‘outside’ the body, in the lumen of the gastrointestinal tract in an 
uncontrolled fashion. Self (‘body’) proteins are degraded via two distinct mechanisms. 
Extracellular proteins (and some intracellular proteins) are taken up by cells via pinocytosis 
or receptor-mediated endocytosis and degraded in lysosomes by a mixture of non-specific 
trypsin-like proteases. Most intracellular proteins are hydrolyzed by a nonlysosomal 
proteolytic system that is endowed with a high degree of specificity toward its substrates - the 
ubiquitin-proteasome proteolytic pathway (reviewed in [7]). 

In the ubiquitin-proteasome system (UPS), a small protein – ubiquitin (Ub) – serves to 
target proteins for degradation by the 26S proteasome – a large ATP-dependent protease – 
once it is covalently attached to its target. Recognition of target proteins is carried out by a 
specific Ub-protein ligase, called an E3. This protein recognizes the substrate and usually 
directs a Ub-conjugating enzyme, an E2, to attach Ub, onto an amino group on the substrate. 
Ub molecules are often added one to another, resulting in chains of Ub extending from the 
protein targeted for degradation. Linkage of successive Ub molecules is through an 
isopeptide bond between the C-terminus of the distal molecule and the amine side chain on 
Lys-48 of the previous Ub in the chain generating Lys-48-linked chains (other linkages may 
occur; to be elaborated on later). A similar bond anchors the polyubiquitin (polyUb) chain to 
an amino-group on the substrate, usually a lysine side chain, occasionally the free amino-
terminus itself. 

An ensemble of enzymes orchestrates the creation of Ub chains: first, each Ub molecule 
is activated via thiol-ester formation with an E1 enzyme that uses energy from ATP 
hydrolysis for these purposes. Next, the activated molecule is transferred to one of a number 
of E2 (ubiquitin-conjugating; UBC) enzymes, and finally, Ub is attached to a substrate 
mediated by an E3 (ubiquitin ligase; UBR) enzyme. The process of ubiquitination is 
reversible: several families of deubiquitinating (DUB) enzymes exist, which catalyze 
hydrolysis of an isopeptide linkage. 

The outcome of Ub conjugation is not limited to proteasome targeting and proteolysis. 
For instance, fusion of monoubiquitin (monoUb) does not target a protein to the proteasome 
but rather participates in lysosomal trafficking and sorting, in histone acetylation, virus 
budding and in DNA damage repair (reviewed in [11-15]). Modification of target proteins 
with polyUb chains that are linked via lysine residues other than the typical lysine48 
(modification of lysine 6, 11, 27, 29, 33, or 63 on each Ub moiety within a chain) have been 
reported to function in DNA damage repair, intracellular localization, and possibly for 
proteolytic functions too [16-18]. The possibility that ‘mixed’ or ‘branched’ chains exist 
(containing heterogeneous linkages, or multiple modifications on a single Ub within the 
chain), adds yet another layer of complexity and further broadens the potential outcomes of 
what until recently was simply termed ‘ubiquitination’. The ubiquitous reach of the Ub 
system extends however even beyond these boundaries, as multiple homologues of Ub are 
also present in cells. Ub-like molecules are generally divided into two groups. Proteins of the 
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first type, also known as ubiquitin-like modifiers (UBL), are, like Ub, capable of covalently 
modifying protein substrates. This family includes Rub1 (Nedd8 in mammals), Smt3 
(SUMO-1, -2, -3), Hub1, Urm1, APG8 and APG12 and several more [19-21]. Most members 
of this family possess high degree of homology to Ub in their primary structure and overall 
architecture. Like Ub, these molecules undergo reversible attachment to their substrates 
mediated by E1-like, E2-like set of enzymes via isopeptide bond and can be cleaved off by 
UBL-specific isopeptidases. Nonetheless, modification by UBLs are apparently not 
recognized by the proteasome, and thus do not target substrates for proteolysis, highlighting a 
substantial regulatory difference between these two similar modes of modification. On the 
contrary, occasionally, modification of a protein by a UBL (such as SUMO, or Nedd8) 
antagonizes that of Ub as both modifications can occur on identical lysine residues within a 
given protein [22]. The second group of Ub-like molecules constitutes a family of proteins 
that bear a Ub-like domain fused to the rest of the protein in a non-cleavable manner. 
Multiple members of this family have been reported, among them Rad23, Dsk2, Ddi1 and 
Ubp6 [19-21]. In summary, Ub, together with Ub-like proteins constitute a large and diverse 
family of protein-modifiers-of-other-proteins, whose structural and functional characteristics 
are the main subject of this chapter.  

Before we go into detail, first some numbers: there are at least one and a half thousand 
genes encoding components of the Ub pathway in the human genome, taking into account 
both proteolytic and non- proteolytic functions. Among them, there are hundreds of genes 
containing RING-finger domains which serve as ubiquitinating enzymes, and hundreds more 
of substrate-recognition components of multisubunit RING-finger E3 complexes, 
approximately fifty E2s, more than seventy deubiquitinating enzyme genes, dozens of Ub-
like genes and 32 independent genes encoding the subunits of the 26S proteasome.  

 
 

UBIQUITIN 
 
Ub is the prototype of a family of proteins that display remarkably similar structures, but 

variable sequences. Ub itself presents the most striking case of evolutionary conservation, 
differing at only 3 of 76 positions between yeast and humans (and even fewer differences are 
found between most other eukaryotes), underlying its conserved functional importance.  

Ub terminates with a flexible tail ending in two glycine residues. It is the C-terminal 
carboxyl group that is attached to one or more amino groups on a substrate protein. This 
linkage usually occurs through the ε-amino group of a lysine side chain, creating what is 
referred to as an isopeptide bond. In all known cases, Ub is coded by a fusion gene and 
synthesized in a precursor form, either fused to certain ribosomal proteins or made as a 
tandem repeat of head-to-tail Ub units that always terminates with at least one additional 
amino acid [16]. Therefore, for Ub to be active it must first be processed to its mature form, a 
task performed by members of the deubiquitinating enzyme family (see Chapter 4). 

Ub can be linked to substrates as a monomer, or in the form of isopeptide-linked 
polymers called polyubiquitin chains, whose diverse structure can influence the substrate’s 
fate. The polymerization state of Ub is extremely important, though none of the various 
modes of modification by Ub are understood in full yet. For example, polyubiquitin chains 



Ubiquitin and Ubiquitination 45

linked through Lys-48 of Ub (Lys-48) target substrates to proteasomes, resulting in the 
essential function for this side chain [16]. Other kinds of linkages are known to exist, some of 
them performing non-proteolytic functions. All known roles of monoubiquitination are 
proteasome-independent. Modification by monoubiquitin plays an important role in 
lysosomal trafficking and sorting, in histone acetylation, virus budding and in DNA damage 
repair. 

 
 

FUNCTIONS OF POLYUBIQUITIN 
 
Ub is a unique protein as it can be covalently attached to other Ub molecules. This 

property means that posttranslational modification of a target protein by Ub is not a simple 
on/off switch (as – for comparison's sake – is phosphorylation/dephosphorylation), but can 
result in a heterogeneous population depending on the extent of Ub polymerization. The 
length of polyubiquitin modification varies from a few molecules to well over ten. 
Compounding the situation, Ub contains multiple lysines, any of which can serve as a 
receptor for a subsequent molecule of Ub, leading to differently-linked chains each with 
unique spatial properties. For these chains to serve regulatory functions, mechanism a 
mechanism should be in place to carefully define chain linkage and length. Once assembled, 
receptors and binding proteins should be able to distinguish between the various options, 
sending each to its appropriate outcome. 

 
 
THE UBIQUITIN-PROTEASOME PROTEOLYTIC SYSTEM 

 
As mentioned above, attachment of lysine48-linked polyubiquitin chains on a substrate 

leads to its degradation by the 26S proteasome. The degradation process involves three 
discrete and successive steps (see Figure 1): (a) recognition of the substrate by a specialized 
E3 ubiquitinating enzyme and tagging it by covalent attachment of multiple Ub molecules, 
(b) delivery of the tagged protein to the site of its degradation – the 26S proteasome, and (c) 
irreversible degradation of the protein into short peptides by the proteolytic complex 
accompanied by release of free and reusable Ub. This last process is mediated by Ub 
recycling isopeptidases (deubiquitinating enzymes) (reviewed in Chapter 4 and [7,23,24]). 

 
 

Ubiquitin Conjugation (Ubiquitination) 
 
Initially, the Ub-activating enzyme, E1, activates Ub in an ATP-requiring reaction to 

generate a high-energy thiol ester intermediate, E1-S~Ub (see Figure 1). One of several E2 
enzymes (Ub-carrier proteins or Ubiquitin-Conjugating enzymes, UBCs) transfers the 
activated Ub from E1, via an additional high-energy thiol ester intermediate, E2-S~Ub, to the 
substrate that is specifically bound to a member of the Ub-protein ligase family, E3. There 
are two main classes of E3 enzymes: RING fingers and HECT domains. For the HECT 
(Homologous to the E6-AP C-Terminus) domain E3s, the Ub is transferred once again from  
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Figure 1. Ubiquitin biosynthesis and conjugation. A. Ubiquitin (Ub) biosynthesis. Ub is translated as a 
fusion to ribosomal proteins or as a linear repeat of multiple copies. Free Ub is generated when 
deubiquitinating enzymes (DUBs) cleave the peptide bond between the Ub moiety and the ribosomal 
protein (a) or in between two adjacent Ub molecules in a chimeric repeat (b). B. Ub congugation 
(monoubiquitination). Ub conjugation necessitates a series of steps. First, a Ub molecule is activated by 
the Ub-activating enzyme (E1) in the presence of ATP forming a thiol-ester bond between the carboxyl 
terminus of Ub and a cysteine on E1. Next, the Ub is transferred to one of the Ub-conjugating enzymes 
(E2). From this point in the pathway there are two options for Ub conjugation to the substrate. 1) 
Occurs in HECT-domain-based Ub ligases (E3). The activated Ub moiety is transferred to a cysteine on 
the respective E3 and then to the internal lysine of the intended protein in a two-step manner. 2) Occurs 
in RING-finger-domain-based Ub ligases. In this class of enzymes, the role of the E3 is to coordinate 
the interaction between the substrate and E2-Ub conjugate. The Ub molecule is transferred to the 
substrate in a concerted manner. C. Extension of the Ub chain (polyubiquitination). After the first Ub 
molecule is attached to a substrate, the chain elongation can occur if necessary. The elongation occurs 
in the presence of the same set of the ubiquitination enzymes that perform the attachment of the first Ub 
(upper) or in the presence of a so-called chain elongation factor - E4 (lower). Multiple cycles of 
ubiquitination in either case result in long polyubiquitin chains. 

the E2 enzyme to an active site Cys residue on the E3, to generate a third high-energy thiol 
ester intermediate, Ub-S~E3, prior to its transfer to the ligase-bound substrate. RING finger 
containing E3s catalyze direct transfer of the activated Ub moiety to the E3-bound substrate. 
Some RING finger ligases contain an additional domain for interacting with their substrates, 
thus can function as stand alone ligases by simultaneously binding both the substrate and the 
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E2 conjugating enzyme that transfers the activated Ub directly to the substrate. However, 
other RING finger proteins are small polypeptides that fit into a modular complex that also 
contains substrate-recruiting or attachment subunits; the entire complex is required for 
ubiquitination to be carried out. 

Overall, E3s play a key role in the Ub-mediated proteolytic cascade since they serve as 
the specific recognition factors of the system. In certain cases the first Ub moiety is 
conjugated to the substrate by one E3, while chain elongation is catalyzed by a different 
ligase often termed E4. E4 binds to the Ub moieties of preformed short conjugates and 
catalyzes Ub chain elongation in conjunction with E1, E2, and E3. It thus renders them 
preferred substrates for proteasomal degradation. The current model is that E4 enzymes 
define a novel protein family that works with the upstream components of the pathway to 
ensure commitment of a substrate for proteolysis. A deviant RING finger version, known as 
U box is found in a number of proteins that were shown to elongate short chains dependent 
on E1 and E2, but independent on E3. Whether other types of chain-elongation factors or E4s 
exist waits to be addressed [25]. 

Seeing as there are different modes of Ub conjugation, resulting in attachment of 
monoubiquitin to a single site, multiple modifications by mono Ub (to different sites on a 
single protein) termed monoubiquitination or attachment of polyubiquitin chains which 
themselves could be elongated through different lysines on each Ub molecule within the 
chain, it is of primary interest to understand what determines the end design. Are E3 Ub-
ligases specialized to carry out certain types of ubiquitination? Are substrates preprogrammed 
to preferentially receive ubiquitination of a given type? Is the outcome determined by 
auxiliary factors that attach to the E3-substrate complex and divert ubiquitination to a certain 
length or linkage type? Are chain length and linkages determined primarily by E4 elongation 
factors that take over from the E3 enzyme that places the proximal Ub in a chain, or is the 
outcome determined by the delicate balance of ubiquitination versus deubiquitination? 
DUBs, for instance, could snip and trim budding chains to ‘carve’ them into a preferred 
configuration? These are all fundamental questions which await detailed answers. 

 
 

Substrate Recognition 
 
A major question is how the system achieves its high specificity and selectivity. Why are 

certain proteins extremely stable in the cell, while others are extremely short-lived? Why are 
certain proteins degraded only at a particular time point during the cell cycle or only 
following specific extracellular stimuli, yet they are stable under most other conditions? It 
appears that specificity of the Ub system is determined by two distinct and unrelated groups 
of proteins: (i) E3s and (ii) ancillary proteins [7]. First, within the Ub system, substrates must 
be specifically recognized by an appropriate E3 as a prerequisite to their ubiquitination. In 
most cases however, substrates are not recognized in a constitutive manner, and in some 
cases they are not recognized directly by the E3. In some instances, the E3 must ‘be switched 
on’ by undergoing post-translational modification in order to yield an active form that 
recognizes the substrate. In many other cases, it is the substrate that must undergo a certain 
change that renders it susceptible for recognition such as phosphorylation or 
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dephosphorylation. The stability of additional proteins depends on association with ancillary 
proteins such as molecular chaperones that act as recognition elements in trans and serve as a 
link to the appropriate ligase. Others, such as certain transcription factors, have to dissociate 
from the specific DNA sequence to which they bind in order to be recognized by the system. 
Stability of yet other proteins depends on oligomerization. Thus, in addition to the E3s 
themselves, modifying enzymes (such as kinases), ancillary proteins, chaperones, partners in 
complexes or quaternary structures, or DNA sequences to which substrates bind also play an 
important role in the recognition process. 

A variety of degradation signals or degrons have been described for both natural and 
engineered substrates of the UPS [7]. These signals are structural features or sequences 
within the substrate that are sufficient to cause its rapid proteolysis. Elements of degrons are 
recognized and bound directly by the ubiquitination apparatus. In several well-described 
examples, very short sequences within a substrate (as few as 7 amino acids), or well defined 
motifs such as ‘destruction boxes’ (D-Box) or PEST sequences (rich in proline, glutamate, 
serine and threonine) are largely responsible for the binding of the E3. Sometimes even a 
single residue can serve as a degron, for example, basic (arginine, lysine) or aromatic 
(tyrosine, phenylalanine, tryptophan) N-terminal residues instead of the standard methionine 
can be recognized by a designated E3 Ub ligase (known in yeast as Ubr1) and confer onto 
any substrate the status of a ‘short-lived protein’. This property has been widely used in 
biological and medical research for the study of the importance pf cellular levels of numerous 
substrates of interest by designing gene products that are post-translationally processed to 
reveal this ‘N-end rule degron’. The site at which the protein is modified with Ub is not 
always within the segment to which the E3 binds. In some cases, a protein segment must be 
post-translationally modified, for example, by a phosphate group or hydroxylation of a 
specific proline - before the E3 can bind tightly to it. This allows the rate of degradation of 
the substrate to be regulated by signal transduction pathways or by changes in the cellular 
environment.  

A very different type of degradation determinant is a hydrophobic surface exposed on the 
exterior of a protein. This feature is an effective degron because hydrophobic amino acids are 
normally buried within the interiors of most properly folded proteins, or occur at the interface 
between the subunits of a protein complex and are covered when they have assembled 
correctly. An exposed hydrophobic surface is therefore a likely indicator of an improperly 
folded or assembled protein. Such proteins have the potential to form toxic aggregates within 
the cell and must be eliminated before they can do so. This logic suggests that hydrophobic 
determinants may be utilized primarily for protein quality control eliminating 
misfolded/damaged proteins. 

Some degrons are very complex. The hydrophobic regions exposed on improperly folded 
proteins, for example, are unlikely to be a specific sequence of amino acids. Several 
hydrophobic surfaces, possibly contributed by different regions within a protein, may have to 
be recognized simultaneously by the ubiquitination system. Other proteins contain complex 
degrons in order to help ensure that they are degraded only under the appropriate conditions.  
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Delivery 
 
Following ubiquitination, the protein substrates are directed to the 26S complex for 

degradation. The mechanism of delivery of polyubiquitinated substrates to the proteasome is 
currently somewhat ambiguous (reviewed in [26,27]). In vitro - using purified components – 
polyubiquitinated substrates can diffuse to the proteasome, be recognized and then degraded. 
It should be emphasized that often, the rates and efficiency of such reactions are markedly 
less than proteolysis rates measured in vivo for the same substrate. It is clear, that in order to 
maintain the continuous flow of substrates to the proteasome in vivo, all steps should be 
tightly regulated. In principal, a delivery mechanism could aid substrates to reach the 
proteasome without ‘wandering off along the way’ or protecting them from being 
disassembled by deubiquitinating enzymes that are abundant in the cell (see Figure 1). Thus, 
it has been proposed that polyubiquinated substrates reach the proteasome in two parallel and 
complementary pathways: direct, and delivered by shuttle proteins; the main distinction being 
the site of the key polyubiquitin-binding protein. In the former, the polyubiquitin-receptor is 
an integral component of the proteasome; in the latter scenario, a polyubiquitin-binding 
protein attaches to designated substrate and tows it to the proteasome, forming a ternary 
complex proteasome-shuttle-substrate. 

The 26S complex binds polyubiquitin [28,29]. Therefore tagged substrates do bind to it 
directly. The delivery of the ubiquitinated substrates could be alternatively mediated by so-
called shuttles - proteins or protein complexes capable of simultaneously binding both 
proteasome and polyUb [26,27]. Finally, in some cases, ubiquitination and proteasome-
dependent proteolysis may not be independent processes at all. There might be physical 
contact between components of the ubiquitination and destruction machineries ensuring 
direct transfer of substrates upon attachment of the polyUb signal. All three mechanisms of 
targeting substrates to the proteasome seem to coexist in cells. 

There are increasing reports that there are direct contacts between the Ub system for 
tagging myriad proteins with Ub and the proteasome, suggesting that ubiquitination and 
degradation might not be completely independent processes. E2s such as Ubc1, Ubc2, and 
Ubc4 coimmunoprecipitate with the proteasome [30]. In addition, interactions of several 
other E3s, Ubr1, Ufd4, Hul5, and the mammalian HECT-E3, KIAA10, have been mapped to 
components of the proteasome, suggesting that at least some substrates are ubiquitinated at 
(or in close proximity to) the proteasome [7,31]. 

Other substrates (the majority, most probably) are selected and ubiquitinated in other 
cellular locals (nucleus, cytosol, ER) away from concentrations of the proteasome, after 
which they are transferred to the proteasome. A slew of shuttle proteins – Rad23/hHR23, 
Dsk2/hPLIC, Ddi1 to name a few – was proposed to escort these tagged proteins to the site of 
destruction as all members of the family associate both with the proteasome via the Ub-like 
domain (UBL) and with polyUb via the Ub-associated domain (UBA). There may be 
additional shuttles, for example, a protein complex containing VCP/Cdc48 was found to co-
purify with the proteasome and with polyUb [32,33].  

Finally, one subunit of the 26S proteasome itself, Rpn10/S5a, might be an ideal 
candidate for shuttling polyubiquitinated substrates to the proteasome and anchoring them 
once recognized. These two functions correspond to the two pools in which Rpn10 is found: 
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a proteasome-unassociated pool that is capable of binding polyubiquitin, and a proteasome-
incorporated pool that serves as an integral proteasomal subunit [34-37].  

Indirect interactions between the ubiquitination machinery and the proteasome are also 
implied from studying the behavior of Dsk2/hPLICs. HPLIC-1 and hPLIC-2, two human 
homologs of yeast Dsk2, have been shown to interact both with the proteasome as well as 
with two different E3s (E6-AP and β-TrCP), and they can all colocalize as part of a 
multiprotein complex in vivo. An additional protein that has UBL domain and can bind to the 
proteasome is the chaperone cofactor BAG-1 [38]. BAG-1, in addition to promoting the 
association of Hsc70/Hsp70 with the proteasome, also interacts with CHIP, a U box-
containing ubiquitinating enzyme. This assembly seems to target misfolded proteins to 
degradation (see Chapter 19). 

 
 

Degradation 
 
As mentioned above, degradation of polyubiquitinated substrates is carried out by the 

26S proteasome, a large protease complex. While proteolysis of proteins tagged by the 
polyubiquitin signal is the best studied function of the proteasome, it should be noted that in 
some instances proteins that are modified by other signals or even unmodified proteins can be 
efficiently degraded by the proteasome [7]. 

The proteasome is a multicatalytic protease, meaning that it has the capacity to 
endoproteolyticaly cleave proteins at multiple –and different- sites within the polypeptide 
chain (see Chapter 6). The outcome is a repertoire of short peptides generated from each 
substrate. The proteasome is composed of two sub-complexes: a 20S core particle (CP) that 
carries the proteolytic activity and a regulatory 19S regulatory particle (RP) that binds 
substrates and prepares them for proteolysis by the 20S CP (see Figure 2 and reviewed in [39-
42]). As determined by crystallography, 20S is a hollow cylindrical structure made of four 
stacked heptagonal rings. Each of the two outer rings contains seven genetically related α-
type subunits (α1 – α7). Likewise, seven homological β-type subunits (β1 – β7) form each of 
the two inner rings. In eukaryotes, three of the seven β subunits - β1, β2 and β5 – have been 
shown to harbor functional protease active sites. Their protease specificities are distinct: each 
cleaves specifically after different amino acids. Overall, each proteasome has six (three 
different) proteolytic sites such that together they can cleave almost all peptide bonds within 
a given substrate. Nevertheless, due to a complex set of restrictions imposed by flanking 
regions of the substrate, some peptide bonds are cleaved preferentially over others, leading to 
a typical repertoire of peptides generated from each substrate. Such tight proteolytic 
specificity is a direct consequence of the proteolytic active sites β subunits facing innerwards 
to 20S CP barrel cavity. Substrates can access this cavity only through a narrow channel 
leading from the surface of the α-rings. Recently it was found that the N-termini of the α-
subunits block the entrance to the proteolytic cavity suggesting that the proteasome channel 
is gated, probably as a means to regulate substrate traffic through the proteasome. 

Each extremity of the 20S barrel can be capped by a 19S RP (see Chapter 7). One 
important function of the 19S RP is to recognize ubiquitinated proteins and other potential 
substrates of the proteasome. So far, two subunits of the 19S RP capable of binding 
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polyubiquitin have indeed been identified (Rpn10/S5a and the ATPase Rpt5), however, their 
importance and mode of action have not been discerned [28,36,37,43]. A second function of 
the 19S RP is to open an orifice in the α ring that will allow entry of the substrate into the 
proteolytic chamber [44,45]. Also, since a folded protein would not be able to fit through the 
narrow proteasomal channel, it is assumed that the 19S particle unfolds substrates and inserts 
them into the 20S CP. Both the channel opening function and the unfolding of the substrate 
require metabolic energy, and indeed, the 19S RP contains six different ATPase subunits 
(termed Rpt1-6).  
 

 

Figure 2. Substrates delivery to the proteasome. Substrate can be recruited to the proteasome in a 
number of manners. Some substrates are polyubiquitinated on the proteasome by proteasome-associated 
ubiquitination machinery. Most substrates are recognized and polyubiquitinated independently of the 
proteasome, and are then targeted either directly binding to the ubiquitin-binding sites within the 
proteasome, or shuttled by delivery proteins capable of binding both to polyubiquitin chains and to the 
proteasome (examples of shuttles: Dsk2, Rad23, Ddi1, Cdc48/Vcp).  

In budding yeast, the RP is formed by at least 18 different subunits of two types: 1) 
ATPases of the AAA family designated as Rpt1-6 (for regulatory particle triple-A protein) 
and 2) non-ATPases designated as Rpn1-13 (for regulatory particle non-ATPase). Additional 
proteins (among them Rpn14, Sem1/DSS1 and Nas6/Gankyrin) are found associated to a 
subset of proteasomes, however genes encoding these putative subunits are nonessential and 
the contribution of the encoded proteins to proteasome function is unclear [30,46,47]. The 
19S particle can be dissected into two subcomplexes – lid and base. The interaction of the 
two is stabilized by (though does not strictly necessitate) the Rpn10 subunit of the 
proteasome [45,48]. 
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The disk-shaped Lid formation consists of eight subunits – Rpn3, Rpn5, Rpn6, Rpn7, 
Rpn8, Rpn9, Rpn11 and Rpn12 (and probably Rpn13 and Sem1) - can detach from the 19S 
RP and reattach reversibly [35,48]. Degradation of ubiquitinated substrates requires the 
presence of this Lid. This requirement suggests interaction with the polyubiquitin chain 
through a subunit that has Ub-binding ability in the Lid. This subunit has not been identified 
yet, but deubiquitinating activity has been reported in the lid and it is attributed to Rpn11, a 
metalo-protease capable for trimming linked Ub molecules [49,50]. Apparently, removal of 
Ub from the target substrate is an essential and integral aspect of preparing substrates for 
translocation into the 20S CP where they are hydrolyzed into peptides (as discussed above). 

All the ATPase subunits of the RP – Rpt1-6 – are present in the other RP subcomplex 
called base [7]. In addition to these six ATPases, the base contains three non-ATPase 
subunits – Rpn1, Rpn2 and Rpn10. It is believed that the Rpt subunits form a six-member 
ATPase ring and at least some of them can contact directly the 20S α-ring. Such an 
arrangement is essential in order to open the central channel and translocate substrates into 
the destruction chamber of the 20S. Akin to chaperonins, these ATPases probably unfold 
proteins, a process that serves as a prerequisite for their translocation into the narrow channel 
leading into the chamber of the 20S CP. Another subunit of the base is Rpn10, though it 
attaches the lid as well. Based on the documented phenotypes, the major role of Rpn10 as a 
proteasomal subunit is to tether the lid and the base, though Rpn10 alone is neither sufficient 
nor essential for this task [35,45]. There are some other functions of Rpn10 that are mapped 
to its C-terminal Ub-interacting motif (UIM). For instance, Rpn10 was thought to serve as a 
polyubiquitin receptor in the proteasome. Rpn10 is the only subunit that exists also outside 
the proteasome in sufficient amounts suggesting it may recruit polyubiquitinated proteins and 
escort them to the 19S RP [36,44]. Interestingly, another subunit at the Base – Rpt5 – shows 
ability to bind polyubiquitin too [43]. As if that were not enough, Rpn1 situated in the Base 
alongside Rpn10 and the RPT subunits shows high affinity for Ub-like molecules [31,51]. 
Rpn1 was proposed as a principal recognition site of UBL domain-containing proteins. The 
location of Rpn1 and Rpn2 within the base is therefore a subject of hot debate in the field. In 
summary, there is increasing evidence that Ub binding, whether directly or indirectly, occurs 
in the base. 

Following degradation of the substrate, short peptides derived from the substrate are 
released, as is reusable Ub. Peptides products of varying length are rapidly trimmed by 
downstream peptidases such that they do not accumulate in vivo. Nevertheless, some peptides 
may serve regulatory roles. The best studied case is the presentation of proteasome end-
products as antigenic peptides to the immune system by somatic cells as a marker of the 
proteome within each cell. Infected or damaged cells that produce large amounts of abnormal 
peptides will be recognized in this manner as foreign to the organism and attacked by its own 
immune system. Proteasomal degradation is not always complete. In some cases, the 
proteasome, rather than completely destroying its target, processes the ubiquitinated substrate 
precisely, releasing a truncated product. In the case of the NF-κB transcriptional regulator, an 
active subunit (p50 or p52) is thus released from a longer inactive precursor (p105 or p100) 
[7,52,53].  
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Regulation 
 
The UPS can be regulated at the level of ubiquitination, at the level of delivery to the 

proteasome, or at the level of proteolysis. Since conjugation and proteasomal degradation is 
required for multitude of cellular functions, regulation must be delicately and specifically 
tuned. Furthermore, Ub levels, levels of the ubiquitination machinery, and the cellular levels 
of the proteasome are dynamic and rapidly responsive to external signals or cellular needs.  

In a few cases general rather then specific components of the pathway can be modulated 
by physiological signals. For example, upregulation of the pathway is observed during 
massive degradation of skeletal muscle proteins that occurs under normal fasting, but also 
under pathological conditions such as cancer cachexia, severe sepsis, metabolic acidosis, or 
following denervation [3,54,55]. Likewise, mild exposure to denaturing conditions such as 
heat, oxidation, alkylating or modifying reagents also elevates components of the Ub-
proteasome pathway [56-58]. In contrast, prolonged starvation, entry into stationary phase 
(SP), or severe heat shock, promote proteasome dissociation into 20S CP and 19S RP 
subcomplexes resulting in a rapid decline in intracellular proteolysis [59]. These conditions 
may require repressed proteolysis for survival as proteasome mutants with persistent 
unregulated proteolysis are extremely vulnerable. Severe oxidative stress conditions results in 
a similar decline in proteasome function, with spiraling deleterious effects on cell survival. 

In most cases however, regulation is specific and the target substrates are recognized by 
specific ligases that bind to defined motifs. As mentioned earlier, the targeting motif can be a 
single amino acid residue (e.g. the N-terminal residue) or a sequence (the Destruction box in 
cyclins) or a domain (such as an hydrophobic patch) that is not normally exposed. In other 
cases the motif is a post-translational modification such as phosphorylation that is generated 
in response to cell needs or external signals. Phosphorylation can occur either on the 
substrate or the ligase [7]. 

Another notable mode of regulation is different subcellular localization of the substrates 
and the components of ubiquitination/degradation machinery. One of the Cdc28 cyclin-
dependent kinase inhibitors – Far1 - bifunctional protein that can function either in the 
nucleus, where it is required to arrest the cell cycle, or in the cytosol, where it establishes cell 
polarity during yeast mating. The nuclear pool of Far1 undergoes rapid degradation when a 
cell exits cell-cycle arrest. However, the cytosolic pool of Far1 is stable due to the residing of 
the substrate-recognition subunit of the E3 complex responsible for its ubiquitination 
exclusively in the nucleus [60]. In another example, degradation of misfolded proteins in the 
ER requires their retrotranslocation to the cytoplasm where they are exposed to the 
ubiquitination machinery and to the proteasome.  

The ubiquitination state is a dynamic and transient condition; the levels of ubiquitinated 
proteins depend on the rate at which they are tagged, but also on the rate at which they are 
either degraded or deubiquitinated. There are two types of deubiquitinating activity: 
proteasome-associated and extraproteasomal. The former is responsible for Ub salvage and 
recycling during the process of degradation while the latter is required for Ub biosynthesis 
but may also result in rescuing the substrate from degradation by dismantling the polyUb 
chains attached to it. Thus, for efficient proteolysis, once a substrate is polyubiquitinated it 
must be quickly transferred to the proteasome or protected from the counteracting DUB 
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activity. Delivery proteins may double up as ‘DUB-protectors’ in their capacity to bind and 
shuttle polyubiquitinated targets. 

The abundance of the delivery proteins is also tightly regulated. Upregulation as well as 
downregulation of shuttle proteins lead to stabilization of myriad substrates and accumulation 
of polyubiquitinated species. In an extreme case (such as observed for Dsk2), high levels of a 
shuttle can be extremely toxic [61,62]. 

 
 

UPS Substrates and Associated Diseases 
 
Ub-mediated proteolysis of a variety of cellular proteins plays an important role in many 

basic cellular processes. Among these are regulation of cell cycle and division, differentiation 
and development, involvement in the cellular response to stress and extracellular effectors, 
morphogenesis of neuronal networks, modulation of cell surface receptors, ion channels and 
the secretory pathway, DNA repair, transcriptional regulation, transcriptional silencing, long-
term memory, circadian rhythms, regulation of the immune and inflammatory responses, and 
biogenesis of organelles. The list of cellular proteins that are targeted by Ub is growing 
rapidly. Among them are cell cycle regulators such as cyclins, cyclin-dependent kinase 
inhibitors, and proteins involved in sister chromatid separation, tumor suppressors, 
transcriptional activators and their inhibitors. Cell surface receptors, and endoplasmic 
reticulum (ER) proteins are also targeted by the system. Finally, mutated and 
denatured/misfolded proteins are recognized specifically, and are removed efficiently. In this 
capacity, the system is a key player in the cellular quality control and defense mechanisms. 
The products of the proteasome can play an important role in the immune response. In the 
case of degradation of foreign proteins - such as those of viral origin – the resulting short 
peptides are presented by MHC class I molecules to the cytotoxic T cell that lyse the 
presenting cell (see Chapter 34).  

While inactivation of a major enzyme such as E1 is obviously lethal, mutations or 
acquired changes in enzymes or in recognition motifs in substrates that do not affect vital 
pathways or that affect the involved process only partially may result in a broad array of 
diseases. 

The pathological states associated with the Ub system can be classified into two groups: 
(a) those that result from loss of function - mutation in a Ub system enzyme or target 
substrate that result in stabilization of certain proteins, and (b) those that result from gain of 
function - abnormal or accelerated degradation of the protein target.  

Alterations in ubiquitination and deubiquitination reactions have been directly implicated 
in the etiology of many malignancies [7]. In general, cancers can result from stabilization of 
oncoproteins, or destabilization of tumor suppressor genes. Some of the natural substrates for 
degradation by the proteasome are oncoproteins that if not properly removed from the cell, 
can promote cancer. For instance, Ub targets N-myc, c-myc, c-fos, c-jun, Src, and the 
adenovirus E1A proteins [22,63,64]. Destabilization of tumor suppressor proteins such as p53 
and p27 has also been implicated in the pathogenesis of malignancies.  

The Cystic Fibrosis gene encodes the CF transmembrane regulator (CFTR) that is a 
chloride channel. Only a small fraction of the protein matures to the cell surface, whereas 
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most of it is degraded from the Endoplasmic Reticulum (ER) prior to its maturation by the Ub 
system. One frequent mutation in the channel is ΔF508. The mutation leads to an autosomal 
recessive inherited multisystem disorder characterized by chronic obstruction of airways and 
severe maldigestion due to exocrine pancreatic dysfunction. Despite normal ion channel 
function, CFTRΔF508 does not reach the cell surface at all, and is retained in the ER from 
which it is degraded (see Chapter 13). It is possible that the rapid and efficient degradation 
results in complete lack of cell surface expression of the F508 protein, and therefore 
contributes to the pathogenesis of the disease [7,65,66].  

In neurons proteasomes play a role in neuronal connectivity, synaptic transmission, 
synaptic plasticity, and protection against neurodegenerative diseases [67]. It is therefore not 
surprising that accumulation of Ub conjugates and/or inclusion bodies associated with Ub, 
proteasome, and certain disease-characteristic proteins, have been reported in a broad array of 
chronic neurodegenerative diseases, such as the neurofibrillary tangles of Alzheimer’s 
disease (AD), brainstem Lewy bodies (LBs) - the neuropathological hallmark in Parkinson’s 
disease (PD), and nuclear inclusions in CAG repeat expansion (poly-glutamine extension) 
disorders such as occurring Huntington’s disease [68-72]. However, in all these cases, a 
direct pathogenetic linkage to aberrations in the Ub system has not been established. 
Accumulation of Ub conjugates in Lewy inclusion bodies in many of these cases may be 
secondary, and reflects unsuccessful attempts by the Ub and proteasomal machineries to 
remove damaged/abnormal proteins. While the initial hypothesis was that inclusion bodies 
are generated because of the inherent tendency of the abnormal proteins to associate with one 
another and aggregate, it is now thought that the process maybe more complex and involves 
active cellular machineries, including inhibition of the Ub system by the aggregated proteins. 
This aggregation of brain proteins into defined lesions is emerging as a common but poorly 
understood mechanistic theme in sporadic and hereditary neurodegenerative disorders (see 
Chapter 28). 

The case of Parkinson’s disease highlights the complexity of the involvement of the Ub 
system in the pathogenesis of neurodegeneration [68,69]. Aberrations in several proteins such 
as mutations in α-synuclein, an important neuronal protein, or in the deubiquitinating enzyme 
UCH-L1, have been described that link the Ub system to the pathogenesis of the disease. One 
important player in the pathogenesis of Parkinson’s disease is Parkin which is a RING-finger 
E3. Mutations in the gene appear to be responsible for the pathogenesis of autosomal 
recessive juvenile parkinsonism (AR-JP), one of the most common familial forms of 
Parkinson’s disease. Parkin ubiquitinates and promotes the degradation of several substrates. 
It is possible that aberration in the degradation of one of these substrates that leads to its 
accumulation, is neurotoxic and underlies the pathogenesis of AR-JP (see Chapters 25 and 
31). 

 
 

NON-PROTEOLYTIC FUNCTIONS OF POLYUB 
 
Recent MS-MS analysis of polyUb chains occurring in vivo indicates that Ub chains in 

the cell can be formed through all seven lysines within Ub (K6, K11, K27, K29, K33, Lys-48, 
and K63) as well as through its N-terminus in a head-to-tail fashion [73]. Many of these 
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chains have been synthesized in vitro, suggesting that the forms of polyubiquitin that could 
regulate cellular functions are numerous [17,74]. As of yet, there is no evidence for mixed 
chains (made up of different Ub- linkages successively within a single chain), nor for 
branched chains (in which multiple ubiquitins can anchor to different lysines on a single 
preceding Ub within the chain) yet these are possibilities that should be investigated. 

Lys48-linked polyubiquitin chains have been studied extensively, and they regulate 
nuclear, cytosolic, and endoplasmic reticulum membrane proteins by targeting these proteins 
for degradation by the 26S proteasome. The quaternary structure of Ub polymers and the 
exact spatial relationship between each Ub molecule is extremely critical for their ability to 
target substrates for degradation by the proteasome as the other types of polyUb do not 
necessarily serve as a proteolytic signal.  

Lys63-linked chains are known to regulate DNA repair, signal transduction, and 
endocytosis and are likely to control other basic cellular processes as well but probably do 
not target proteins for degradation by the proteasome. It appears that conjugation in position 
63 requires distinct conjugation enzymes. Another mode of conjugation involves linking Ub 
molecules via Lys-29 of Ub. At least in one case it was shown that short Lys-29 chains are 
involved in recruitment of the chain-elongating factor E4 [25]. Enzymes that can catalyze 
formation of multiubiquitin chains linked via Lys-6, or Lys-11, are also known but it is not 
clear what is the purpose of these ‘alternative’ chains and whether they can even target 
substrates to the 26S proteasome [13,14,17,75]. 

It is important to note, however, that multiubiquitin chains linked via Lys-6, Lys-11, or 
Lys-48, all bind to the proteasomal subunit Rpn10/S5a with similar affinities [75]. Likewise, 
a number of delivery proteins (Rad23 for example) bind to polyubiquitin of different linkages 
with no apparent ability to distinguish between them [74,75]. Furthermore, linear Ub fusions 
are competitive inhibitors of Lys-48-linked polyubiquitinated substrates for proteasomal 
binding, indicating they probably bind to the same site on the proteasome. These observations 
indicate that there is likely to be a separation between binding to the proteasome and 
correctly preparing a substrate for degradation. In light of such observations, the reason-
d'etre of nonlysine48-linked chains awaits illumination. The possibility of targeting 
substrates to the degradation by the proteasome by non-Lys-48 polyUb chains is probable but 
under normal conditions Lys-48 chains seems to carry a function of high priority proteolytic 
signal. In any case, binding of non-Lys-48 polyUb to the proteasome interferes with its 
degradation activity by means of competition for common polyUb binding site. Hence, chain 
assembly should be properly regulated. It is obvious that if such a regulation mode exists it 
happens upstream to the binding to the proteasome, probably aided by DUBs that snip or trim 
rogue chains, and by delivery proteins with unique affinities for different types of remaining 
polyUb chains. So, apart from aiding the polyubiquitinated substrates to the proteasome and 
protecting them from deubiquitination, the shuttle proteins may sift low-priority or 
undesirable degradation substrates on the way to the proteasome. Chimeric chains enabling 
linking to different lysine residues within one chain though can exist theoretically have not 
been documented in vivo. 
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FUNCTIONS OF MONOUBIQUITIN 
 
So far this introductory chapter in this book has dealt with the aspects of 

polyubiquitination, which refers to attachment of a polymeric chain consisting of Ub 
moieties. Another type of modification by Ub includes fusion of a single Ub molecule to a 
lysine residue of the target protein – the process called monoubiquitination. If multiple 
internal lysine residues on a substrate are modified with monoubiquitin the substrate is said to 
be multimonoubiquitinated or multiubiquitinated, in distinction from polyubiquitinated 
substrates (see Figure 3).  

Monoubiquitination may serve as a cellular targeting or localization signal, but it does 
not seem to target proteins to the proteasome. Monoubiquitination plays important roles in 
virus budding, intracellular trafficking and transcription regulation [13].  

Researchers studying Ub in the mid-1980s sincerely believed that the Ub-proteasome 
pathway had no point of intersection with lysosomal proteolysis.This assumption reflected 
the fact that agents which disrupt lysosomal functioning, have no effect on the ATP-
dependent turnover of short-lived and abnormal proteins. In direct contradiction of this 
formerly strict rule, we now know that ubiquitination is sometimes required for lysosomal 
proteolysis. This could not be detected in the 1984 study because only a small fraction of 
short-lived proteins is targeted to lysosomes. Had the researchers of the Ub pathway been less 
lucky they could eventually have ended up investigating the aspects of lysosomal degradation 
[76]. In fact, endocytosis is just one of many protein trafficking steps that depend on Ub 
conjugation. 
 

 

Figure 3. Diversity of modification by Ubiquitin. (A) Substrate modified by one ubiquitin molecule on 
a single lysine residue are said to be monoubiquitinated. (B) When monoubiquitin molecules are 
attached to multiple lysine residues, the substrate is said to be multi-monoubiquitinated or 
multiubiquitinated; with a ubiquitin chain, the substrate is said to be polyubiquitinated (C). 
Polyubiquitin. Chains of varying length (even upwards of 20 molecules) are found. Additional 
complexity is found in the nature of the linkage between neighboring ubiquitin moieties in the chain. 
Chains can elongate by conjugating to any of the lysines in the preceding ubiquitin, though lysine48-
linked chains are the most studied and best understood.  

Plasma membrane proteins destined for degradation are collected by endocytosis. This 
pathway is sometimes triggered by the binding of a ligand to its receptor, and serves to 
remove the receptor from the surface of the cell so that the cell becomes less sensitive to the 
ligand [14]. Here, Ub often plays a crucial role because ubiquitination of the cytoplasmic 
portion of both the target protein and the components of the endocytic machinery serves as an 
essential step in the recruitment of the protein into clathrin-coated pits. A single Ub is usually 
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sufficient, unlike the ubiquitination that directs proteins to the proteasome. Although 
endocytosed proteins that are not modified with Ub can be recycled to the cell surface, those 
that are ubiquitinated are generally routed to the lysosome for degradation. 

Proteins comprising the components of the sorting and budding machinery such as 
epsins, Eps15, Hrs bear several remarkable features [13,14]. For example, they carry a Ub-
binding domain (usually, the Ubiquitn-interacting motif (UIM) or the Coupling of Ub 
conjugation to endoplasmic reticulum degradation domain (CUE) and are themselves 
ubiquitinated. This observation hints that the pairing of Ub binding and ubiquitination may 
be an important regulatory mechanism. Ub binding by and ubiquitination of the same protein 
could provide one type of signal for the sequential assembly of a protein network. Moreover, 
an intramolecular interaction is possible between the appended monoubiquitin and the Ub-
binding domain. This interaction may protect a monoubiquitin-binding domain from binding 
to free Ub in the cytosol rather than its intended ubiquitinated partner, or from 
deubiquitinating enzymes, or could result in a change of protein conformation to affect 
protein activity. In addition, a Ub-UIM/CUE interaction might regulate monoubiquitination 
versus polyubiquitin chain formation. In support of this idea, the three dimensional structure 
of a CUE-Ub complex reveals that binding of the CUE domain to Ub blocks access to Ub 
Lys-48, thus limiting chain formation at this residue. Monoubiquitination of the components 
of the endocytic machinery is not restricted for those possessing Ub-binding properties as 
CIN85 and Numb – two other endocytic proteins are monoubiquitinated though they do not 
carry known Ub-binding domains. 

Many plasma membrane proteins can be endocytosed without ubiquitination and still 
degraded in the lysosome when necessary [12]. Degradation of these proteins often depends 
on ubiquitination after they have arrived in the endosome. Unmodified proteins are recycled 
to the plasma membrane, while those that have been ubiquitinated are sent on to the 
lysosome. Ub attached to cargo proteins allows such sorting by directing them to sites of 
involution in the membrane of the endosome for selective incorporation into internalized 
vesicles. Ubiquitinated proteins congregate at these sites because of the assembly there of 
large complexes of proteins that include Ub binding proteins as well as others that orchestrate 
the budding of vesicles into the lumen of the endosome. Once the formation of vesicles has 
begun, the role of Ub on the target proteins is apparently complete because it is removed 
before the vesicles pinch off into the interior of the organelle. The endosome matures into a 
multivesicular body (MVB), and its subsequent fusion with the lysosome releases the internal 
vesicles into the lysosomal interior. 

In both yeast and mammalian cells, monoubiquitylation is sufficient to trigger 
internalization into primary endocytic vesicles. Internalization information is carried in the 
Ub polypeptide itself because Ub can stimulate internalization when it is fused in-frame to 
receptors that lack lysine ubiquitylation sites or other internalization signals, or to 
heterologous proteins that are not normally internalized. 

Apart from endocytosis, monoubiquitination is required to activate/deactivate certain 
transcription events. For instance, ubiquitination of histone H2B promotes site-specific 
methylation of histone H3, with an ultimate readout of transcriptional silencing [15]. 
Monoubiquitin regulates the activity of transcription factors in the nucleus as well. Deletion 
of a yeast E3 responsible for the degradation of a model transcription factor blocks 
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transcriptional activation. Furthermore, fusion of a single Ub moiety to the transcription 
factor restores activity but not degradation, suggesting that monoubiquitination is required for 
normal transactivation activity. Yet another mode of monoubiquitination is to change 
subcellular localization of the target protein. For example, FANCD2 is monoubiquitinated in 
S phase of the cell cycle, a modification that stimulates its translocation into discrete nuclear 
foci [77]. 

The ability of Ub to enhance protein-protein interactions has also been exploited by 
enveloped viruses to capture the cellular machinery that mediates MVB vesicle budding [13]. 
Enveloped viruses bud from the plasma membrane of infected cells in the opposite direction 
to that of vesicles during endocytosis, and evidence is accumulating that monoubiquitin is an 
essential part of this process. During the process of budding, Gag – the viral protein essential 
for budding - is monoubiquitylated. Ubiquitination of Gag is important for its function in 
virus budding because the depletion of intracellular Ub levels inhibits budding. 

Two fascinating facts should be mentioned with regard to monoubiquitination and its 
role in endocytosis. First, is that the cell clearly discriminates between monoubiquitination 
and polyubiquitination: while the former triggers early endocytic events as well as sorting 
into MVB, the latter is accountable for targeting of proteins from TGN to the lysosome for 
degradation. Second, is that the degree of ubiquitination is so regulated that proteins that 
acquire a monoubiquitin signal are not inappropriately multi-ubiquitinated and degraded. 
How does the cell achieve such a specificity is not known because some combinations of the 
standard ubiquitylation enzymes — E1s, E2s and E3s — seem to participate in both 
monoubiquitylation and the formation of multi-Ub chains. So it seems that the outcome of 
ubiquitination is determined by both spatial and temporal arrangement of both ubiquitination, 
deubiquitination enzymes and a variety of Ub-binding proteins. 

 
 

UBIQUITIN-LIKE PROTEINS (UBLS) 
 
From structurally distinct Ub modifications, it is only a small step to a remarkable recent 

development — structurally distinct ubiquitins [17,21,78]. We now know that Ub defines a 
family of structurally related signaling proteins which share a common biochemical 
mechanism of isopeptide tagging. The interferon-induced ISG15 protein was the first such 
protein to be discovered; other examples followed in short order. The functional range of 
individual family members varies widely. Nedd8/Rub1, for example, seems to function only 
as an activator of cullin-based RING fingers E3s, whereas SUMO modifies numerous cellular 
proteins and may signal several different fates for its substrates. Cellular processes, in which 
other Ub-like molecules are involved, extend from autophagy to immune response.  

Ub-like proteins fall into two separate classes [19-21]. Proteins of the first class function 
as modifiers in a manner analogous to that of Ub. They exist either in a free form or, when 
catalysed by specific enzymes, attached covalently to other proteins by their C-termini; hence 
‘Ub-like modifiers’, or UBLs. Proteins of the second class bear protein domains that are 
related to Ub but are otherwise unrelated in sequence to each other. In contrast to UBLs, 
these proteins are not conjugated to other proteins. This chapter deals with the UBL proteins. 
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With the notable exception of APG12, APG8 and URM1, all currently known UBLs are 
related in sequence to Ub. APG8, APG12, URM1 and FAT10 are the only ones that are 
expressed as mature proteins, whereas all other UBLs (including Ub) are expressed as 
inactive precursors; they are made initially as fusions with C-terminal extensions, which 
prevent conjugation. These tails can be either single amino acids or polypeptides. These 
proteins also share a common biochemical mechanism: an isopeptide bond is formed between 
the modifier’s terminal diglycine and an amino group of the target protein (Hub1, which 
uniquely terminates in a dityrosine motif, is an exception). Ub-like domains which occur as 
stable elements within other proteins cannot be processed or conjugated because they lack the 
terminal diglycine motif. 

 
 

Rub1/NEDD8 
 
Rub1 from yeast (related to ubiquitin1) displays 53% identity with Ub and 59% identity 

with its mammalian homologue Nedd8. Among important structural features conserved 
between Rub1/Nedd8 and Ub are (i) 5 internal Lys residues (Lys-6, 11,27,33,48); (ii) two 
glycine residues at the C-terminus that are important for recognition by isopeptidases; (iii) a 
cluster of surface hydrophobic residues (Leu-8, Ile-44, Val-70), important for recognition by 
the 26S proteasome. Comparison of the crystal structures of Ub and Nedd8 in human 
revealed very similar spatial architecture [78]. Two remarkable differences between Ub and 
Rub1 must be admitted: (i) while Ub is usually translated as a fusion to other proteins or to 
Ub, Rub1 is translated in a precursor form containing an asparagine residue as a C-terminal 
extension; (ii) residue 72 in Rub1 sequence which is encoded by Ala (Arg in Ub) was shown 
to be responsible for the inability of Rub1 to be activated by Uba1 (E1). 

As previously mentioned, Rub1 is synthesized in an inactive precursor form. In order to 
be efficiently conjugated to its targets, the last asparagine residue should be clipped off. 
Lately, a piece of evidence was presented that yeast Yuh1 (one of deubiquitinating enzymes) 
is also responsible for Rub1 processing [79]. Following maturation, Rub1/Nedd8 can be 
conjugated to its targets in the presence of a set of Rub1-specific activating enzymes – Ula1 
and Uba3, which resemble the N-terminal and C-terminal domains of the Uba1 E1 enzyme 
respectively, a Ub-conjugating enzyme - Ubc12, and core components of a specific RING 
finger E3 complex (SCF) [78]. The process of Rub1/Nedd8 attachment, termed rubylation (or 
neddylation in higher eukaryotes), was shown to occur in all eukaryotes from budding yeast 
to human. The type of linkage between Rub1/Nedd8 and its substrates is a classic isopeptide 
bond between a C-terminal carboxyl of Rub1 and an internal Lys side chain of a substrate. So 
far, only monorubylated species have been discovered, however existence of polyRub chains 
cannot be excluded. A cycle of rubylation is usually followed by deconjugation of Rub1 from 
its substrate. Derubylation is mediated by the Csn5 subunit of the COP9 signalosome in 
yeast. In humans, three additional DUBs were found to remove Nedd8.  

The only identified targets for rubylation are members of the Cullin family [80,81]. 
Cdc53/Cul1 is the most intensively studied cullin in yeast. It was first recognized as a part of 
a multisubunit E3 complex termed SCF (for Skp2/Cullin/F-box) (reviewed in [82]). SCF 
consists of at least 4 subunits: Cul1, which serves as a scaffold for assembly of the rest of 
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subunits; Rbx1 – a RING finger protein, which recruits an E2 to the complex; Skp2 – an 
adaptor which brings an F-box protein whose function is in substrate binding. The interaction 
between Rbx1 and Cul1 is mediated by the C-terminal cullin repeats in Cul1 and recently it 
was shown that the rubylation site is mapped close to the contact surface between the two 
subunits. Rubylation of Cul1 facilitates recruitment of an E2 to the Cul1/Rbx1 module 
without affecting the affinity of the SCF for its substrates. Recently, in agreement with 
predictions, two other cullins were found to be a target for rubylation. Subsequently, all 
cullins were shown to be neddylated in vitro [80].  

The systematic deletion of Rub1 in S. cerevisiae is viable. Moreover, the null mutants 
grow at wild type rates and exhibit no phenotypes sensitive to a series of stress conditions 
such as starvation, heat shock, cadmium and canavanine that are common to other mutations 
in the UPP [81]. In Arabidopsis thaliana, Nedd8 deletants exhibit severe phenotypes in 
embryo development and render insensitive to phytohormone auxin. In S. pombe, C. elegans, 
D. melanogaster, mice, hamster and higher organisms the deletion of Nedd8 is lethal.  

The only known biochemical function of Rub1/Nedd8 is to modify members of Cullin 
family. In many organisms, rubylation is important for cell cycle progression, development, 
embriogenesis, photomorphogenesis and cytoskeletal regulation. Collectively, these 
phenotypes point to the importance of Rub1 in aiding the assembly or modifying the 
ubiquitination activity of SCF. Recent results suggest that Rub1/Nedd8 is required for fine-
tuning of the ubiquitination activity of SCF by increasing its affinity towards E2s.  

 
 

Smt3/SUMO 
 
Smt3, a yeast version of a mammalian protein SUMO-1 (small Ub-related modifier) also 

known as sentrin, displays 18% identity with Ub (reviewed in [21]). In mammals, SUMO-1 
has two additional relatives, SUMO-2 and SUMO-3. Smt3 is encoded by a 101-residue 
polypeptide. In domain architecture as well as in primary sequence Smt3/SUMO is 
significantly less similar to Ub than Rub1. In addition, Smt3 differs from Ub and Rub1 by 
possessing short N-terminal extension known as a non-Ub-like domain.  

The Smt3 precursor, possessing a 3-residue C-terminal extension after the conserved 
diglycine, is processed by the Smt3-specific isopeptidase Ulp1 [78]. Conjugation of Smt3 
(sumoylation) requires the E1 heterodimer Aos1/Uba2 resembling N-terminal and C-terminal 
portions of Uba1 respectively, a single E2 enzyme Ubc9 and three different SUMO ligases 
(E3s). S. cerevisiae contains two known Smt3 E3s – Siz1 and Siz2 that mediate conjugation 
to the target. Again, an isopeptide bond is formed between Smt3 and an internal lysine. In 
contrast to Rub1, first, SUMO-1and SUMO-2/3 and subsequently Smt3 were shown to form 
polySUMO conjugates [83,84]. The major branch sites are lysines in the N-terminal non-Ub-
like domain. Sumoylation is a reversible modification, and a family of Smt3-specific 
isopeptidases, including the yeast proteins Ulp1 and Ulp2 removes Smt3 from its substrates. 
Ulp2 also catalyses dismantling of polySUMO chains [84]. 

Unlike Rub1, Smt3 has numerous substrates and it seems that much more remain to be 
discovered. The first identified substrate of SUMO was RanGAP1, a GTPase-activating 
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protein of the Ras-related GTPase Ran. Since then a list of Smt3 targets is continuously being 
extended; notable Smt3 substrates are presented in Table 1 (reviewed in [21,78]). 
 

Table 1. Targets for sumoylation. 
 

Substrate Role of sumoylation 
RanGAP1 Targeting to nuclear pore 
PML Transcription activation 
Sp3  Transcription repression 
Top2 Chromosome structure 
Dictiostelium MAP kinase Signal transduction activation 
IκBα Mdm2 Stabilization 
p53 Stabilization and transcription enhancement 
GLUT1 and GLUT4 Stabilization/destabilization 
PCNA Enzymatic efficiency 

 
In budding yeast as well as in higher organisms, the deletion of Smt3/SUMO is lethal. 

Moreover, mutations in components of SUMO machinery are either lethal or exhibit severe 
phenotypes in cell cycle progression. In contrast to S.cerevisiae, RUB1 deletants in S.pombe 
are viable but grow poorly. 

With so many substrates to modify and severe associated phenotypes, it is not surprising 
that functions of Smt3 are so overwhelming. No typical role for sumoylation can be 
elucidated in contrast to ubiquitination and rubylation. In some cases, sumoylation serves as 
an antagonist of ubiquitination [7]. For instance, in IκBα, Mdm2 and p53 SUMO targets the 
same lysine residues that constitute ubiquitination site thereby blocking the degradation of 
the proteins by UPP (Table 1). In some cases, for example in p53, the same effect is achieved 
upon attachment of acetyl group to the described ubiquitination site. Therefore, the Ub 
machinery clearly discriminates between Ub and Ub-like proteins. In some cases, 
sumoylation most likely alters the conformation of a target protein thereby promoting its 
association/dissociation with other cellular factors as demonstrated for various transcription 
factors. It must be noticed that sumoylation can convert transcription factors to activators as 
well as to repressors of transcription [85]. Yet in other cases sumoylation is required for 
reducing cellular levels of target proteins as was demonstrated for GLUT4 glucose 
transporter [21]. Finally, sumoylation may alter intracellular localization of its targets as was 
shown for RanGAP1 protein [21]. Apparently, sumoylation represents a very important mode 
of regulation but its actual meaning is still to be discovered. 

 
 

APG Proteins 
 
Remarkably, two other Ub-like proteins, called APG8 (Aut7) and APG12 (for 

‘autophagy’), function in the starvation response known as autophagy (reviewed in [19-21]). 
APG8 and APG12, which are significantly larger than Ub and have no sequence relationship 
to it, exhibit sequence similarity to one another, and one (APG8) has a three-dimensional 
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structure very similar to Ub. Like Ub, the C-termini of both proteins are activated with ATP 
by an enzyme related to E1 before being covalently attached to targets. As with other UBLs, 
APG8 and APG12 utilize an E1–E2 enzyme couple for their covalent linkage to substrates. 
Interestingly, the two modifiers share a single E1-like enzyme but have different E2-like 
proteins. This is the only known example in which a single E1 can activate two different 
UBLs. 

The detailed roles of these Ub-like proteins in autophagy have not yet been worked out. 
It is clear, however, that they do not direct the destruction of their targets by the proteasome.  

APG8 is necessary for formation of intermediate membrane structures that arise during 
formation of the autophagosome. Remarkably, the target of APG8 ligation is not a protein, 
but a phospholipid – the triglyceride phosphatidylethanolamine. APG12 conjugation is 
required for either autophagosome precursor elongation or completion of autophagosome 
formation. There is a single known target for APG12, the APG5 protein. This conjugation 
appears to be constitutive and there is no known protease for cleaving APG12 from its 
substrate. 

 
 

Other UBLs 
 
The catalogue of UBL proteins possesses further members, but, for most of them, only 

preliminary accounts are available. The list is still growing, and hence this survey is restricted 
to only a few, better characterized examples [19-21,78].  

Two mammalian proteins, UCRP (Ub cross-reacting protein; also known as ISG15) and 
FAT10, resemble two Ub moieties fused in tandem. The functions of Fat10 remain 
mysterious; this Ubl is encoded in the MHC class I locus and may play a role in cytokine-
induced apoptosis. ISG15 conjugation plays an important role in normal development and in 
interferon a/h-mediated responses to viral infection, although the specific purposes served by 
ISG15 modification are not yet known. A recently discovered modifier - HUB (homologous 
to Ub) is highly conserved from yeast to mammals and displays only 22% sequence identity 
with Ub. HUB possesses an invariant C-terminal double-tyrosine motif, followed by a single 
variable residue. Whether UCRP or HUB pathways are connected to the Ub system is not yet 
known [21]. 

Another recently identified modifier is URM1 from yeast, which is unrelated to both Ub 
and APG8/12 but is possibly related remotely to SUMO. URM1 is similar and its activating 
enzyme UBA4 are related to prokaryotic proteins involved in molybdopterin and thiamin 
biosynthesis, suggesting that prokaryotes might use similar enzymatic reactions in these 
pathways. The URM1 system from yeast does not function in these biosynthetic pathways, 
but mutant cells lacking the URM1 system are sensitive to heat. These recent findings are 
particularly intriguing with respect to the evolution of UBL pathways and suggest that UBLs 
might be ancient inventions. 

Can Ub family members engage in cross-talk? Increasing evidence suggests an answer in 
the affirmative. The modification of the same protein by more than one UBL, sometimes at 
the same residue, is possible. For instance, both SUMO and Ub can modify the same residues 
of IκBα, MEK1 and PCNA [19-21,78]. It is possible that the ISG15 protein can also protect 
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certain proteins from proteasomal degradation by an analogous mechanism. Not surprisingly, 
there are other post-translational modifications that can also directly modulate Ub or UBL 
ligation. For instance, the balance between acetylation and ubiquitination of the same pair of 
lysine residues in the Smad7 signal-transduction protein determines the intracellular levels of 
this inhibitory Smad protein. 

Some of the UBL conjugation systems retain any functional overlap or cross-regulation. 
The modification of Ub E3s by RUB is one obvious example of such cross-regulation. In a 
recent unexpected development, UbcH8—a bona fide conjugating enzyme for Ub—was 
found to have a second role as a conjugating enzyme for ISG15. In another example, Rub1 is 
only poorly activated by the Ub E1, but a single change in Rub1 – at residue 72 – to the 
amino acid found in Ub, makes RUB virtually indistinguishable in its ability to bind the Ub 
E1 [19-21,78]. In all likelihood, additional Ub family members remain to be discovered since 
Ub-like ORFs generally fall below the length cutoff for annotation in genome sequencing. 

 
 

CONCLUSIONS 
 
Our understanding of intracellular protein degradation mechanisms has undergone 

enormous changes over the past decade and a half. We now know that Ub ligation is involved 
in the majority of regulated protein degradation in the cell through both proteasomal and non-
proteasomal routes. Ub-like proteins have also been found to be regulators of certain Ub 
ligation enzymes and of specialized lysosomal targeting and degradation pathways such as 
autophagy. 

Much remains to be learned. We have a very limited knowledge of the nature of naturally 
occurring degrons or the degrons that define certain proteins as abnormal or misfolded. What 
is the cytosolic unfolded protein response, for example (as distinct from the elaborate 
detection machinery for such proteins in the ER)? Structural analysis of Ub ligase-degron 
complexes will be required for a full understanding of this problem. How Ub ligase 
complexes assemble the polyubiquitin chains that serve as signals for proteasome binding is 
poorly understood as well. The mechanics of substrate protein binding, unfolding, and 
translocation within the 26S proteasome are just beginning to be studied as is the assembly of 
this fascinating 2,500 kDa proteolytic machine. 

Similarly, in pathways such as endocytosis and autophagy, Ub or Ub-like protein 
attachments function as sorting or regulatory signals, but studies of the mechanisms of action 
of these various signals are in their infancy. Many cell biological issues remain to be 
addressed: How does protein localization modulate the ability of a protein to be ubiquitinated 
or modified by another Ubl? Conversely, how do such modifications affect protein 
localization and protein-protein interactions? Where do the many different enzymes of the Ub 
system localize? Are there still more Ubls awaiting discovery? What additional physiological 
pathways are regulated by the Ub system and how?  

The UPS is an extremely complex array of events and reactions. The attempts made so 
far in order to classify and simplify the steps of the pathway allowed much better 
understanding of the system. But this oversimplification may also lead to overlooking of 
other important aspects of ubiquitination. The field of the Ub and proteasome is very young 
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and rapidly developing and yesterday’s dogmas may fall at once. One thing is evident: 
despite coming along way in the three decades since the discovery of Ub as a small protein 
modifier that targets proteins for elimination, the complete understanding of the Ub system is 
still far off, and its complexity is still greater than one can imagine.  
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ABSTRACT 
 

Covalent modification of proteins by ubiquitin is a key mechanism for the control of 
cellular processes as diverse as cell proliferation, differentiation, apoptosis. 
Deubiquitination, reversal of this modification, is catalyzed by deubiquitinating enzymes 
that belong to the superfamily of proteases. Deubiquitinating enzymes occupy the second 
largest family of enzymes in the ubiquitin system, implying their functions in the control 
of diverse cellular processes by regulating the fate, function of ubiquitinated proteins. 
Cellular functions of deubiquitinating enzymes include the regulation of proteasome 
activity, protein stability, signal transduction, DNA repair, chromatin dynamics, 
transcription, endocytosis. Deubiquitinating enzymes also play important roles in the 
processing of inactive ubiquitin precursors for the generation of matured ubiquitin 
monomers, the removal of ubiquitin from ‘distal’ end of poly-ubiquitination chains 
conjugated to proteins for controlling the fidelity of the ubiquitination process, the 
cleavage of ubiquitin adducts for the release of free ubiquitin. Deubiquitinating enzymes 
consist of five families that have distinct catalytic domain structures: the ubiquitin-
specific protease (USP) family, the ubiquitin C-terminal hydrolase (UCH) family, the 
ovarian tumor protease (OTU) family, the Machado-Joseph disease protein (MJD) 
family, the Jab1/MPN/Mov34-domain protease (JAMM) family. While the JAMM 
family members are metalloproteases, the other family members are cysteine proteases. 
As the names of certain families imply, deubiquitinating enzymes play critical regulatory 
roles in a multitude of processes from cancer to neurodegenerative diseases. In this 
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chapter, we summarize the catalytic properties of deubiquitinating enzymes so far been 
identified, the recent findings on their functions as cellular regulators. We also describe 
the specific features of deubiquitinating enzymes that are related with neuronal diseases.  
 

Keywords: deubiquitinating enzyme, JAMM metalloprotease, MJD protease, OTU protease, 
ubiquitin C-terminal hydrolase, ubiquitin-specific protease. 
 
 

INTRODUCTION 
 
Ubiquitin (Ub) is a well-conserved 76 amino acid polypeptide that is present in all 

eukaryotic cells [1]. It is conjugated to a variety of cellular proteins on ε-amino group of 
lysine residue or rarely on N-terminal amino group [2-4]. Covalent modification of Ub to 
target proteins is mediated by the enzymatic cascade system, consisting of Ub-activating 
enzymes (E1), Ub-conjugating enzymes (E2), Ub ligases (E3). This post-translational 
modification changes the fate of target proteins, such as the alterations in their stability, 
protein-protein interaction, subcellular localization, so on [5,6] (see Chapter 3). 

Ub itself is also a target for ubiquitination, thereby forming poly-Ub chains that are also 
linked by isopeptide bonds. Ub has 7 conserved lysine residues facing outward, all of which 
are known to be ubiquitinated at least in yeast [7]. Therefore, there could be at least 7 types 
of Ub modification, discriminated by which lysine residue is used to make a poly-Ub chain. 
Whether different lysine residues are used in a poly-Ub chain in vivo remains to be 
elucidated, since no diagnostic reagent, such as linkage-specific antibodies, is available at 
present [8]. 

Modification of proteins by Ub plays a key role in the control of diverse important 
cellular processes [5,6]. Chromosome structure regulation, DNA repair, signal transduction, 
antigen presentation, viral pathogenesis, stress response, protein trafficking are the examples. 
Many of these processes, but not all, are mediated by the ubiquitin-proteasome system (UPS) 
that leads to the degradation of poly-ubiquitinated proteins by the 26S proteasome that 
consists of two major components: the 19S regulatory particle (also called PA700) harboring 
the ATPase activity, the 20S proteasome having the proteolytic core in its chamber [6] (see 
Chapters 6, 7). Therefore, defects in the UPS are known to have critical relations to various 
diseases, including neurodegenerative diseases like Alzheimer’s disease (AD) (see Chapter 
30), Parkinson’s disease (PD) (see Chapter 31), Huntington’s disease (HD) [8] (see Chapter 
32). 

Analogous to protein phosphorylation, dephosphorylation, protein modification by Ub is 
a reversible process. Deubiquitinating enzymes (DUBs) catalyze the removal of Ub from Ub-
conjugated proteins [9]. Since deubiquitination is antagonistic to ubiquitination, it is well 
expected that deubiquitination is also involved in the control of diverse cellular functions that 
are mediated by ubiquitination of target proteins. However, the study on deubiquitination is 
in the beginning stage in comparison to that on ubiquitination. So what DUBs do in cells, 
how they are regulated largely remain to be investigated.  

In addition to the reversal of protein ubiquitination, DUBs display other catalytic 
functions. They generate Ub monomer from its precursors, since in the cell Ub is not 
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synthesized as a free form but as Ub-ribosomal peptide fusion proteins (i.e., Ub C-terminal 
extension peptides of 52, 80 amino acids), head-to-tail linked Ub multimers with additional 
amino acids following the last Ub molecule [10]. DUBs also disassemble free poly-Ub chains 
by releasing Ub monomer from either ‘distal’ or ‘proximal’ end of the chains. Some DUBs 
appear to perform ‘editing’ function by removing Ub from ‘distal’ end of poly-Ub chains that 
are conjugated to target proteins, thus controlling the fidelity of the conjugation process. 
DUBs must also cleave off small nucleophiles from Ub adducts, which are generated by side 
reactions with cellular thiols, amines, for maintaining the intracellular pool of free Ub [11]. 
These catalytic functions of DUBs are summarized in Figure 1. 
 

 

Figure 1. Catalytic function of DUBs. (A) Ub adducts, Ub-ribosomal peptide fusions are preferentially 
processed by UCHs for releasing free Ub monomers, ribosomal peptides. USPs generate Ub monomers 
from head-to-tail linked Ub polymers. Ubs are colored in orange, ribosomal peptides in yellow, a single 
amino acid in green, small nucleophiles in red. The black tail of Ub monomer represents the C-terminal 
di-glycine. (B) DUBs may cleave off poly-Ub chain from target proteins or successively remove Ub 
monomer from ‘distal’ end of poly-Ub chain. Reversal of mono-ubiquitination (e.g., Ubp8, USP8) is 
involved in the control of cellular pathways other than UPS. (C) Poly-Ub chain bound to proteolytic 
remnants can be disassembled by DUBs (e.g., Doa4) for recycling Ub monomers. DUBs also 
disassemble free poly-Ub chains synthesized de novo by releasing Ub monomer from either ‘distal’ (red 
arrow) or ‘proximal’ end (blue arrow) of the chains. (D) DUBs (e.g., UCH37) may perform ‘editing’ 
function by removing Ub from distal ends of poly-Ub chain conjugated to proteins for controlling the 
fidelity of ubiquitination process. 
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DEUBIQUITINATING ENZYME FAMILIES 
 
Since the deubiquitinating activity toward histone H2A (A24) was first reported in 1981 

[12], a large number of DUBs have been identified by biochemical, genomic screening 
approaches from various organisms. Numerous methods for assaying DUBs in vitro have also 
been developed. The most widely used method is SDS-polyacrylamide gel electrophoresis, 
resolving the cleavage products after incubation of DUBs with linear Ub fusions (e.g., Ub-β-
galactosidase or Ub-peptide) or branched Ub oligomers (e.g., Lys48- or Lys63-linked tetra-
Ub). Perhaps the easiest way to assay DUBs is the use of Ub-7-amido-4-methylcoumarin 
(AMC). After incubation, DUBs can be assayed by simple measurement of the fluorescence 
of released AMC [13]. A new method for assaying DUBs has recently been developed [14]. 
This method employs the use of a linear fusion of poly-His-glutathione-S-transferase-Ub-
ecotin (His-GST-Ub-ecotin) as a substrate. Since ecotin, a trypsin inhibitor protein from E. 
coli, is heat stable, the activity of DUBs can be indirectly assayed by determining the ability 
of ecotin to inhibit trypsin after incubation of any DUB with His-GST-Ub-ecotin followed by 
heating at 100°C. This method can also be used for assaying the proteases that process Ub-
like proteins (Ubls) using the substrate, in which Ub is replaced by any Ubl. 

Two classical families of DUBs were found by screening for the cleavage of Ub-fusion 
peptides: the UCH (Ub C-terminal hydrolase), USP (Ub-specific protease) families. DUBs of 
these families are cysteine proteases. A new family of DUBs with different catalytic 
mechanism was later identified. The JAMM (Jab1/MPN/Mov34-domain metalloprotease) 
family including the Rpn11/POH1 subunit in the 19S regulatory particle of the 26S 
proteasome has the metal-binding JAMM motif that is essential for deubiquitinating activity 
[15]. OTU (ovarian tumor protease), MJD (Machado-Joseph disease proteins) are two 
families of cysteine proteases that were most recently added to DUBs. These families were 
found by bio-informatical approaches [16,17]. As OTUs, MJDs have no homolog in yeast 
genome, consist of relatively small members compared to other DUB families, they are 
regarded as DUBs that were introduced lately in evolution. 

 
 

UCH (Ubiquitin C-Terminal Hydrolase) Family 
 
For the first time in 1989, two DUBs, called Yuh1, UCH-L1, were purified from yeast, 

human brain tissues, respectively, their genes were cloned [18,19]. Based on their sequence 
information, researchers could find other homologous DUBs that were grouped as the UCH 
family. Examples of UCH family members include Yuh1, the only UCH in budding yeasts, 
UCH-L1, UCH-L3, UCH37 (also called UCH-L5), BAP1 (BRCA-associated protein-1) in 
mammals. UCHs have a core catalytic domain of about 230 amino acids that is structurally 
defined by the presence of a catalytic triad consisting of positionally conserved cysteine, 
histidine, aspartic acid residues. They have relatively small size of 20-30 kDa with a few 
exceptions (e.g., 80-kDa BAP1 [20]). 

UCHs remove peptides, small molecules from the C-terminus of Ub, thus functioning in 
generation of free Ub from Ub adducts as well as from Ub-ribosomal peptide fusion proteins. 
However, most of them cannot disassemble poly-Ub chains, due to the steric hindrance by a 
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loop that occludes the active sites of UCHs [21]. However, UCH-L3 has recently been shown 
to efficiently cleave a 13-residue peptide in isopeptide linkage with Ub [22]. In addition, 
UCH37 is capable of releasing Ub from the ‘distal’ end of poly-Ub chains [23]. Thus, some 
UCH family members seem to show considerable flexibility to the substrate size. 

 
 

USP (Ubiquitin-Specific Protease) Family 
 
USPs also belong to the classical DUB families. The USP family members were initially 

called as UBPs (Ub-specific processing proteases). The human genome sequencing leads to 
the finding of as many as 58 putative UBP members in humans. Therefore, the Human 
Genome Organization (HUGO) Nomenclature Committee has proposed a systematic 
nomenclature for the enzymes using the abbreviation USP for Ub-specific protease [24]. 
However, the yeast enzymes are still called as UBPs, because they show low sequence 
homology to the human enzymes. 

USPs have a core catalytic domain of about 350 amino acids. Unlike the highly 
conserved UCHs, the USP family exhibits strong homology only in two regions that surround 
the catalytic cysteine, histidine residues, so called the Cys box (about 20 amino acids), the 
His box (60-90 amino acids) [11]. They vary in size from 40 to 300 kDa with a variety of N-
terminal extensions, occasional C-terminal extensions, and some insertions in the catalytic 
domains. The functions of these divergent sequences remain poorly understood, although the 
extensions, insertions have been suggested to function in substrate recognition, subcellular 
localization of the enzymes, protein-protein interactions. In addition to processing of Ub 
precursors, salvage of trapped ubiquitins, USPs are responsible for removing Ub from poly-
ubiquitinated proteins, for disassembly of free poly-Ub chains. 

 
 

OTU (Ovarian Tumor Protease) Family 
 
Bio-informatical analysis by Makarova, coworker [16] have initially revealed that OTU 

proteins in Drosophila have homology to viral cysteine proteases, that OTU proteins form a 
new eukaryotic cysteine protease family. Two otubains (OTU domain Ub-aldehyde-binding 
proteins), otubain-1, otubain-2, that belong to this family are the first two mammalian 
proteases that exhibit deubiquitinating activity [25]. Cezanne (cellular zinc finger anti-NFκB) 
that also belongs to the OTU family has later been shown to cleave the isopeptide bond in 
poly-Ub chains [26]. Interestingly, A20 having the OTU domain shows not only the 
deubiquitinating activity but also the Ub E3 ligase activity [27]. The deubiquitinating activity 
of A20 is specific to Lys63-linkage in poly-Ub chain conjugated to RIP (TNF receptor-
interacting protein), whereas the E3 ligase activity is responsible for Lys48-specific 
ubiquitination of the same protein. Since Lys48-linked, but not Lys63-linked, poly-Ub chains 
are recognized by the 26S proteasome, these two opposing activities of A20 lead to the 
degradation of RIP (i.e., first by deubiquitination from Lys63-linked chains, then by 
ubiquitination to form Lys48-linked chains).  
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MJD (Machado-Joseph Disease Protein) Family 
 
MJD is the most recently found family of DUBs, its representative member is ataxin-3. 

Because the poly-glutamine expansion in ataxin-3 is a causative of Machado-Joseph disease, 
this family is named after it. Five MJD family members have been found in the human 
genome: ataxin-3, an ataxin-like protein, three Josephin domain-containing proteins. 
However, ataxin-3 is the only one whose deubiquitinating activity was confirmed [17].  

Ataxin-3 is composed of a Josephin domain followed by two Ub interacting motifs 
(UIMs), a C-terminal poly-glutamine tract. The UIM domain binds to poly-Ub, the Josephin 
domain has the typical properties of deubiquitinating activities: disassembling Ub-lysozyme 
conjugates, cleaving the artificial substrate, Ub-AMC, binding to Ub-aldehyde [28]. Thus, 
ataxin-3 was proposed to function as a poly-Ub chain ‘editing’ enzyme. 

 
 

JAMM (Jab1/MPN/Mov34-Domain Metalloprotease) Family 
 
Hershko, co-workers initially identified an ATP-dependent, Ub-aldehyde insensitive 

deubiquitinating activity associated with the 26S proteasome from reticulocyte lysates [29]. 
Subsequent studies have shown that a motif within the MPN (Mpr1, Pad1 N-terminal) 
domain of Rpn11 in the 19S regulatory particle is responsible for the deubiquitinating 
activity [15,30]. This EXnHXHX10D motif, termed JAMM or MPN+, is frequently found in 
the active site of metallo-enzymes. Moreover, the deubiquitinating activity of Rpn11 is 
insensitive to classical DUB inhibitors, such as Ub-aldehyde, but is destroyed by metal 
chelators. Thus, Rpn11 with other eukaryotic proteins that contain the metal-binding JAMM 
motif has been grouped as a new DUB family. In addition, Jab1 (also called Csn5) in COP9 
signalosome has the JAMM motif, shows deneddylating activity that removes the Ub-like 
protein Nedd8 from its target cullin proteins [31]. 

AMSH (associated molecule with the SH3-domain of STAM) that regulates receptor 
sorting at the endosomes was also identified as a JAMM domain-containing DUB [32]. 
Unlike Rpn11, Jab1 that are embedded in macromolecular complexes for their 
deubiquitinating activity, the purified AMSH protein itself displays deubiquitinating activity 
in vitro. 

 
 

STRUCTURE, REACTION MECHANISM OF  
DEUBIQUITINATING ENZYMES 

 
Structures of DUBs 

 
The three-dimensional structures of several UCH family members have been determined 

by X-ray crystallography or NMR (Figure 2). Human UCH-L3 [33], yeast Yuh1 [21] show 
high structural similarity with papain-like cysteine proteases, especially in the region 
including the active site catalytic triad. A distinctive feature of these enzymes from papain is 
the presence of a loop that lies directly over the active site. The active site cross-over loop 
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appears to function to restrict the size, shape of substrates, thus limiting the entry of bulky 
substrates into the active site of UCHs. Recently, the crystal structure of UCH-L1 has also 
been solved [34]. The overall architecture of UCH-L1 closely resembles that of UCH-L3, 
Yuh1. However, the geometry of the catalytic residues in the active site of UCH-L1 is 
distorted in a way that the distance between the cysteine, histidine residues is too long to 
form a productive active site conformation. Therefore, it was proposed that the binding of 
substrates might induce a conformational change that brings the histidine residue in close 
proximity to the cysteine residue for UCH-L1 to be active. 
 

 

Figure 2. Three-dimensional structures of the catalytic domains of 5 DUB families. The catalytic 
domain structures of yeast Yuh1 (A), human USP7 (B), human otubain-2 (C), human ataxin-3 (D), 
Archeoglobus AfJAMM (E) are shown as the representatives of their corresponding family members. 
Information for the structures was from the Protein Databank (PDB): Yuh1, 1CMX; USP7, 1NBF; 
otubain-2, 1TFF; ataxin-3, 2AGA; JAMM, 1R5X. The photographic images were made by using the 
CN3D program. The catalytic histidine, cysteine residues are shown in yellow (A-D). The zinc ion is 
shown as the brown ball (E). 

Among the USP family members, the crystal structures of the catalytic domains of USP7, 
USP14 were solved in isolation, in complex with Ub-aldehyde [35,36]. The catalytic domain 
of USP7 (also called HAUSP; herpes-virus associated Ub-specific protease) is composed of 
three domains: Fingers, Palm, Thumb. This three-domain architecture of USP7 is conserved 
among other USP family members, including USP14. The highly conserved Cys, His boxes 
are positioned on the opposite sides of the catalytic cleft created by the Palm, Thumb 
scaffold. This open-cleft structure of the USP7 catalytic domain, the three-domain 
architecture are suitable for accommodating large substrates, such as poly-ubiquitinated 
proteins, free poly-Ub chains, which are cleaved by USPs but not by most UCHs. However, 
the interaction of USP7 with its substrates, such as p53, is mediated by the N-terminal TRAF-
like domain that is located apart from the catalytic domain. Thus, it appears that the highly 
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divergent N-, /or C-terminal extensions of USPs contribute to the recruitment of specific 
substrates to the catalytic domains of the enzymes. 

Similar to the geometry of the active site residues in UCH-L1, the distance between the 
catalytic cysteine, histidine residues of USP7 is too long to form a productive active site 
conformation [35]. However, the binding of Ub induces dramatic conformational changes 
around the catalytic cleft, which realign the active site residues in close proximity for 
productive catalysis. In contrast to the deformed active site conformation of USP7, the active 
site of free USP14 already adopts a productive conformation [36]. However, the active site is 
covered by two surface loops, preventing the access of the C-terminus of Ub to the catalytic 
residues of USP14. The interaction of Ub to the loops induces considerable conformational 
changes that widen the binding groove for the C-terminus of Ub, thereby allowing its access 
to the catalytic cysteine residue. Thus, USP7, USP14 appear to exhibit quite distinct active 
site conformations, different activation mechanisms, although they share the conserved three-
domain architecture. Both mechanisms, however, serve to activate the deubiquitinating 
activity, appear to ensure appropriate substrate specificity. 

Otubain-2 is the only protein whose crystal structure was solved among the OTU family 
members [37]. Although otubain-2 is a cysteine protease, its overall structure is distinct from 
that of previously characterized DUBs, other cysteine proteases, with no similarity to any 
known structures. The geometry of the active site residues in otubain-2 is in catalytically 
productive conformation in the absence of bound Ub, similar to that of USP14. However, the 
active site cross-over loop is positioned closer to the active site residues, thus making a novel 
oxyanion hole organization. This distinct active site topology may provide restricted substrate 
specificity of otubain-2. 

The solution structure of the Josephin domain of ataxin-3 has recently been solved by 
NMR [38,39]. Despite the divergent primary sequence, the Josephin domain has structural 
similarity with the conserved active site region of papain-like cysteine proteases, particularly 
with that of UCH-L3. A unique structural feature of the Josephin domain is the presence of a 
flexible helical hairpin formed by an insertion sequence. Because of its proximity to the 
active site, the hairpin has been proposed to function in determining the substrate specificity. 

The structure of the eukaryotic JAMM family members has not yet been determined. 
However, the structure of the JAMM domain protein AfJAMM from the thermophilic 
prokaryote Archaeoglobus fulidus shows no similarity to any known DUB structures. Rather, 
the arrangement of a set of amino acids that binds a zinc ion, forms the proposed active site 
of AfJAMM resembles that of a well-known metalloprotease, thermolysin [40]. The 
mutagenesis of expected active site amino acid residues in another JAMM protein called Jab1 
abrogated the isopeptidase activity [31]. Therefore, the JAMM proteins have been suggested 
to represent a new family of metalloproteases. 

 
 

Reaction Mechanism 
 
The reaction mechanism for cysteine proteases has been characterized in detail [41]. 

Since the core catalytic sites of DUBs that belong to the family of cysteine proteases have 
high structural similarity with papain, it is well expected that the catalytic reaction is 
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mediated by a similar mechanism. The sulfur atom located in the side chain of active site 
cysteine functions as a nucleophile that attacks the carbonyl group of the C-terminal glycine 
of Ub. Deprotonation from the thiol group is facilitated by adjacent histidine. Positively 
charged surroundings called oxyanion hole then pull the oxygen in the carbonyl group to 
promote the nucleophilic attack, increase the stability of oxyanion-containing tetrahedral 
intermediate. This intermediate is made of covalent thioester linkage between the cysteine 
thiol group of the enzyme, the C-terminus of Ub moiety [42]. The covalently bound Ub-
enzyme intermediates react with a water molecule to finish the whole reaction. The specific 
DUB inhibitors, such as Ub-aldehyde or Ub-vinyl sulfone, also covalently bind to the 
enzymes with same processes but cannot escape from the enzyme. 

The JAMM metalloprotease family, like thermolysin, appears to use zinc ion to make the 
water molecule as a nucleophile attacker [43]. The highly conserved two histidine, aspartic 
acid residues coordinate the zinc ion at proper location. Mutagenesis of these residues in 
Rpn11 makes the enzyme inert [15]. Thus, the DUBs of the JAMM family are insensitive to 
classical cysteine protease inhibitors, such as iodoacetamide, N-ethylmaleimide, Ub-
aldehyde. Rather, they are inactivated by the chelating agents, such as EDTA, o-
penanthroline, TPEN [N,N,N’,N’-tetrakis(2-pyridylmethyl)-ethylenediamine] that is a 
specific chelator of zinc ion. 

 
 

DEUBIQUITINATING ENZYMES AS CELLULAR REGULATORS 
 

Regulation of Proteasome Functions 
 
DUBs are involved in the control of Ub-dependent proteolysis by direct, indirect 

association with the 26S proteasome. The failure of removing the Ub moiety from protein 
substrate leads to inappropriate degradation of Ub molecules that are conjugated to the 
substrate [44] or results in interruption of the proteasomal degradation of the substrate itself 
[15], such as by choking the narrow entry into the proteolytic core of the 20S proteasome by 
the unprocessed poly-ubiquitinated protein substrate. Thus, deubiquitinating activity is 
indispensable for normal proteolytic function of the 26S proteasome. 

 Rpn11 [15] in yeast, its human homolog POH1 [30] are the DUBs that are built-in as the 
subunit of the 19S regulatory particle of the 26S proteasome. Mutation of the predicted active 
site histidine residue to alanine in the JAMM domain of Rpn11 is lethal, leads to 
accumulation of poly-ubiquitinated proteins. In addition, the 26S proteasome carrying the 
mutant Rpn11 is unable to deubiquitinate or degrade ubiquitinated protein substrate in vitro. 
Thus, the deubiquitinating activity of Rpn11 appears critical for the proteasomal degradation 
of target proteins. Interestingly, the deubiquitinating activity of Rpn11 in the isolated 26S 
proteasome is fully ATP-dependent. Since the Rpn11 isopeptidase activity releases poly-Ub 
chains, since the ATPase activity of the 19S regulatory particle functions in unfolding of 
protein substrates, the coupling of these two activities is likely to facilitate the translocation 
of the deubiquitinated, unfolded substrate into the proteolytic core of the 20S proteasome. 

UCH37 has also been identified as an integral subunit of the 19S regulatory particle of 
the 26S proteasome in mammals [23,45]. UCH37 is involved in ‘editing’ of ubiquitinated 
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substrates according to the length of poly-Ub chains rather than the structure of the target 
protein themselves. By successive release of Ub from the ‘distal’ end of Lys48-linked poly-
Ub chains, UCH37 could selectively rescue poorly ubiquitinated or slowly degraded Ub-
conjugated proteins from proteolysis. The fission yeast has an ortholog of human UCH37, 
called Uch2, while the budding yeast does not. The 26S proteasome isolated from uch2 null 
mutant cells shows much lower deubiquitinating activity toward Ub-AMC, Lys48-linked 
tetra-Ub than that from wild-type cells [46]. However, the mutant cells are viable without 
significant phenotypic abnormalities, suggesting that other DUBs may compensate for the 
lack of the Uch2 subunit in the 26S proteasome of fission yeasts. 

Doa4 (also called Ubp4) in yeasts is required for the rapid degradation of protein 
substrates by the 26S proteasome [47]. In doa4 cells, small poly-ubiquitinated peptide 
remnants accumulate with reduction of free Ub level. This enzyme interacts physically with 
the 26S proteasome. Thus, Doa4 appears to promote proteolysis through removal of Ub from 
proteolytic intermediates on the 26S proteasome before or after initiation of substrate 
breakdown.  

Ubp6 in yeast also physically interacts with the purified proteasomes, its deubiquitinating 
activity is dramatically stimulated by binding to the 26S proteasome [44]. This association is 
mediated by the interaction between the N-terminal Ub-like domain of Ubp6, the Rpn1 
subunit of the 19S regulatory particle. In ubp6 deletion mutants, the level of free Ub is 
markedly reduced due to its abnormally rapid degradation by the 26S proteasome. Thus, 
Ubp6 seems to function in the recycling of Ub by preventing the translocation of Ub moieties 
that are conjugated to substrate proteins into the proteolytic core of the 20S proteasome 
[48,49]. USP14, a mammalian homolog of yeast Ubp6, also associates with the 26S 
proteasome [50].  

The mammalian USP5 (also called isopeptidase-T), the yeast Ubp14 are functionally 
associated with the 26S proteasome [51]. USP5 acts only on unanchored poly-Ub chains that 
are generated de novo by Ub E3 ligases or released from poly-ubiquitinated proteins [52]. 
Since USP5, Ubp14 cannot act on poly-Ub chains that are conjugated to proteins, the Ub 
chains must first be released from protein substrates by other DUBs. In direct contrast to 
UCH37, USP5 successively releases Ub from the free ‘proximal’ end (i.e., from the end with 
an unattached Gly76 carboxyl group) of poly-Ub chain. In ubp14 mutant cells, free poly-Ub 
chain accumulates, proteasome-dependent proteolysis is severely attenuated [53]. Thus, 
USP5, Ubp14 appear to prevent the accumulation of excessive free poly-Ub chains, which 
could compete with poly-Ub-conjugated protein substrates for binding to the 26S 
proteasome, thereby inhibit the proteasomal degradation [51]. 

 
 

Regulation of Protein Stability 
 
Since the Lys48-linked poly-ubiquitination leads the target proteins to the 26S 

proteasomes for degradation, it is expected that the deubiquitinating activity of DUBs 
specific to the Lys48 linkage antagonizes the ubiquitination, stabilizes the protein. USP7 is a 
representative example of DUBs that regulate the protein stability. The p53 protein is a tumor 
suppressor that induces cell growth arrest, apoptosis in response to various stresses, such as 
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DNA damage [54,55]. Therefore, p53 level is kept low in normal cells, mainly by the action 
of Mdm2 Ub ligase that governs the ubiquitination, degradation of p53. USP7 was shown to 
deubiquitinate, stabilize p53 [56]. Moreover, overexpression of USP7 prevents the Mdm2-
mediated degradation of p53, leading to p53-dependent cell growth inhibition, apoptosis. 
However, USP7 has also been shown to deubiquitinate, stabilize Mdm2 [57]. Furthermore, 
complete ablation of endogenous USP7 level by RNAi leads to rapid degradation of self-
ubiquitinated Mdm2 by the 26S proteasome, resulting in the stabilization of p53. It has also 
been shown that targeted disruption of the USP7 gene causes p53 stabilization [58]. In 
addition, USP7 interacts more strongly with Mdm2 than with p53 even in the presence of 
excess p53 [59]. Thus, it appears that Mdm2 is a preferential target of USP7. Taken together, 
the balance between self-ubiquitination, USP7-mediated deubiquitination of Mdm2 seems to 
play an important role in the control of p53 stability in cells. 

Another example for DUBs that regulate protein stability is USP2a (also called UBP69 
[60]). USP2a deubiquitinates, stabilizes fatty acid synthase, which is often overexpressed in 
prostate cancer, protects the cancer cells from apoptosis [61]. Overexpression of USP2a in 
prostate cancer cells results in deubiquitination of fatty acid synthase, thus in protection from 
its degradation by the 26S proteasome, whereas knockdown of USP2a by RNAi leads to an 
increase in the ubiquitination of fatty acid synthase. Moreover, apoptosis can be induced by 
RNAi-mediated knockdown of USP2a as can be seen by that of fatty acid synthase. Thus, 
USP2a appears to play a critical role in prostate cancer cell survival through deubiquitination, 
stabilization of fatty acid synthase. 

 
 

Regulation of Signal Transduction: NF-κB Signaling 
 
A representative signaling transduction pathway that is regulated by deubiquitination as 

well as by ubiquitination is the NF-κB pathway. The transcription factor NF-κB is normally 
sequestered in the cytoplasm as a complex with IκB. Binding of a ligand, such as tumor 
necrosis factor-α (TNF-α), to its receptor leads to recruitment of several signal adaptor 
proteins, including TNF-α receptor associating factor-2 (TRAF2), the receptor-interacting 
protein (RIP) [62,63]. IκB kinase (IKK) that is recruited by RIP to the receptor complex is 
activated, leading to phosphorylation of IκB. The phosphorylated IκB is then poly-
ubiquitinated through Lys48 linkages, degraded by the 26S proteasome, resulting in the 
release of NF-κB as a free form that can translocate into the nucleus, activate transcription of 
its target genes. 

CYLD is a DUB that is linked to a human genetic disorder, called familial 
cylindromatosis, the loss of its deubiquitinating activity is correlated with the turban tumor 
syndrome [64]. CYLD removes Ub from Lys63-linked poly-Ub chain that is conjugated to 
TRAF2. TRAF2 is a Lys63-specific Ub ligase that targets RIP, itself. Upon binding to the 
activated TNF receptor, TRAF2 is self-ubiquitinated, recruits IKK kinase that 
phosphorylates, activates IKK. Therefore, deubiquitination of TRAF2 by CYLD down-
regulates the NF-κB pathway by preventing the activation of IKK [65]. 

Another DUB that is involved in the control of the NF-κB pathway is A20, a member of 
the OTU family [66]. The Lys63-linked poly-ubiquitination of RIP by TRAF2 leads to the 
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recruitment of IKK to the activated TNF receptor. IKK has two catalytic subunits, IKKα, 
IKKβ, a regulatory subunit, NEMO (also called IKKγ). NEMO binds to the Lys63-linked 
poly-Ub chains of RIP. Therefore, the mutations in NEMO that block binding to the Ub chain 
abrogate the binding of NEMO to RIP, the recruitment of RIP to the TNF receptor, the 
activation of IKK, NF-κB [67]. Remarkably, A20 has two distinct catalytic domains, both of 
which cooperate to down-regulate NF-κB signaling: the N-terminal OTU-domain removes 
Lys63-linked poly-Ub chains from active RIP, which then permits the C-terminal zinc finger-
domain to add Lys48-linked poly-Ub chains to RIP for the proteasomal degradation. Thus, 
A20 that has both deubiquitination, ubiquitination functions in a single polypeptide appears 
to play a critical role in the down-regulation of NF-κB signaling. 

 
 

Regulation of DNA Repair 
 
Proliferating cell nuclear antigen (PCNA) is a trimeric ring-shaped complex that binds 

DNA, acts as a sliding clamp, processivity factor for DNA polymerases [68]. The post-
replication DNA repair activity of PCNA is differentially modulated by two distinct types of 
DNA damage-induced Ub modification. Mono-ubiquitination of PCNA initiates error-prone 
DNA repair, subsequent Lys63-linked poly-ubiquitination promotes error-free DNA repair 
[69]. Recently, PCNA was shown to be a target substrate of USP1 [70]. In the absence of 
DNA damage, USP1 removes Ub from mono-ubiquitinated PCNA. However, DNA damage 
induces the degradation of USP1, causes an increase in mono-ubiquitinated PCNA level, 
error-prone trans-lesion DNA synthesis. Interestingly, USP1 degradation is mediated by the 
auto-cleavage of its own internal di-glycine motif that is normally found at the C-terminus of 
free Ub. Moreover, depletion of USP1 by RNAi causes an increase in mutation frequency in 
cells. Thus, USP1 appears to play a critical role in the regulation of post-replication DNA 
damage repair. 

 
 

Regulation of Chromatin Dynamics, Transcription 
 
Covalent modification of histones plays a critical role in the regulation of chromatin 

dynamics, transcription. One example of such modification is the mono-ubiquitination, 
deubiquitination of histone H2B. In yeast, H2B is ubiquitinated by the Bre1 Ub ligase, 
deubiquitinated by two DUBs, Ubp10 (also called Dot4), Ubp8 that is a component of the 
histone acetylation SAGA (Spt-Ada-Gcn5-acetyltransferase) complex. Deubiquitination of 
H2B by Ubp10 leads to recruitment of the histone deacetylase Sir2 to telomere for gene 
silencing [71]. In contrast to Ubp10, deubiquitination of H2B by Ubp8 correlates with 
transcriptional activation of certain genes that are regulated by the SAGA complex [72]. 
Since sequential ubiquitination, deubiquitination of H2B occurs in normal gene induction, 
since disruption of either ubiquitination or Ubp8-mediated deubiquitination of H2B results in 
a decreased transcription, the dynamic H2B modification by Ub appears to be required for 
optimal transcription. However, Ubp8 is not required for telomeric silencing in contrast to 
Ubp10, Ubp10 is not involved in the regulation of the SAGA-dependent genes. Thus, 
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although both Ubp8, Ubp10 act on H2B as a common substrate, they function in distinct 
physiological pathways [71]. 

USP7 in Drosophila contributes to epigenic silencing of homeotic genes by Polycomb 
[73]. USP7 forms a stable heteromeric complex with GMP synthetase, deubiquitinates H2B, 
but not H2A, under in vitro conditions. Interestingly, the binding of USP7 to GMP synthetase 
is required for its deubiquitinating activity. In addition, GMP synthetase markedly stimulates 
the deubiquitination of p53 by USP7. Moreover, homeotic transformation by Polycomb is 
strongly enhanced by the mutations that abrogate the catalytic activity of USP7 or the binding 
of GMP synthetase to USP7. Thus, USP7 appears to play an important role in chromatin 
silencing in collaboration with GMP synthetase. 

In mammals, Mdm2, a major Ub ligase for p53, interacts with, ubiquitinates H2B in vivo 
as well as in vitro [74]. This H2B ubiquitination requires the RING finger domain of Mdm2, 
which is essential for its Ub ligase activity. Moreover, Mdm2 associates with chromatin, 
promotes p53-independent transcriptional repression in a RING domain-dependent fashion, 
suggesting that H2B ubiquitination by Mdm2 may facilitate repression, gene silencing. Since 
USP7 deubiquitinates, stabilizes Mdm2, mammalian USP7 may also take an important part in 
chromatin silencing by regulating the dynamics of H2B Ub modification. 

 
 

Regulation of Endocytosis 
 
Mono-ubiquitination plays an important role in endocytosis of receptors, sorting of 

proteins [75,76]. For example, mono-ubiquitination of ligand-activated receptor tyrosine 
kinases serves as an endocytosis signal that directs their internalization from the plasma 
membrane, as a sorting signal for their trafficking from endosomes to lysosomes. Endosomal 
sorting of ubiquitinated receptor tyrosine kinases is initiated by a complex of two Ub-binding 
proteins, hepatocyte growth factor-regulated substrate (Hrs), signal-transducing adaptor 
molecule (STAM). USP8 (also called UBPY) binds to the Hrs-STAM endosomal sorting 
complex, deubiquitinates the activated EGF-receptor, resulting in the inhibition of receptor 
sorting [77]. Whereas overexpression of USP8 reduces the level of ubiquitinated EGF-
receptor, delays its degradation in EGF-stimulated cells, knockdown of USP8 by RNAi 
results in elevated ubiquitination, accelerated degradation of the activated receptor. Thus, 
USP8 appears to plays a role in EGF-receptor down-regulation.  

Another DUB that also binds to the Hrs-STAM endosomal sorting complex is AMSH 
that belongs to the JAMM family [32]. Expression of catalytically inactive AMSH causes an 
accumulation of Ub on endosomes, knockdown of AMSH by RNAi results in acceleration of 
the activated EGF-receptor degradation. Thus, AMSH appears to act negatively on the Ub-
dependent sorting of EGF-receptor to lysosomes. 

In yeast, deubiquitination itself is not mandatory for receptor sorting to the vacuole, as 
Ub can confer sorting after being fused in frame to a cargo protein [78], but is required for 
maintenance of the free Ub pool, upon which receptor trafficking depends. Inactivation of 
Doa4 leads to an arrest of receptor sorting, which can be restored by overexpression of free 
Ub [79]. Thus, Doa4 appears to play a role in recycling of Ub at the endosomes by rescuing it 
from degradation.  
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In Drosophila, Fat facets (Faf) is a DUB that is required during eye development to limit 
the number of photoreceptors in each facet to eight [80]. Liquid facets (Lqf) is a homolog of 
the vertebrate protein epsin that acts as an adaptor molecule associated with the clathrin 
endocytotic complex [81]. Faf deubiquitinates Lqf, prevents its proteasomal degradation. 
Thus, the stabilized Lqf then facilitates the endocytosis of the receptor Delta that is 
implicated in cell patterning [82]. 

 
 
NEURONAL DISEASES, DEUBIQUITINATING ENZYMES 

 
Parkinson’s Disease 

 
Aberrations in the UPS have been implicated, either as a primary cause or secondary 

consequences, in the pathogenesis of both inherited, acquired neurodegenerative diseases 
[83]. Several cases of genetic abnormalities within DUBs have also been reported to 
contribute to neuronal disease pathogenesis. In two siblings with a strong family history of 
PD, an autosomal dominant point mutation (I93M) in UCH-L1 was identified [84]. The I93M 
mutation reduces the in vitro deubiquitinating activity of UCH-L1 by about 50%. Moreover, 
UCH-L1 co-localized with α-synuclein in synaptic vesicles, its overexpression leads to an 
accumulation of α-synuclein. Therefore, it was proposed that UCH-L1 might modulate the 
turnover of α-synuclein, a major fibrillar component of the Lewy bodies that are the hallmark 
of sporadic PD. However, it has later been reported that the I93M variant is a rare cause of 
PD or a harmless substitution [85]. Moreover, the gracile axonal dystrophy (GAD) mice that 
have a deletion in the UCH-L1 gene does not show the progressive death of dopaminergic 
neurons in the substantia nigra [86]. Since the mutation is not 100% penetrant in the family, 
since GAD mice do not develop a Parkinsonian syndrome, it was unclear whether the loss of 
deubiquitinating activity underlies the pathology observed in patients with the I93M 
mutation. One possible explanation can be that UCH-L1, UCH-L3 may have redundant, 
overlapping functions in the maintenance of neurons. 

Another polymorphic variant of UCH-L1 (S18Y) that reduces the risk of PD was later 
found [87]. Surprisingly, the dimeric form of UCH-L1 displays an Ub ligase activity, in 
contrast to the monomeric enzyme that catalyzes deubiquitination. The UCH-L1 dimer adds 
ubiquitins to mono-, di-ubiquitinated α-synuclein through the Lys63 linkage. Since α-
synuclein conjugated with Lys63-linked poly-Ub chains is not degraded by the 26S 
proteasome, the ligase function of dimeric UCH-L1 would lead to an elevation of 
cytoplasmic concentration of α-synuclein that could form pathogenic aggregates. 
Remarkably, the S18Y mutant shows a reduced tendency of dimer formation, thereby having 
reduced ligase activity, but has comparable deubiquitinating activity as wild-type UCH-L1. 
These findings are consistent with the observations that protective effect of the S18Y 
mutation is dependent on the allele dosage, that Ser18 is not involved in the normal 
hydrolytic activity of UCH-L1. Thus, it is also possible that the ligase activity of the I93M 
mutant plays also a pathogenic role, as a decreased activity of the mutant enzyme may result 
in a net increase in the ligase activity. 
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Poly-Glutamine Related Diseases 
 
Machado-Joseph disease (MJD), also known as spinocerebellar ataxia type-3 (SCA3), is 

the most common dominantly inherited ataxia, is among the frequent neurodegenerative 
diseases caused by poly-glutamine (polyQ) encoding CAG repeat expansion [88,89]. By 
using the Drosophila model system, ataxin-3 that is a MJD family member of DUBs has 
recently been shown to suppress polyQ-induced retinal degeneration. Ataxin-3 itself is a 
polyQ protein that also has a Josephin domain for deubiquitinating activity, two UIM 
domains for Ub binding. Co-expression of normal ataxin-3 with its pathogenic form carrying 
expanded polyQ leads to a reduction in the formation of nuclear inclusions, thus in the polyQ 
toxicity. Nuclear inclusions are one of the hallmarks of the polyQ diseases as well as of other 
neurodegenerative diseases. However, introduction of mutations to the UIM domains results 
in a decrease in the suppressive effect of normal ataxin-3. Furthermore, inactivation of the 
deubiquitinating activity by substituting the catalytic cysteine residue with alanine in the 
Josephin domain causes a complete loss of the protective effect of normal ataxin-3 over its 
pathogenic form. Thus, the Ub-associated activities, especially the deubiquitination function, 
of ataxin-3 contribute to the suppression of polyQ-induced neurodegeneration. 

Using the similar fly model system, overexpression of the truncated huntingtin protein 
with expanded polyQ was shown to induce a severe retinal degeneration [90]. Interestingly, 
ataxin-3 is found in nuclear inclusions of other polyQ diseases, such as HD, spinocerebellar 
ataxia type-1 (SCA1). Co-expression of normal ataxin-3 with the pathogenic huntingtin fully 
suppresses the polyQ-induced eye disruption. Likewise, co-expression of ataxin-3 with the 
SCA1 disease protein ataxin-1, which is not related in sequence with ataxin-3 outside of the 
polyQ domain [91], reduces the polyQ toxicity. Thus, ataxin-3 is capable of suppressing 
neurodegeneration caused by unrelated pathogenic polyQ proteins. 

 
 

Other Neurological Diseases 
 
The ataxia mutation (axJ) in mice is a spontaneously arising mutation that results in 

reduced expression of USP14 [92,93]. Mice homozygous for axJ are retarded for growth, 
suffer from behavioral disorders, including a resting tremor, hindlimb paralysis. Unlike other 
neurodegenerative disorders, such as PD, SCA1 in human, neither Ub-positive protein 
aggregates nor neuronal cell death is detectable in the central nervous system of axJ mice. 
Instead, axJ mice have defects in synaptic transmission in both the central, peripheral nervous 
systems, due to abnormalities associated with neurotransmitter release at the neuromuscular 
junctions. In addition, the levels of free Ub in most of the axJ tissues are reduced about 35% 
in comparison with that in normal tissues, suggesting the role of USP14 in maintaining the 
cellular level of free Ub in mammalian cells [94]. Ubp6, is a yeast homolog of mammalian 
USP14, associates with the 26S proteasome, functions in the recycling of Ub by preventing 
the proteasomal degradation [48,49]. Thus, the alteration in the level of free Ub due to 
reduced expression of USP14 in axJ mice may contribute to the neurological disease. 
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CONCLUSIONS 
 
Although the importance of DUBs as cellular regulators has recently been uncovered in 

numerous cases, the studies on DUBs are still in the beginning stage, considering their 
diversity. Genomic analyses have identified 95 potential genes encoding DUBs from human, 
62 from Arabidopsis thaliana, 34 from Drosophila melanogaster, 20 from Saccharomyces 
cerevisiae. Moreover, many of these genes generate multiple transcripts, which would further 
increase the diversity of DUBs. However, only a handful of them have been assigned for their 
physiological functions. Thus, a major challenge in the research of DUBs is to elucidate 
specific physiological roles of the DUB family members through identification of specific 
substrates for each DUB.  

All ubiquitinated proteins are potential substrates of DUBs. DUBs can act as negative 
regulators for the proteasomal degradation of ubiquitinated proteins, leading to stabilization 
of the substrates. DUBs can also regulate nonproteolytic Ub-mediated processes by acting on 
mono-ubiquitinated proteins or poly-ubiquitinated proteins that are conjugated through the 
Lys63 linkages. However, these activities of DUBs should be timely, /or spatially regulated 
to prevent unnecessary action of the enzymes on ubiquitinated target substrates. Thus, 
another major challenge in this field is the determination of the mechanisms for the control of 
DUB activities. Examples include covalent modifications (e.g., inhibition of CYLD by 
phosphorylation [95]), requirement of cofactors (e.g., GMP synthetase, Bre5 for optimal 
activities of USP7, Ubp3, respectively [73,96]), transcriptional control (e.g., USP1 [97]) for 
activation, inhibition of DUBs under specific circumstances. In summary, what DUBs do in 
cells, how they are regulated are to be further investigated in the coming years. 
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ABSTRACT 
 

Ubiquitin-like (UBL) domain proteins (UDPs) constitute a family of proteins with a 
modular architecture, which is characterized by an integral UBL-domain. Although 
members of the UDP family display a variety of different functions, many of them are on 
some level connected with the ubiquitin-proteasome system, a central pathway, which 
accommodates intracellular protein degradation in eukaryotic cells. While some UDPs 
are involved in substrate recruitment for the 26S proteasome, also a ubiquitin-specific 
hydrolase, an ER-membrane resident protein, a co-chaperone, and a ubiquitin ligase 
belong to this family. Several of these proteins have been implicated in the development 
of neurodegenerative diseases. Of the initially studied UDPs, most bound the proteasome 
in a UBL-dependent manner. Therefore it appeared that proteasome binding was a 
general feature of this protein family. However, evidence is accumulating that a number 
of UDPs also bind to other components of the ubiquitin pathway, while some appear not 
to bind the proteasome at all. Hence UDPs appear functionally more diverse than one 
would expect from their structural appearance. Here we provide insight into the UDP 
family and attempt to summarize what is known about their physiological role, especially 
with respect to neurodegenerative diseases. We come to the conclusion that, despite their 
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striking structural similarity, UDPs display rather diverse binding features, and appear to 
be part of a sophisticated protein network within the ubiquitin system. 
 

Keywords: chaperone, neurodegenerative disease, protease, proteasome, ubiquitin, UBL. 
 
 

INTRODUCTION 
 
The modification of proteins with the conserved polypeptide, ubiquitin, has a crucial role 

in a wide range of cellular processes within the eukaryotic cell. It is a prerequisite for most 
proteasome-dependent protein degradation, and therefore essential for the disposal of 
damaged and misfolded polypeptides, but also for the control of cellular processes by specific 
and timed breakdown of regulatory proteins. Apart from its role in protein degradation, 
ubiquitylation is also involved in the regulation of many non-proteolytic cellular processes 
such as DNA repair, transcription and translation [1]. 

The attachment of ubiquitin to a substrate protein requires a series of catalyzed steps. 
First ubiquitin is activated and bound to a ubiquitin-activating enzyme (E1) in an ATP-
consuming process. Next the ubiquitin molecule is transferred to a ubiquitin-conjugating 
enzyme (E2), which associates with a ubiquitin-protein ligase (E3) and the substrate (see 
Chapter 3). This results in the formation of an isopeptide bond between the C-terminus of 
ubiquitin and the ε-amino-group of a lysine side chain within the substrate [2,3]. Several 
rounds of this conjugation process lead to substrate proteins, modified with a chain of 
ubiquitin molecules. In some cases also the activity of a ubiquitin-chain elongation factor 
(E4) is required for efficient generation of ubiquitin chains [4]. The process of ubiquitylation 
is highly dynamic and reversible and several deubiquitylating enzymes (DUBs) play 
important roles in trimming or cleaving the ubiquitin chains, prior to degradation (see 
Chapter 4). 

Different lysine residues in ubiquitin are utilized in chain formation and whereas the 
modification with polyubiquitin linked via Lys48 generally targets proteins for degradation 
by the 26S proteasome, Lys63-linked chains have been described to play a role in NFκB 
signaling and the formation of Lewy bodies in Parkinson’s disease [6-8]. 
Monoubiquitylation, on the other hand, plays a role in processes such as receptor 
internalization and transcriptional regulation [9]. 

Once a substrate protein has been modified with a Lys48-linked chain, it can be degraded 
by the 26S proteasome. The proteolytic component of this abundant intracellular protease is 
the 20S core complex, a cylindrical structure enclosing a central chamber harboring the 
catalytic sites [10]. Access to the lumen is provided by the 19S regulatory complex attached 
to one or both ends of the 20S core [11]. The 19S regulatory complex can dissociate into two 
subcomplexes called base and lid [12]. The base, which binds the 20S core, contains six 
ATPase subunits as well as two non-ATPase subunits, S1/Rpn2 and S2/Rpn1, and mediates 
binding and unfolding of the substrate [13,14]. The lid covers the base and is involved in 
deubiquitylation of substrate proteins prior to their degradation. The ubiquitin-binding 
S5a/Rpn10 subunit, which is most likely localized in the hinge area between the base and lid, 
is involved in the recognition of ubiquitylated substrate proteins [12,15]. 
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Figure 1. Domain architecture of selected human UDPs. Schematic representation of the domain 
architecture of selected human UDPs. The various domains are color-coded according to the key below. 
Details are described in the text. 

Ubiquitin has a highly stable and compact structure consisting of two α-helices and five 
β-sheets arranged in the order ββαββαβ, which form the ubiquitin superfold [16]. Recently a 
number of ubiquitin-like proteins have been identified, which despite displaying rather 
limited sequence homology, all contain the ubiquitin superfold (Figure 1). These proteins can 
be divided into two groups: ubiquitin-like modifiers (UBLs) and ubiquitin domain proteins 
(UDPs) [17]. The UBL group includes ubiquitin itself, NEDD8, SUMO, FAT10, ATG8 and 
others, which can be covalently attached to substrate proteins in a process similar to 
ubiquitylation. Despite their structural similarity, different UBLs are involved in diverse 
cellular functions [17]. However, we shall not discuss these proteins further here, but instead 
focus on the group of UDPs. 

The UDPs display a modular architecture (Figure 1) and therefore contain, apart from 
their UBL-domain, an individual set of specific structural features. The first UDPs, which 
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were characterized, were responsible for the recruitment of proteasome substrates, and bound 
the proteasome in a UBL-domain dependent manner [18]. Thus the interaction of integral 
UBL domains with the proteasome was considered to be a common property of all UDPs. 
However, it turned out that different UDPs associate with different sites within the 26S 
proteasome. Moreover, some UDPs appear not to bind the proteasome at all. Hence, despite 
their obvious structural similarities the UDPs display a remarkable diversity in terms of their 
binding properties. 

Here, we give an overview on UDPs and describe the binding features of their UBL-
domains with respect to their cellular function, focusing especially on the nervous system and 
neurodegenerative diseases. 

 
 

UBL/UBA DOMAIN PROTEINS LIKE RAD23 AND DSK2 

RECRUIT SUBSTRATES FOR THE PROTEASOME 
 
A subgroup of UDPs, known as the UBL/UBA domain proteins, contain apart from their 

UBL-domain, one or more ubiquitin-associated (UBA)-domains (Figure 1). Rad23 as well as 
Dsk2 and their homologues are among the most extensively studied proteins of this group. S. 
cerevisiae Rad23 was first identified as a factor involved in nucleotide excision repair (NER) 
of UV-damaged DNA [19]. Rad23 null mutants displayed sensitivity to UV-radiation and the 
human homologue HHR23B was shown to associate with other nucleotide excision repair 
proteins such as the Xeroderma pigmentosum group C protein (XPC) [20]. 

In 1998 Schauber and co-workers demonstrated that the UBL-domain of Rad23 interacts 
with the proteasome, which suggested an involvement of the proteasome system in DNA 
repair [21]. However, the molecular function of the UBA-domain remained enigmatic for 
some time, until it was reported that it preferentially binds polyubiquitin and that the fission 
yeast orthologues of Rad23 and Dsk2 recruit ubiquitylated substrates to the proteasome by 
binding substrate proteins via their UBA domains and the proteasome via their UBL-domain 
[18]. This model was in line with earlier data on the human Dsk2 homologues ubiquilin-1 
and ubiquilin-2 (also called hPLIC-1 and hPLIC-2) and was shortly afterwards confirmed by 
work in budding yeast [22,23]. Later independent groups have exploited cell free systems to 
investigate the function of UBL/UBA proteins as recruitment factors for proteasomal 
substrates [24,25]. Verma and co-workers isolated 26S proteasomes from rpn10-null and 
rad23-null yeast strains, which both displayed a deficiency with respect to the 
deubiquitylation and degradation of the proteasome substrate Sic1; effects which were 
rescued by the addition of recombinant Rpn10 or Rad23 [25]. Interestingly, only low 
concentrations of the recombinant proteins led to a rescue of the Sic1 phenotype, whereas the 
effect decreased at higher concentrations, indicating that an optimal balance between the 
proteasome and its substrate recruitment factors is essential. Although Rad23 and Dsk2 as 
well as the HHR23-proteins and the ubiquilins were shown to bind the proteasome, 
significant differences in terms of the proteasomal subunits recognized by the individual 
UBL-domains have been reported. The human ubiquitin-binding proteasome subunit S5a has 
two ubiquitin-interacting motifs (UIMs), called UIM1 and UIM2, with UIM2 positioned 
closer to the C-terminus. Hiyama and colleagues clearly demonstrated that the human Rad23 
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homologue HHR23A binds UIM2 [26]. However, in yeast Rad23 interacts with the 
proteasome base subunit Rpn1 and not with the S5a orthologue Rpn10 [27,28]. This 
observation was explained by the fact that UIM2 is not present in Rpn10. Remarkably, 
fission yeast Dph1, a Dsk2 orthologue can bind the UIM of the Rpn10 orthologue Pus1 (our 
unpublished observations). Whether HHR23A is also able to bind the human orthologue of 
Rpn1 has not yet been determined. However, it seems that the diversity between different 
UIMs and other UBL-domain binding structures is matched by variability among different 
UBL-domains. 

Interestingly, Dsk2 and Rad23 compete for Rpn1-binding and data from cross-linking 
experiments suggest that also Rpn2, the second non-ATPase subunit of the proteasome base 
complex, is involved in Rad23 and Dsk2 docking at the proteasome [27,28]. Although there 
is no controversy on the fact that the proteasome subunit Rpn1 interacts with Rad23, different 
binding sites within Rpn1 were identified in budding and fission yeast. While, in S. 
cerevisiae, a leucine-rich repeat-like (LRR-like) domain was found to be the minimum 
binding site for the Rad23 UBL-domain, in fission yeast a region closer to the N-terminus of 
the protein was identified to be critical for this interaction [28,29]. Overall, the data suggest 
that there are significant structural differences between the UBL-domains of Rad23 and 
HHR23A, which result in the recognition of different targets. Individual UBL/UBA proteins 
therefore possess UBL-domains that all seem to bind the proteasome, but appear to be 
different in terms of their target at the proteasome. 

A new aspect of UDP function was revealed by the discovery that, apart from the 
proteasome, also the E4 Ufd2 can associate with the Rad23 UBL-domain [30]. Moreover, 
Ufd2 was demonstrated to compete with the proteasome subunit Rpn1 for binding Rad23. 
Ufd2 is also known to bind to the Cdc48 ATPase complex. A recently published study 
suggests a model explaining the functional consequences of the interaction between Ufd2 and 
the Cdc48 complex [31]. One possibility is that the E4 activity of Ufd2 elongates the short 
ubiquitin chain on the substrate and the now polyubiquitylated substrate protein is then 
recruited to the proteasome via S5a/Rpn10. Another option would be that Rad23 or Dsk2 
associate with Ufd2 in a UBL-domain dependent manner, possibly inhibiting its E4 activity. 
This enables the UDP to bind the oligo-ubiquitylated substrate with its UBA-domain(s) and 
dissociate from the Ufd2-Cdc48-complex, enabling UBL-domain mediated docking on the 
proteasome and delivery of the ubiquitylated cargo [31]. 

Genetic data demonstrating that Rad23 and Dsk2 are essential for the degradation of 
proteins derived from the endoplasmic reticulum (ER), were the first evidence that these 
UDPs also have, like Cdc48, a role in ER-associated protein degradation (ERAD) [32]. 
Accordingly, an interaction between HHR23B and PNGase, which is responsible for 
deglycosylation of ERAD substrates, has been characterized [33,34]. Thus, in the course of 
ERAD, ER-derived protein substrates are probably extracted to the cytosol with the help of 
Cdc48, deglycosylated by PNGase and then transferred to the proteasome by the UDPs. 

In another study, HHR23A and HHR23B were shown to interact with ataxin-3, a protein 
responsible for the neurodegenerative Machado-Joseph disease [35]. As ataxin-3 contains 
UIMs, it was obvious to assume that it interacts with the HHR23B-UBL-domain in a UIM-
dependent manner. However, detailed study of the interaction demonstrated that the UBL-
domain of HHR23B interacts with the Ataxin-3 Josephin-domain, a papain-like cysteine 
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protease similar to other deubiquitylating enzymes [35,36]. Since ataxin-3 was shown to 
associate with the proteasome, p97 (the human homologue of Cdc48), and ubiquitin-chains, it 
is believed to participate in recruiting ubiquitylated substrates to the proteasome [37]. 
However, ataxin-3 was also shown to be a substrate of the E4 Ufd2 [38]. Considering that 
Ufd2 and Rad23 act in a common pathway, it is feasible that Ataxin-3 is a substrate of 
HHR23B [30,31]. Thus, further studies are required to understand the physiological 
background of the interaction between ataxin-3 and HHR23B. 

Ubiquilins are human homologues of yeast Dsk2. There are four ubiquilins, 1 through 4, 
which all contain, besides their N-terminal UBL-domains, C-terminal UBA-domains and 
Sti1-like repeats, that can interact with the molecular chaperone Hsp70 [39]. 

Ubiquilin-1 and ubiquilin-2, which were both shown to bind the proteasome, are also 
known as PLIC1 (protein linking IAP with the cytoskeleton) and PLIC2, as they were found 
to mediate the interaction between the plasma membrane receptor IAP and vimentin-
containing intermediate filaments [22,40,41]. Interestingly, both ubiquilins were linked to 
Alzheimer’s disease, as they were proposed to bind presenilins and localize to Lewy bodies 
and neurofibrillar tangles [42]. Presenilins are required for the generation of the C-terminus 
of amyloid β-protein (Aβ) and mutations in the presenilin-1 and the presenilin-2 genes lead 
to an increased ratio of Aβ42/Aβ40 generation from β-amyloid precursor protein (APP). 
These Aβ-peptides accumulate outside the cell resulting in amyloid plaques, one mayor 
lesion in Alzheimer’s disease [43]. The interaction with the presenilins was mapped to the C-
terminal UBA-domain of ubiquilin-1 [42]. However, in these studies, in which GST-ubiquilin 
fusions were used to precipitate in vitro translated presenilins, primarily a slow migrating 
smear was co-precipitated with the ubiquilin UBA-domain. Therefore it is likely that only 
ubiquitylated presenilins can interact with ubiquilin-1. The same might be true for the 
interaction shown between ubiquilin-1 and the γ-aminobutyric acid A (GABAA) receptors 
[44]. These receptors are the mayor sites of fast synaptic inhibition in the brain. For efficient 
inhibitory synaptic transmission, the number of GABAA-receptors at inhibitory synapses has 
to be tightly regulated. This is sustained by the internalization at clathrin-coated pits. 
Ubiquilin-1 has been described to bind GABAA-receptors and to facilitate their membrane 
insertion by increasing the stability of their intracellular pool [44]. However, based on the 
data shown it is feasible that the UDP interacts only with ubiquitylated GABAA receptors. As 
proteasomal degradation of the receptors could not be observed, ubiquilin-1 appears also to 
have a function in endocytic processes [44]. Accordingly, the interaction of ubiquilin-1 with 
Eps15, an essential component of the clathrin-mediated endocytic pathway, has been reported 
[45]. Eps15 contains two UIMs and ubiquilin-1 was shown to bind the N-terminal one. Apart 
from Eps15, other UIM-containing proteins linked to the endocytic pathway, were also 
shown to bind the UBL-domain of ubiquilin-1. However, although these proteins co-localized 
with ubiquilin-1, they were not localized in endocytic compartments. Instead ubiquilin-1 as 
well as Eps15 were found in cytoplasmic aggregates and aggresomes. Thus ubiquilin-1 was 
proposed to be involved in the sequestration of certain UIM-containing endocytic proteins to 
ubiquitin-rich aggregates [45]. This is consistent with the finding that ubiquilin-1 and 
ubiquilin-2 localize to ubiquitin-positive structures and are both present in aggresomes [46]. 
Perhaps ubiquilin-1 recruits aggregated, ubiquitylated proteins as well as UIM-containing 
endocytic proteins to aggresomes. Based on the fact that it can bind the proteasome as well as 
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Eps15 it is possible, that, in addition to its role as a substrate recruitment factor of the 
proteasome, ubiquilin-1 might also promote the proteasome independent disposal of 
aggregated ubiquitin conjugates. 
 

 

Figure 2 Primary structures of selected UBL domains. (A) Alignment of amino acid sequences from 
selected human UBL-domains. Identical amino acids are highlighted in black, similar amino acids in 
grey. (B) Phylogenetic tree of the UBL-domains. The scale bar is a measure for amino acid 
substitutions per site. 

Remarkably, HHR23B does, in contrast to ubiquilin-1, not bind to Eps15, although both 
of them interact with the proteasome (M.S., unpublished data). Moreover, the primary 
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structures of the UBL-domains from of ubiquilin-1 and HHR23B appear as similar to each 
other as to UDPs like HERP, which do not bind the proteasome (Figure 2). Therefore, it 
seems fair to speculate that the ubiquitin superfold might provide some sort of basic 
homologous interaction scaffold, which then has developed in different directions to bind 
various targets. Proteasome binding by different UBL-domains might therefore be rather 
based on analogous than homologues structures. 

Ubiquilin-4 is linked to the neurodegenerative disease, spinocerebellar ataxia type 1 
(SCA1) [47]. This inherited progressive disease primarily affects the brainstem, 
spinocerebellar tracts and cerebellar Purkinje cells. The disease is caused by the expansion of 
a polyglutamine stretch within the SCA1 protein, ataxin-1. Based on its interaction with 
ataxin-1, ubiquilin-4 is also called ‘ataxin-1-interacting ubiquitin-like protein’ or A1Up. 
Similar to other UBL/UBA proteins it binds the proteasome subunit S5a via its UBL-domain 
and polyubiquitin via its UBA-domain [47,48]. 

 
 

OTHER UBL/UBA PROTEINS 
 
Ddi1 is a UBL/UBA protein from S. cerevisiae, which like Dsk2 contains an N-terminal 

UBL-domain and a C-terminal UBA-domain. It also interacts with the proteasome as well as 
with ubiquitylated substrates and was shown to mediate the degradation of an artificial model 
substrate [23,30]. The transcription of Ddi1 is induced in response to DNA damage [49,50]. 
However, its function in the DNA damage response pathway was unknown until Kaplun et 
al. demonstrated that the endonuclease Ho is stabilized and accumulates in the cytoplasm of 
ddi1-deletion strains [51]. Ho is known to introduce site-specific DNA double-strand breaks 
and has been shown to be rapidly degraded by the 26S proteasome during DNA-damage 
response. Interestingly, Ho was not found to interact with other UBL/UBA proteins such as 
Rad23 or Dsk2, revealing a specificity of Ho for Ddi1. This raises the question whether the 
UBA-domain of Ddi1 binds a certain type of ubiquitin chains, which are only generated in 
the course of Ho ubiquitylation, or whether specificity is introduced by other means. 

Another UBL/UBA protein is KPC2, which was first identified in a complex with KPC1, 
an E3 ligase responsible for p27 ubiquitylation [52]. KPC2 binding to KPC1 results in the 
stabilization of the E3, which is dependent on the KPC2 Sti1-domain [53]. siRNA-mediated 
knock down of KPC2 results in a stabilization of p27, which is consistent with the 
observation that KPC2 binds ubiquitylated p27 and the proteasome via its C-terminal UBA-
domain and its UBL-domain, respectively. Interestingly, the KPC2 UBL-domain was 
essential for the interaction with KPC1. Moreover, KPC1 competes with the proteasome for 
binding to the UBL-domain of KPC2 [52,53]. It therefore seems likely that, in analogy to the 
E4 Ufd2 and Rad23, p27 is ubiquitylated by KPC1, which then binds KPC2 that can shuttle 
modified p27 to the proteasome. 

NUB1 (NEDD8 ultimate buster-1L) is an interferon-inducible UBL/UBA protein, which 
is predominantly localized to the nucleus. It was initially described as a down-regulator of the 
neddylation system, which recruits the NEDD8 monomer as well as neddylated proteins to 
the proteasome for degradation [54,55]. Later on it was revealed that NUB1 also interacts 
with the ubiquitin-like modifier FAT10 and promotes proteasome dependent degradation of 
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FAT10-modified proteins [56,57]. Moreover, when compared to its interaction with NEDD8, 
NUB1-binding of FAT10 was four-fold more efficient. As NUB-1 was also shown to interact 
with the proteasome subunit S5a, it seemed likely that its UBL-domain is crucial to recruit 
FAT10, its conjugates and perhaps NEDD8 to the proteasome [55]. However, detailed 
analyses of the interaction sites revealed that S5a binds to a C-terminal region of NUB1 and 
not to its UBL-domain [58]. 

 
 

PARKIN – AN E3 UBIQUITIN LIGASE  
LINKED TO JUVENILE PARKINSONISM 

 
In patients suffering from autosomal-recessive juvenile parkinsonism (AR-JP), an early 

onset and slow progression of the disease, as well as classical symptoms associated with 
sporadic Parkinsonism, are observed. The first gene found to be involved in AR-JP was the 
parkin gene [59] and subsequent studies suggested that mutations in this gene are the most 
common cause for recessive, early-onset parkinsonism [60,61]. Parkin contains a UBL-
domain and two E3-type RING-finger motifs separated by an in-between-RING (IBR) 
domain (Figure 1) indicating a function in the ubiquitin-proteasome system. In fact, parkin 
was shown to be a functional E3-ubiquitin protein ligase and pathological mutations in 
parkin impair the catalytic activity of the gene product [62-64]. Several targets of the parkin 
E3 activity have been identified. These include the synaptic vesicle associated GTPase CD-
Crel-1, Cyclin-E, the α-synuclein interacting protein synphilin, the parkin-associated 
endothelin receptor-like receptor-1 (PaelRl) and the glycosylated form of α-synuclein [63,65-
68]. By implication, loss of parkin function may result in the accumulation of its substrates, 
which then leads to the death of dopaminergic neurons. Support for this idea comes from 
experiments in which over-expression of the parkin substrate PaelRl leads to cell death in 
neuroblastoma cells. This effect can be rescued by parkin, but not by parkin mutants, which 
are deficient in their ubiquitylation activity [67]. Moreover, the glycosylated form of α-
synuclein was found to accumulate in the brain of parkin-deficient AR-JP patients [68]. 

Although the majority of missense mutations cluster to the C-terminus of parkin, 
harboring the RING-domain, a few mutations were also identified in the UBL-domain-
encoding region. NMR studies have revealed an interaction between the parkin UBL-domain 
and the proteasome subunit S5a/Rpn10. Furthermore, it was demonstrated that in the 
pathogenic parkin mutant R42P, this interaction is disrupted. However, in an in vitro pull-
down assay a physical interaction between the parkin UBL-domain and S5a/Rpn10 could not 
be verified although HHR23A, which was used as a positive control, clearly interacted with 
S5a/Rpn10 under the same experimental conditions [69]. This indicates that the interaction is 
very weak and therefore its physiological relevance may be questioned. These doubts are 
supported by data showing that parkin as well as other proteins, which are linked to 
Parkinson’s disease, promote substrate modification with ubiquitin chains linked via Lys63 
[70]. Therefore it appears likely that parkin has a molecular function, which is not linked to 
proteasome-dependent protein degradation. 

The parkin UBL-domain was also shown to regulate the stability of the parkin protein 
[71,72]. However, the results obtained from different studies are somewhat controversial. 
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Pathogenic mutations within the UBL-domain of parkin were shown to destabilize the parkin 
protein [72]. Over-expression demonstrated that the steady-state levels of a truncated parkin-
version, which did not contain the UBL-domain, were dramatically enhanced in comparison 
to full-length parkin. These data imply that the UBL-domain might harbor the lysine residue 
essential for parkin ubiquitylation. However, ubiquitylated forms of the truncated parkin 
version were also detectable and the ubiquitylation site of parkin was localized to a region C-
terminal of the UBL-domain. By deletion analysis of the parkin UBL-domain, the first six 
residues were found to be responsible for destabilizing parkin [71]. Thus the parkin UBL-
domain is not required for parkin ubiquitylation, but instead harbors a destabilization signal 
responsible for its rapid turnover. Interestingly, parkin contains an integral start-codon at 
position 80, just C-terminally of the UBL-domain and there is experimental evidence that this 
start-codon is indeed used [72]. Thus, human cells contain a truncated parkin version lacking 
the UBL-domain. The functional significance of this parkin version and its stability compared 
to the UBL-containing version is unclear so far. 

 
 

ELONGIN B IS A UDP PRESENT IN A 
MULTISUBUNIT E3 UBIQUITIN LIGASE 

 
Von Hippel-Lindau (VHL) disease is an autosomal dominant cancer syndrome, which 

manifests as angiomas of the retina, hemangioblastomas of the central nervous system, renal 
clear cell carcinomas and pheochromocytoma [73]. Patients with the VHL disease harbor a 
germ line mutation in one allele of the VHL gene. This tumor suppressor gene encodes the 
VHL protein, which is a component of the multisubunit E3 ubiquitin-protein ligase 
CBCVHL(Cullin-Elongin BC-VHL). Apart from the VHL protein, which is responsible for 
substrate binding, the E3 complex contains the structural component cullin-2, the catalytic 
subunit RBX1(ROC1) and elongin B and C, which link the VHL protein and the cullin [74]. 

The CBCVHL complex mediates ubiquitylation of hypoxia-inducible transcription factor α 
(HIFα and a number of other substrates, in order to target them for proteasome dependent 
degradation [75,76]. Under constitutive conditions, HIFα is ubiquitylated by the CBCVHL 
complex, leading to low levels of HIFα and moderate expression of HIFα target genes. In 
patients suffering from the VHL disease the VHL gene is mutated, resulting in a protein that 
is incapable of binding and thus ubiquitylating the HIFα protein. Therefore HIFα 
accumulates, as it cannot be degraded by the proteasome. This leads to increased levels of 
HIFα target genes, which are mostly angiogenic factors, such as the vascular endothelial 
growth factor. Accordingly, these angiogenic factors cause extensive proliferation of 
capillaries, which is crucial for tumor development in VHL disease [74].  

The adapter proteins elongin B and elongin C were first described as subunits of the 
transcription elongation regulatory factor SIII (or elongin ABC) [77]. Apart from CBCVHL 
elongin B and elongin C were also found in other CBCs, where they either link other VHL-
box proteins and cullin-2 or SOCS-box proteins and cullin-5 [78]. Whether elongin B has 
further functions besides its role as adapter component of CBCs is not yet known. 
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BAG-1 COORDINATES CHAPERONES  
WITH THE DEGRADATION PATHWAY 

 
The co-chaperone BAG-1 (Bcl2-associated athanogene) was first identified as a binding 

partner of the anti-cell death protein Bcl-2, which is involved in the regulation of apoptosis 
[79]. It has been linked to a wide variety of cellular functions ranging from transcriptional 
regulation to control of cell migration [80]. As a result of alternative translation initiation, 
there are multiple isoforms of mammalian BAG-1 called BAG-1L, BAG-1M, BAG-1 and 
BAG-1S. Due to their different N-termini, these isoforms are characterized by the presence or 
absence of certain structural and functional elements such as nuclear localization signals or 
DNA binding motifs [81]. However, the more C-terminal parts of the protein, which contain 
the UBL-domain and the BAG-domain, is identical in all isoforms. The BAG-domain was 
shown to interact with the ATPase domain of the molecular chaperones Hsc70 and Hsp70. 
Binding of BAG-1 leads to conformational changes in Hsc70/Hsp70, which induce 
nucleotide exchange as well as substrate release from the peptide binding pocket of the 
chaperone. Thus BAG-1 acts as nucleotide exchange factor and modulator, which negatively 
regulates the refolding events of Hsc70/Hsp70 [82-85].  

As the BAG-1 UBL-domain also binds the proteasome, it is likely that its function is to 
trigger the release of unfolded proteins from Hsc70/Hsp70, subjecting them to proteasome-
dependent degradation [86]. This idea is supported by the finding that BAG-1 and 
Hsp70/Hsc70 form a ternary complex with the U-box ubiquitin-protein ligase CHIP. 

CHIP in a complex with parkin and Hsp70 was shown to support the degradation of 
unfolded Pael receptor [87]. In addition, it mediates ubiquitylation of the glucocorticoid 
hormone receptor and the microtubule-binding protein tau, which forms intracellular protein 
aggregates in the brain of Alzheimer patients [88,89]. Although BAG-1 promotes CHIP-
dependent degradation of the glucocorticoid hormone receptor, it has not yet been shown 
whether it is also involved in the degradation of CHIP substrates such as tau or Pael receptor, 
which play a role in neurodegenerative diseases [90]. Remarkably, BAG-1 itself is 
ubiquitylated by CHIP, which instead of leading to its degradation rather stimulates its 
association with the proteasome [91]. 

BAG-1 has six relatives in humans, all of which contain BAG-domains. However, only 
BAG-6, better known as scythe or Bat3, also contains a UBL-domain [80]. The Xenopus 
homologue of BAG-6 called scythe was originally identified as an interaction partner of the 
potent apoptotic inducer called reaper in Drosophila [92]. Scythe does, like BAG-1, interact 
with the ATPase domain of Hsp70 and inhibits Hsp70 mediated protein refolding. Binding of 
reaper leads to the dissociation of BAG-6 from Hsp70, and the liberation of a yet unidentified 
pro-apoptotic molecule, which in turn triggers cytochrome c release from mitochondria, 
resulting in the induction of apoptosis [93,94]. It seems therefore fair to speculate that in the 
absence of reaper, scythe promotes the proteasome-dependent degradation of the anti-
apoptotic factor. However, whether the UBL-domain of scythe is indeed capable of binding 
the proteasome has not yet been studied. 
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NEUROLOGICAL SYMPTOMS IN ATAXIA MICE ARE CAUSED BY 

RECESSIVE MUTATIONS IN THE GENE ENCODING USP14 
 
Ubiquitin-protein conjugates are highly dynamic structures. In addition to many different 

sets of ubiquitylating enzymes, cells also possess a number of deubiquitylating enzymes 
(DUBs), which hydrolyze ubiquitin chains. These deubiquitylating activities are crucial for 
the cell, as the degradation of ubiquitylated proteins by the proteasome requires the removal 
of the ubiquitin signal, before the substrate protein is unfolded and enters the proteolytic core 
of the enzyme complex. Moreover, this recycling process is required to maintain the cellular 
level of free ubiquitin [95]. Apart from the proteasome subunits Uch37 and Rpn11, which 
also display deubiquitylating activity, there are several DUBs that can associate with the 
proteasome [96-100]. USP14 and its yeast homologue Ubp6 are DUBs, which use their N-
terminal UBL-domain (Figure 1) to interact with the proteasome. Ubp6 was shown to bind 
specifically to the base subunit Rpn1 and proteasome binding increases its deubiquitylating 
activity [98,100,101]. 

Interestingly, a mutation in the USP14 gene was linked to neurological symptoms 
observed in ataxia mice [102]. These animals develop severe tremors within two to three 
weeks followed by hindlimb paralysis and die at six to ten weeks. In contrast to many other 
neurodegenerative disorders like Parkinson’s disease, Alzheimer’s disease or SCA neither 
ubiquitin-positive aggregates nor cell death or loss of nervous tissue are detectable in the 
central nervous system of ataxia mice. Due to an insertion in intron 5 of USP14, the 
expression of USP14 in these mice is reduced [102]. This reduction of USP14 leads to low 
ubiquitin levels in ataxia mice, which is consistent with the finding that loss of the Ubp6 in 
yeast also results in reduced ubiquitin levels [103,103]. Addition of proteasome inhibitors 
leads to a partial recovery of the cellular ubiquitin supply, suggesting that in the absence of 
Ubp6 ubiquitin might be degraded by the proteasome. These results accentuate the 
requirement of deubiquitylating enzymes in ubiquitin recycling to prevent proteasomal 
degradation of the modifier and to maintain the pool of free ubiquitin in the cell. However, as 
Usp14 was shown to be specific for monoubiquitylated proteins in vitro, it might also have a 
role in processes important for synaptic transmission such as protein trafficking [104]. 
Indeed, synaptic transmission in both the central and the peripheral nervous system is 
deficient in ataxia mice. Furthermore the finding that USP14 is present in the 
synaptoneurosome fraction, which is enriched in synaptic vesicles, is consistent with this role 
[102]. 

 
 

THE UDP HERP IS AN ESSENTIAL COMPONENT OF A HIGH 

MOLECULAR MASS ERAD COMPLEX 
 
The accumulation of misfolded proteins in the ER leads to the induction of the unfolded 

protein response pathway (UPR), which helps the cell to cope with this situation. The 
membrane-resident UDP HERP (Homocysteine-responsive endoplasmic reticulum-resident 
ubiquitin-like domain member 1 protein) is strongly up-regulated by this pathway and was 
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shown to protect cells from ER stress-induced apoptosis in a UBL-domain dependent 
manner. Upon prolonged exposure to ER stress, HERP is cleaved by a Caspase3/7 activity. 
[105-107]. Interestingly and similar to ubiquilin, HERP was also shown to interact with 
presenilins and over-expression of HERP led to an enhancement of amyloid beta-protein 
generation. This interaction though, was independent of the HERP UBL-domain [106,108].  

The function of HERP in the UPR pathway was poorly understood until it was recently 
shown to be essential for the efficient degradation of ERAD substrates [107,109]. Moreover, 
it was revealed that HERP is part of a high molecular weight complex, which also contains 
other components of the ERAD pathway, such as the membrane resident ubiquitin ligase 
HRD1 and the ATPase p97/Cdc48 [109]. Therefore HERP protects the cell from ER-stress by 
promoting the disposal of misfolded protein via ERAD. However, although the HERP UBL 
domain was required for the efficient degradation of substrate proteins, it appears not to 
mediate the observed interaction with the ERAD complex nor does it bind the proteasome 
[109]. Thus the UBL-domain of HERP might recruit other factors to the ERAD complex, 
which are also required for the degradation of misfolded substrates. To better understand the 
molecular function of HERP it will be essential to identify the target of its UBL-domain. 

 
 

OTHER UDPS 
 
Although some of the UDPs described above do not directly interact with the proteasome 

they all have a role in the ubiquitin system. However, there are a number of UDPs, which do 
not display features connecting them to the ubiquitin pathway. 

One of them is HOPS (hematode odd protein shuttling), a UDP, which has recently been 
described to be involved in liver regeneration after partial hepatectomy [110]. HOPS was 
shown to be exported from the nucleus to the cytoplasm during liver regeneration and to 
interfere with protein synthesis by binding to EF-1A. It contains a UBL-domain which, in 
contrast to those in most other UDPs, is localized in the center of the protein sequence. Its 
targets have not been elucidated yet. 

ICBP90 (inverted CCAAT binding protein of 90 kDa) is a nuclear phosphoprotein, 
containing an N-terminal UBL-domain, a leucine zipper, a RING variant domain, a SRA-
domain and a RING domain. The protein was first described to bind to the topoisomerase II 
promotor [111]. ICBP90 is highly expressed in proliferating tissue and accordingly, cancer 
cell lines display increased expression levels of the protein [111,112]. In addition, ICBP90 
was shown to interact with methylated CpGs through its SRA domain. As it targets 
methylated promotors of various tumor suppressors, it is discussed to play a crucial role in 
carcinogenesis [113]. ICBP90 has also been linked to the ubiquitin-proteasome pathway, 
since its murine homologue is able to ubiquitylate histone H3 in a RING domain-dependent 
manner [114]. The ubiquitylation of histones does usually not lead to their degradation, but 
rather results in transcriptional activation of associated genes. Whether the UBL-domain of 
ICBP90 is involved in transcriptional activation by recruiting factors, which are necessary for 
this process, remains to be seen. 

The splicosome-associated protein SF3a1 also known as SAP114 is a component of the 
SF3a splicing factor, which is part of the splicosome, a macromolecular complex responsible 
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for removing introns from nuclear pre-mRNA. The UBL-domain of SF3a1 is located to the 
C-terminus of the protein. Its role in the splicing process is not understood yet. Upstream of 
the UBL-domain SAP114 contains two SWAP-domains (Figure 1), responsible for the 
interaction with another component of the SF3a splicing factor [115].  

The murine UDP midnolin (midbrain nucleolar protein) is exclusively found in the 
nucleus and nucleolus. Its expression was shown to be regulated during development, as in 
mouse embryos a strong expression in the midbrain was observed at day 12.5. Thus the 
protein might be involved in the regulation of genes responsible for neurogenesis [116]. 

IKKβ is part of the IκB kinase complex which regulates the activity of NFκB. It contains 
a centrally positioned degenerate UBL-domain also designed as UBL-like domain. This 
protein domain was shown to be essential for the catalytic activity IKKβ, as a mutant version 
in which a leucine within the UBL-like domain was replaced by an alanine was incapable of 
dissociating the NFκ-B p65 subunit from the IκB-kinase complex [117]. Thus the UBL-like 
domain of IKKβ plays a role in the detachment of p65 from IKKβ. 

OASL (OAS-like) is a member of the 2´-5´-oligoadenylate synthetases (OAS). This 
protein family is responsible for the elimination of double stranded RNA after viral infection. 
In response to interferons, the OAS proteins are synthesized as latent enzymes, which are 
activated by the interaction with double-stranded RNA. Active OAS proteins synthesize 2´-
5´-oligoadenylates, which in turn activate RNaseL, leading to the degradation of RNA and 
therefore to the inhibition of viral protein synthesis [118]. The N-terminus of OASL contains 
an OAS core domain (also designated as PAP domain), that is highly homologous to other 
OAS family members and was shown to be responsible for poly-A-polymerase-activity. 
However, in contrast to other OAS proteins, OASL has no oligoadenylate synthetase activity 
[119,120]. As OASL is the only family member that contains two UBL-domains at the C-
terminus, it may have distinct biological functions. In fact, OASL was shown to interact with 
the methyl CpG-binding protein 1 (MBD1) [121]. Similar to OASL, MBD1 is induced by 
interferon and there is evidence that genetically modified mice, which lack a functional 
MBD1 gene, exhibit increased expression of endogenous provirus [122]. Hence, MBD1 and 
OASL are co-induced by interferon and might cooperate in inhibiting viral transcription. 
Interestingly, the interaction of OASL with MBD1 was dependent on its UBL domains, 
which is further evidence, that the UBL-domain can interact with a wide variety of proteins 
not necessarily linked to the ubiquitin-proteasome pathway [121]. Apart from the mentioned 
proteins an increasing number of UDPs, whose functions are mainly unclear, are emerging 
[123] indicating that members of this protein family are linked to an even broader spectrum 
of cellular functions. 

 
 

CONCLUSIONS 
 
As evident from our literature review of the various UDPs, these proteins display a 

remarkable variety of functions encompassing many facets of cell biology. However, clearly 
most UDPs are somehow connected with the ubiquitin system either directly by virtue of a 
UBL-proteasome interaction or more indirectly. 
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Though, at least the ubiquilins, USP14 and parkin appear to be directly involved in the 
pathology of certain neurodegenerative diseases. This is in no way a general trait of the 
UDPs, but goes to show the importance of the ubiquitin-system in maintaining an appropriate 
protein milieu in neuronal cells. 

Interestingly, many generally less characterized UDPs are apparently not connected with 
the ubiquitin-system at all. Hence, UDPs appear functionally more diverse than one would 
expect from a cursory inspection of their primary structure. Surely, future studies will reveal 
even more exciting functional aspects of the UDPs. 

 
 

ACKNOWLEDGEMENTS 
 
The authors apologize to those whose work was not cited due to space constraints. M.S. 

is supported by a grant from the Deutsche Forschungsgemeinschaft (SE 938/3-1) and R.H.-P. 
by grants from the Danish Natural Science Research Council and the Lundbeck Foundation. 

 
 

REFERENCES 
 

[1] Glickman MH, Ciechanover A: The ubiquitin-proteasome proteolytic pathway: 
destruction for the sake of construction. Physiol Rev 2002, 82:373-428. 

[2] Pickart CM: Mechanisms underlying ubiquitination. Annu Rev Biochem 2001, 70:503-
533. 

[3] Weissman AM: Themes and variations on ubiquitylation. Nat Rev Mol Cell Biol 2001, 
2:169-178. 

[4] Koegl M, Hoppe T, Schlenker S, Ulrich HD, Mayer TU, Jentsch S: A novel 
ubiquitination factor, E4, is involved in multiubiquitin chain assembly. Cell 1999, 
96:635-644. 

[5] Wilkinson KD: Ubiquitination and deubiquitination: targeting of proteins for 
degradation by the proteasome. Semin Cell Dev Biol 2000, 11:141-148. 

[6] Thrower JS, Hoffman L, Rechsteiner M, Pickart CM: Recognition of the polyubiquitin 
proteolytic signal. EMBO J 2000, 19:94-102. 

[7] Deng L, Wang C, Spencer E, Yang L, Braun A, You J, Slaughter C, Pickart C, Chen 
ZJ: Activation of the IkappaB kinase complex by TRAF6 requires a dimeric ubiquitin-
conjugating enzyme complex and a unique polyubiquitin chain. Cell 2000, 103:351-
361. 

[8] Lim KL, Chew KC, Tan JM, Wang C, Chung KK, Zhang Y, Tanaka Y, Smith W, 
Engelender S, Ross CA, Dawson VL, Dawson TM: Parkin mediates nonclassical, 
proteasomal-independent ubiquitination of synphilin-1: implications for Lewy body 
formation. J Neurosci 2005, 25:2002-2009. 

[9] Hicke L: Protein regulation by monoubiquitin. Nat Rev Mol Cell Biol 2001, 2:195-201. 
[10] Groll M, Ditzel L, Lowe J, Stock D, Bochtler M, Bartunik HD, Huber R: Structure of 

20S proteasome from yeast at 2.4 A resolution. Nature 1997, 386:463-471. 



Andrea Schulze, Michael Seeger and Rasmus Hartmann-Petersen 108 

[11] Groll M, Bajorek M, Kohler A, Moroder L, Rubin DM, Huber R, Glickman MH, 
Finley D: A gated channel into the proteasome core particle. Nat Struct Biol 2000, 
7:1062-1067. 

[12] Glickman MH, Rubin DM, Coux O, Wefes I, Pfeifer G, Cjeka Z, Baumeister W, Fried 
VA, Finley D: A subcomplex of the proteasome regulatory particle required for 
ubiquitin-conjugate degradation and related to the COP9-signalosome and eIF3. Cell 
1998, 94:615-623. 

[13] Braun BC, Glickman M, Kraft R, Dahlmann B, Kloetzel PM, Finley D, Schmidt M: 
The base of the proteasome regulatory particle exhibits chaperone-like activity. Nat 
Cell Biol 1999, 1:221-226. 

[14] Lam YA, Lawson TG, Velayutham M, Zweier JL, Pickart CM: A proteasomal ATPase 
subunit recognizes the polyubiquitin degradation signal. Nature 2002, 416:763-767. 

[15] Deveraux Q, Ustrell V, Pickart C, Rechsteiner M: A 26 S protease subunit that binds 
ubiquitin conjugates. J Biol Chem 1994, 269:7059-7061. 

[16] Vijay-Kumar S, Bugg CE, Cook WJ: Structure of ubiquitin refined at 1.8 A resolution. 
J Mol Biol 1987, 194:531-544. 

[17] Jentsch S, Pyrowolakis G: Ubiquitin and its kin: how close are the family ties? Trends 
Cell Biol 2000, 10:335-342. 

[18] Wilkinson CR, Seeger M, Hartmann-Petersen R, Stone M, Wallace M, Semple C, 
Gordon C: Proteins containing the UBA domain are able to bind to multi-ubiquitin 
chains. Nat Cell Biol 2001, 3:939-943. 

[19] Miller RD, Prakash L, Prakash S: Defective excision of pyrimidine dimers and 
interstrand DNA crosslinks in rad7 and rad23 mutants of Saccharomyces cerevisiae. 
Mol Gen Genet 1982, 188:235-239. 

[20] Masutani C, Sugasawa K, Yanagisawa J, Sonoyama T, Ui M, Enomoto T, Takio K, 
Tanaka K, van der Spek PJ, Bootsma D, Hoeijmakers JH, Hanaoka F: Purification and 
cloning of a nucleotide excision repair complex involving the xeroderma pigmentosum 
group C protein and a human homologue of yeast RAD23. EMBO J 1994, 13:1831-
1843. 

[21] Schauber C, Chen L, Tongaonkar P, Vega I, Lambertson D, Potts W, Madura K: Rad23 
links DNA repair to the ubiquitin/proteasome pathway. Nature 1998, 391:715-718. 

[22] Kleijnen MF, Shih AH, Zhou P, Kumar S, Soccio RE, Kedersha NL, Gill G, Howley 
PM: The hPLIC proteins may provide a link between the ubiquitination machinery and 
the proteasome. Mol Cell 2000, 6:409-419. 

[23] Saeki Y, Saitoh A, Toh-e A, Yokosawa H: Ubiquitin-like proteins and Rpn10 play 
cooperative roles in ubiquitin-dependent proteolysis. Biochem Biophys Res Commun 
2002, 293:986-992. 

[24] Raasi S, Pickart CM: Rad23 ubiquitin-associated domains (UBA) inhibit 26 S 
proteasome-catalyzed proteolysis by sequestering lysine 48-linked polyubiquitin 
chains. J Biol Chem 2003, 278:8951-8959. 

[25] Verma R, Oania R, Graumann J, Deshaies RJ: Multiubiquitin chain receptors define a 
layer of substrate selectivity in the ubiquitin-proteasome system. Cell 2004, 118:99-
110. 



Ubiquitin Domain Proteins 109

[26] Hiyama H, Yokoi M, Masutani C, Sugasawa K, Maekawa T, Tanaka K, Hoeijmakers 
JH, Hanaoka F: Interaction of hHR23 with S5a. The ubiquitin-like domain of hHR23 
mediates interaction with S5a subunit of 26 S proteasome. J Biol Chem 1999, 
274:28019-28025. 

[27] Saeki Y, Sone T, Toh-e A, Yokosawa H: Identification of ubiquitin-like protein-
binding subunits of the 26S proteasome. Biochem Biophys Res Commun 2002, 
296:813-819. 

[28] Elsasser S, Gali RR, Schwickart M, Larsen CN, Leggett DS, Muller B, Feng MT, 
Tubing F, Dittmar GA, Finley D: Proteasome subunit Rpn1 binds ubiquitin-like protein 
domains. Nat Cell Biol 2002, 4:725-730. 

[29] Seeger M, Hartmann-Petersen R, Wilkinson CR, Wallace M, Samejima I, Taylor MS, 
Gordon C: Interaction of the anaphase-promoting complex/cyclosome and proteasome 
protein complexes with multiubiquitin chain-binding proteins. J Biol Chem 2003, 
278:16791-16796. 

[30] Kim I, Mi K, Rao H: Multiple interactions of Rad23 suggest a mechanism for 
ubiquitylated substrate delivery important in proteolysis. Mol Biol Cell 2004, 15:3357-
3365. 

[31] Richly H, Rape M, Braun S, Rumpf S, Hoege C, Jentsch S: A series of ubiquitin 
binding factors connects CDC48/p97 to substrate multiubiquitylation and proteasomal 
targeting. Cell 2005, 120:73-84. 

[32] Medicherla B, Kostova Z, Schaefer A, Wolf DH: A genomic screen identifies Dsk2p 
and Rad23p as essential components of ER-associated degradation. EMBO Rep 2004, 
5:692-697. 

[33] Biswas S, Katiyar S, Li G, Zhou X, Lennarz WJ, Schindelin H: The N-terminus of 
yeast peptide: N-glycanase interacts with the DNA repair protein Rad23. Biochem 
Biophys Res Commun 2004, 323:149-155. 

[34] Katiyar S, Li G, Lennarz WJ: A complex between peptide:N-glycanase and two 
proteasome-linked proteins suggests a mechanism for the degradation of misfolded 
glycoproteins. Proc Natl Acad Sci U S A 2004, 101:13774-13779. 

[35] Wang G, Sawai N, Kotliarova S, Kanazawa I, Nukina N: Ataxin-3, the MJD1 gene 
product, interacts with the two human homologs of yeast DNA repair protein RAD23, 
HHR23A and HHR23B. Hum Mol Genet 2000, 9:1795-1803. 

[36] Nicastro G, Menon RP, Masino L, Knowles PP, McDonald NQ, Pastore A: The 
solution structure of the Josephin domain of ataxin-3: structural determinants for 
molecular recognition. Proc Natl Acad Sci U S A 2005, 102:10493-10498. 

[37] Doss-Pepe EW, Stenroos ES, Johnson WG, Madura K: Ataxin-3 interactions with 
rad23 and valosin-containing protein and its associations with ubiquitin chains and the 
proteasome are consistent with a role in ubiquitin-mediated proteolysis. Mol Cell Biol 
2003, 23:6469-6483. 

[38] Matsumoto M, Yada M, Hatakeyama S, Ishimoto H, Tanimura T, Tsuji S, Kakizuka A, 
Kitagawa M, Nakayama KI: Molecular clearance of ataxin-3 is regulated by a 
mammalian E4. EMBO J 2004, 23:659-669. 



Andrea Schulze, Michael Seeger and Rasmus Hartmann-Petersen 110 

[39] Kaye FJ, Modi S, Ivanovska I, Koonin EV, Thress K, Kubo A, Kornbluth S, Rose MD: 
A family of ubiquitin-like proteins binds the ATPase domain of Hsp70-like Stch. FEBS 
Lett 2000, 467:348-355. 

[40] Ko HS, Uehara T, Tsuruma K, Nomura Y: Ubiquilin interacts with ubiquitylated 
proteins and proteasome through its ubiquitin-associated and ubiquitin-like domains. 
FEBS Lett 2004, 566:110-114. 

[41] Wu AL, Wang J, Zheleznyak A, Brown EJ: Ubiquitin-related proteins regulate 
interaction of vimentin intermediate filaments with the plasma membrane. Mol Cell 
1999, 4:619-625. 

[42] Mah AL, Perry G, Smith MA, Monteiro MJ: Identification of ubiquilin, a novel 
presenilin interactor that increases presenilin protein accumulation. J Cell Biol 2000, 
151:847-862. 

[43] Selkoe DJ: Cell biology of protein misfolding: the examples of Alzheimer's and 
Parkinson's diseases. Nat Cell Biol 2004, 6:1054-1061. 

[44] Bedford FK, Kittler JT, Muller E, Thomas P, Uren JM, Merlo D, Wisden W, Triller A, 
Smart TG, Moss SJ: GABA(A) receptor cell surface number and subunit stability are 
regulated by the ubiquitin-like protein Plic-1. Nat Neurosci 2001, 4:908-916. 

[45] Regan-Klapisz E, Sorokina I, Voortman J, de Keizer P, Roovers RC, Verheesen P, 
Urbe S, Fallon L, Fon EA, Verkleij A, Benmerah A, van Bergen en Henegouwen PM: 
Ubiquilin recruits Eps15 into ubiquitin-rich cytoplasmic aggregates via a UIM-UBL 
interaction. J Cell Sci 2005, 118:4437-4450. 

[46] Massey LK, Mah AL, Ford DL, Miller J, Liang J, Doong H, Monteiro MJ: 
Overexpression of ubiquilin decreases ubiquitination and degradation of presenilin 
proteins. J Alzheimers Dis 2004, 6:79-92. 

[47] Davidson JD, Riley B, Burright EN, Duvick LA, Zoghbi HY, Orr HT: Identification 
and characterization of an ataxin-1-interacting protein: A1Up, a ubiquitin-like nuclear 
protein. Hum Mol Genet 2000, 9:2305-2312. 

[48] Riley BE, Xu Y, Zoghbi HY, Orr HT: The effects of the polyglutamine repeat protein 
ataxin-1 on the UbL-UBA protein A1Up. J Biol Chem 2004, 279:42290-42301. 

[49] Zhu Y, Xiao W: Two alternative cell cycle checkpoint pathways differentially control 
DNA damage-dependent induction of MAG1 and DDI1 expression in yeast. Mol Genet 
Genomics 2001, 266:436-444. 

[50] Jelinsky SA, Samson LD: Global response of Saccharomyces cerevisiae to an 
alkylating agent. Proc Natl Acad Sci U S A 1999, 96:1486-1491. 

[51] Kaplun L, Ivantsiv Y, Kornitzer D, Raveh D: Functions of the DNA damage response 
pathway target Ho endonuclease of yeast for degradation via the ubiquitin-26S 
proteasome system. Proc Natl Acad Sci U S A 2000, 97:10077-10082. 

[52] Kamura T, Hara T, Matsumoto M, Ishida N, Okumura F, Hatakeyama S, Yoshida M, 
Nakayama K, Nakayama KI: Cytoplasmic ubiquitin ligase KPC regulates proteolysis of 
p27(Kip1) at G1 phase. Nat Cell Biol 2004, 6:1229-1235. 

[53] Hara T, Kamura T, Kotoshiba S, Takahashi H, Fujiwara K, Onoyama I, Shirakawa M, 
Mizushima N, Nakayama KI: Role of the UBL-UBA protein KPC2 in degradation of 
p27 at G1 phase of the cell cycle. Mol Cell Biol 2005, 25:9292-9303. 



Ubiquitin Domain Proteins 111

[54] Kito K, Yeh ET, Kamitani T: NUB1, a NEDD8-interacting protein, is induced by 
interferon and down-regulates the NEDD8 expression. J Biol Chem 2001, 276:20603-
20609. 

[55] Kamitani T, Kito K, Fukuda-Kamitani T, Yeh ET: Targeting of NEDD8 and its 
conjugates for proteasomal degradation by NUB1. J Biol Chem 2001, 276:46655-
46660. 

[56] Hipp MS, Raasi S, Groettrup M, Schmidtke G: NEDD8 ultimate buster-1L interacts 
with the ubiquitin-like protein FAT10 and accelerates its degradation. J Biol Chem 
2004, 279:16503-16510. 

[57] Hipp MS, Kalveram B, Raasi S, Groettrup M, Schmidtke G: FAT10, a ubiquitin-
independent signal for proteasomal degradation. Mol Cell Biol 2005, 25:3483-3491. 

[58] Tanji K, Tanaka T, Kamitani T: Interaction of NUB1 with the proteasome subunit S5a. 
Biochem Biophys Res Commun 2005, 337:116-120. 

[59] Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima S, Yokochi 
M, Mizuno Y, Shimizu N: Mutations in the parkin gene cause autosomal recessive 
juvenile parkinsonism. Nature 1998, 392:605-608. 

[60] Farrer M, Chan P, Chen R, Tan L, Lincoln S, Hernandez D, Forno L, Gwinn-Hardy K, 
Petrucelli L, Hussey J, Singleton A, Tanner C, Hardy J, Langston JW: Lewy bodies and 
parkinsonism in families with parkin mutations. Ann Neurol 2001, 50:293-300. 

[61] West AB, Maidment NT: Genetics of parkin-linked disease. Hum Genet 2004, 
114:327-336. 

[62] Shimura H, Hattori N, Kubo S, Mizuno Y, Asakawa S, Minoshima S, Shimizu N, Iwai 
K, Chiba T, Tanaka K, Suzuki T: Familial Parkinson disease gene product, parkin, is a 
ubiquitin-protein ligase. Nat Genet 2000, 25:302-305. 

[63] Zhang Y, Gao J, Chung KK, Huang H, Dawson VL, Dawson TM: Parkin functions as 
an E2-dependent ubiquitin- protein ligase and promotes the degradation of the synaptic 
vesicle-associated protein, CDCrel-1. Proc Natl Acad Sci U S A 2000, 97:13354-13359. 

[64] Imai Y, Soda M, Takahashi R: Parkin suppresses unfolded protein stress-induced cell 
death through its E3 ubiquitin-protein ligase activity. J Biol Chem 2000, 275:35661-
35664. 

[65] Staropoli JF, McDermott C, Martinat C, Schulman B, Demireva E, Abeliovich A: 
Parkin is a component of an SCF-like ubiquitin ligase complex and protects postmitotic 
neurons from kainate excitotoxicity. Neuron 2003, 37:735-749. 

[66] Chung KK, Zhang Y, Lim KL, Tanaka Y, Huang H, Gao J, Ross CA, Dawson VL, 
Dawson TM: Parkin ubiquitinates the alpha-synuclein-interacting protein, synphilin-1: 
implications for Lewy-body formation in Parkinson disease. Nat Med 2001, 7:1144-
1150. 

[67] Imai Y, Soda M, Inoue H, Hattori N, Mizuno Y, Takahashi R: An unfolded putative 
transmembrane polypeptide, which can lead to endoplasmic reticulum stress, is a 
substrate of Parkin. Cell 2001, 105:891-902. 

[68] Shimura H, Schlossmacher MG, Hattori N, Frosch MP, Trockenbacher A, Schneider R, 
Mizuno Y, Kosik KS, Selkoe DJ: Ubiquitination of a new form of alpha-synuclein by 
parkin from human brain: implications for Parkinson's disease. Science 2001, 293:263-
269. 



Andrea Schulze, Michael Seeger and Rasmus Hartmann-Petersen 112 

[69] Sakata E, Yamaguchi Y, Kurimoto E, Kikuchi J, Yokoyama S, Yamada S, Kawahara 
H, Yokosawa H, Hattori N, Mizuno Y, Tanaka K, Kato K: Parkin binds the Rpn10 
subunit of 26S proteasomes through its ubiquitin-like domain. EMBO Rep 2003, 4:301-
306. 

[70] Lim KL, Dawson VL, Dawson TM: Parkin-mediated lysine 63-linked 
polyubiquitination: A link to protein inclusions formation in Parkinson's and other 
conformational diseases? Neurobiol Aging 2006, 27:524-529. 

[71] Finney N, Walther F, Mantel PY, Stauffer D, Rovelli G, Dev KK: The cellular protein 
level of parkin is regulated by its ubiquitin-like domain. J Biol Chem 2003, 278:16054-
16058. 

[72] Henn IH, Gostner JM, Lackner P, Tatzelt J, Winklhofer KF: Pathogenic mutations 
inactivate parkin by distinct mechanisms. J Neurochem 2005, 92:114-122. 

[73] Lonser RR, Glenn GM, Walther M, Chew EY, Libutti SK, Linehan WM, Oldfield EH: 
von Hippel-Lindau disease. Lancet 2003, 361:2059-2067. 

[74] Kaelin WG, Jr.: Molecular basis of the VHL hereditary cancer syndrome. Nat Rev 
Cancer 2002, 2:673-682. 

[75] Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME, Wykoff 
CC, Pugh CW, Maher ER, Ratcliffe PJ: The tumour suppressor protein VHL targets 
hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 1999, 399:271-
275. 

[76] Cockman ME, Masson N, Mole DR, Jaakkola P, Chang GW, Clifford SC, Maher ER, 
Pugh CW, Ratcliffe PJ, Maxwell PH: Hypoxia inducible factor-alpha binding and 
ubiquitylation by the von Hippel-Lindau tumor suppressor protein. J Biol Chem 2000, 
275:25733-25741. 

[77] Duan DR, Pause A, Burgess WH, Aso T, Chen DY, Garrett KP, Conaway RC, 
Conaway JW, Linehan WM, Klausner RD: Inhibition of transcription elongation by the 
VHL tumor suppressor protein. Science 1995, 269:1402-1406. 

[78] Kamura T, Burian D, Yan Q, Schmidt SL, Lane WS, Querido E, Branton PE, 
Shilatifard A, Conaway RC, Conaway JW: Muf1, a novel Elongin BC-interacting 
leucine-rich repeat protein that can assemble with Cul5 and Rbx1 to reconstitute a 
ubiquitin ligase. J Biol Chem 2001, 276:29748-29753. 

[79] Takayama S, Sato T, Krajewski S, Kochel K, Irie S, Millan JA, Reed JC: Cloning and 
functional analysis of BAG-1: a novel Bcl-2-binding protein with anti-cell death 
activity. Cell 1995, 80:279-284. 

[80] Takayama S, Reed JC: Molecular chaperone targeting and regulation by BAG family 
proteins. Nat Cell Biol 2001, 3:E237-241. 

[81] Takayama S, Krajewski S, Krajewska M, Kitada S, Zapata JM, Kochel K, Knee D, 
Scudiero D, Tudor G, Miller GJ, Miyashita T, Yamada M, Reed JC: Expression and 
location of Hsp70/Hsc-binding anti-apoptotic protein BAG-1 and its variants in normal 
tissues and tumor cell lines. Cancer Res 1998, 58:3116-3131. 

[82] Hohfeld J, Jentsch S: GrpE-like regulation of the hsc70 chaperone by the anti-apoptotic 
protein BAG-1. EMBO J 1997, 16:6209-6216. 

[83] Zeiner M, Gebauer M, Gehring U: Mammalian protein RAP46: an interaction partner 
and modulator of 70 kDa heat shock proteins. EMBO J 1997, 16:5483-5490. 



Ubiquitin Domain Proteins 113

[84] Takayama S, Bimston DN, Matsuzawa S, Freeman BC, Aime-Sempe C, Xie Z, 
Morimoto RI, Reed JC: BAG-1 modulates the chaperone activity of Hsp70/Hsc70. 
EMBO J 1997, 16:4887-4896. 

[85] Sondermann H, Scheufler C, Schneider C, Hohfeld J, Hartl FU, Moarefi I: Structure of 
a Bag/Hsc70 complex: convergent functional evolution of Hsp70 nucleotide exchange 
factors. Science 2001, 291:1553-1557. 

[86] Luders J, Demand J, Hohfeld J: The ubiquitin-related BAG-1 provides a link between 
the molecular chaperones Hsc70/Hsp70 and the proteasome. J Biol Chem 2000, 
275:4613-4617. 

[87] Imai Y, Soda M, Hatakeyama S, Akagi T, Hashikawa T, Nakayama KI, Takahashi R: 
CHIP is associated with Parkin, a gene responsible for familial Parkinson's disease, and 
enhances its ubiquitin ligase activity. Mol Cell 2002, 10:55-67. 

[88] Connell P, Ballinger CA, Jiang J, Wu Y, Thompson LJ, Hohfeld J, Patterson C: The co-
chaperone CHIP regulates protein triage decisions mediated by heat-shock proteins. 
Nat Cell Biol 2001, 3:93-96. 

[89] Shimura H, Schwartz D, Gygi SP, Kosik KS: CHIP-Hsc70 complex ubiquitinates 
phosphorylated tau and enhances cell survival. J Biol Chem 2004, 279:4869-4876. 

[90] Demand J, Alberti S, Patterson C, Hohfeld J: Cooperation of a ubiquitin domain protein 
and an E3 ubiquitin ligase during chaperone/proteasome coupling. Curr Biol 2001, 
11:1569-1577. 

[91] Alberti S, Demand J, Esser C, Emmerich N, Schild H, Hohfeld J: Ubiquitylation of 
BAG-1 suggests a novel regulatory mechanism during the sorting of chaperone 
substrates to the proteasome. J Biol Chem 2002, 277:45920-45927. 

[92] Thress K, Henzel W, Shillinglaw W, Kornbluth S: Scythe: a novel reaper-binding 
apoptotic regulator. EMBO J 1998, 17:6135-6143. 

[93] Thress K, Evans EK, Kornbluth S: Reaper-induced dissociation of a Scythe-
sequestered cytochrome c-releasing activity. EMBO J 1999, 18:5486-5493. 

[94] Thress K, Song J, Morimoto RI, Kornbluth S: Reversible inhibition of Hsp70 
chaperone function by Scythe and Reaper. EMBO J 2001, 20:1033-1041. 

[95] Amerik AY, Hochstrasser M: Mechanism and function of deubiquitinating enzymes. 
Biochim Biophys Acta 2004, 1695:189-207. 

[96] Verma R, Aravind L, Oania R, McDonald WH, Yates JR, 3rd, Koonin EV, Deshaies 
RJ: Role of Rpn11 metalloprotease in deubiquitination and degradation by the 26S 
proteasome. Science 2002, 298:611-615. 

[97] Papa FR, Amerik AY, Hochstrasser M: Interaction of the Doa4 deubiquitinating 
enzyme with the yeast 26S proteasome. Mol Biol Cell 1999, 10:741-756. 

[98] Leggett DS, Hanna J, Borodovsky A, Crosas B, Schmidt M, Baker RT, Walz T, Ploegh 
H, Finley D: Multiple associated proteins regulate proteasome structure and function. 
Mol Cell 2002, 10:495-507. 

[99] Lam YA, Xu W, DeMartino GN, Cohen RE: Editing of ubiquitin conjugates by an 
isopeptidase in the 26S proteasome. Nature 1997, 385:737-740. 

[100] Borodovsky A, Kessler BM, Casagrande R, Overkleeft HS, Wilkinson KD, Ploegh HL: 
A novel active site-directed probe specific for deubiquitylating enzymes reveals 
proteasome association of USP14. EMBO J 2001, 20:5187-5196. 



Andrea Schulze, Michael Seeger and Rasmus Hartmann-Petersen 114 

[101] Chernova TA, Allen KD, Wesoloski LM, Shanks JR, Chernoff YO, Wilkinson KD: 
Pleiotropic effects of Ubp6 loss on drug sensitivities and yeast prion are due to 
depletion of the free ubiquitin pool. J Biol Chem 2003, 278:52102-52115. 

[102] Wilson SM, Bhattacharyya B, Rachel RA, Coppola V, Tessarollo L, Householder DB, 
Fletcher CF, Miller RJ, Copeland NG, Jenkins NA: Synaptic defects in ataxia mice 
result from a mutation in Usp14, encoding a ubiquitin-specific protease. Nat Genet 
2002, 32:420-425. 

[103] Anderson C, Crimmins S, Wilson JA, Korbel GA, Ploegh HL, Wilson SM: Loss of 
Usp14 results in reduced levels of ubiquitin in ataxia mice. J Neurochem 2005, 95:724-
731. 

[104] Yin L, Krantz B, Russell NS, Deshpande S, Wilkinson KD: Nonhydrolyzable 
diubiquitin analogues are inhibitors of ubiquitin conjugation and deconjugation. 
Biochemistry 2000, 39:10001-10010. 

[105] Kokame K, Agarwala KL, Kato H, Miyata T: Herp, a new ubiquitin-like membrane 
protein induced by endoplasmic reticulum stress. J Biol Chem 2000, 275:32846-32853. 

[106] Sai X, Kawamura Y, Kokame K, Yamaguchi H, Shiraishi H, Suzuki R, Suzuki T, 
Kawaichi M, Miyata T, Kitamura T, De Strooper B, Yanagisawa K, Komano H: 
Endoplasmic reticulum stress-inducible protein, Herp, enhances presenilin-mediated 
generation of amyloid beta-protein. J Biol Chem 2002, 277:12915-12920. 

[107] Hori O, Ichinoda F, Yamaguchi A, Tamatani T, Taniguchi M, Koyama Y, Katayama T, 
Tohyama M, Stern DM, Ozawa K, Kitao Y, Ogawa S: Role of Herp in the endoplasmic 
reticulum stress response. Genes Cells 2004, 9:457-469. 

[108] Sai X, Kokame K, Shiraishi H, Kawamura Y, Miyata T, Yanagisawa K, Komano H: 
The ubiquitin-like domain of Herp is involved in Herp degradation, but not necessary 
for its enhancement of amyloid beta-protein generation. FEBS Lett 2003, 553:151-156. 

[109] Schulze A, Standera S, Buerger E, Kikkert M, van Voorden S, Wiertz E, Koning F, 
Kloetzel PM, Seeger M: The Ubiquitin-domain Protein HERP forms a Complex with 
Components of the Endoplasmic Reticulum Associated Degradation Pathway. J Mol 
Biol 2005, 354:1021-1027. 

[110] Della Fazia MA, Castelli M, Bartoli D, Pieroni S, Pettirossi V, Piobbico D, Viola-
Magni M, Servillo G: HOPS: a novel cAMP-dependent shuttling protein involved in 
protein synthesis regulation. J Cell Sci 2005, 118:3185-3194. 

[111] Hopfner R, Mousli M, Jeltsch JM, Voulgaris A, Lutz Y, Marin C, Bellocq JP, Oudet P, 
Bronner C: ICBP90, a novel human CCAAT binding protein, involved in the regulation 
of topoisomerase IIalpha expression. Cancer Res 2000, 60:121-128. 

[112] Mousli M, Hopfner R, Abbady AQ, Monte D, Jeanblanc M, Oudet P, Louis B, Bronner 
C: ICBP90 belongs to a new family of proteins with an expression that is deregulated in 
cancer cells. Br J Cancer 2003, 89:120-127. 

[113] Unoki M, Nishidate T, Nakamura Y: ICBP90, an E2F-1 target, recruits HDAC1 and 
binds to methyl-CpG through its SRA domain. Oncogene 2004, 23:7601-7610. 

[114] Citterio E, Papait R, Nicassio F, Vecchi M, Gomiero P, Mantovani R, Di Fiore PP, 
Bonapace IM: Np95 is a histone-binding protein endowed with ubiquitin ligase 
activity. Mol Cell Biol 2004, 24:2526-2535. 



Ubiquitin Domain Proteins 115

[115] Kramer A, Mulhauser F, Wersig C, Groning K, Bilbe G: Mammalian splicing factor 
SF3a120 represents a new member of the SURP family of proteins and is homologous 
to the essential splicing factor PRP21p of Saccharomyces cerevisiae. Rna 1995, 1:260-
272. 

[116] Tsukahara M, Suemori H, Noguchi S, Ji ZS, Tsunoo H: Novel nucleolar protein, 
midnolin, is expressed in the mesencephalon during mouse development. Gene 2000, 
254:45-55. 

[117] May MJ, Larsen SE, Shim JH, Madge LA, Ghosh S: A novel ubiquitin-like domain in 
IkappaB kinase beta is required for functional activity of the kinase. J Biol Chem 2004, 
279:45528-45539. 

[118] Justesen J, Hartmann R, Kjeldgaard NO: Gene structure and function of the 2'-5'-
oligoadenylate synthetase family. Cell Mol Life Sci 2000, 57:1593-1612. 

[119] Hartmann R, Olsen HS, Widder S, Jorgensen R, Justesen J: p59OASL, a 2'-5' 
oligoadenylate synthetase like protein: a novel human gene related to the 2'-5' 
oligoadenylate synthetase family. Nucleic Acids Res 1998, 26:4121-4128. 

[120] Rebouillat D, Marie I, Hovanessian AG: Molecular cloning and characterization of two 
related and interferon-induced 56-kDa and 30-kDa proteins highly similar to 2'-5' 
oligoadenylate synthetase. Eur J Biochem 1998, 257:319-330. 

[121] Andersen JB, Strandbygard DJ, Hartmann R, Justesen J: Interaction between the 2'-5' 
oligoadenylate synthetase-like protein p59 OASL and the transcriptional repressor 
methyl CpG-binding protein 1. Eur J Biochem 2004, 271:628-636. 

[122] Zhao X, Ueba T, Christie BR, Barkho B, McConnell MJ, Nakashima K, Lein ES, Eadie 
BD, Willhoite AR, Muotri AR, Summers RG, Chun J, Lee KF, Gage FH: Mice lacking 
methyl-CpG binding protein 1 have deficits in adult neurogenesis and hippocampal 
function. Proc Natl Acad Sci U S A 2003, 100:6777-6782. 

[123] Hartmann-Petersen R, Gordon C: Integral UBL domain proteins: a family of 
proteasome interacting proteins. Semin Cell Dev Biol 2004, 15:247-259. 

 





In: The Ubiquitin Proteasome System… ISBN 978-1-60021-749-4 
Eds: Mario Di Napoli and Cezary Wójcik, pp.117-136 © 2007 Nova Science Publishers, Inc. 

 
 
 
 
 
 

 
Chapter 6 

 
 

STRUCTURE AND FUNCTION  
OF THE 20S PROTEASOMES 

 
 

Manila Amici and Anna Maria Eleuteri∗ 
Post-Graduate School in Clinical Biochemistry, Department of Molecular, Cellular and 

Animal Biology, University of Camerino, 62032 Camerino (MC), Italy. 
 
 

ABSTRACT 
 

The 20S proteasome, a 700 kDa multicatalytic proteinase complex, is responsible for 
the extralysosomal protein degradation that occurs in the cytosol and nucleus of 
eukaryotic cells. It represents the proteolytic core of the 26S proteasome, a 2000 KDa 
elongated structure formed by the 20S capped, at each side, by the 19S regulatory 
complex (also called PA700). The 26S complex is involved in the ATP, ubiquitin-
dependent and ubiquitin-independent proteolytic pathways. The proteasome constitutes 
up to 1% of protein in the cells and the free 20S proteasomes are the major portion of the 
total amount of proteasomes. Its molecular architecture is extremely conserved from 
archaebacteria to higher eukaryotes and is organized in four stacked 7-membered rings of 
α and β subunits, in a cylinder-like shape. The two inner rings are composed of β 
subunits, harbouring the active sites, flanked by the two outer rings made up of non-
catalytic α subunits which regulate the substrate access through the opening of the outer 
ring and the binding of regulators. The 20S proteasome is a member of the N-terminal 
nucleophile (Ntn)-hydrolases family. Its N-terminal threonine residues are exposed as the 
nucleophile in peptide bond hydrolysis. The three β subunits, β1, β5 and β2 (also called 
Y/delta, X and Z, respectively) express the three catalytic activities, designated peptidyl-
glutamyl peptide hydrolyzing, chymotrypsin-like and trypsin-like, based on the ability to 
cleave peptide bonds on the carboxyl side of hydrophobic, basic and acidic aminoacids, 
respectively. Furthemore, two additional activities cleaving bonds after branched chain 
and small neutral amino acids have been described and called branched chain amino acid 
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preferring and small neutral amino acid preferring. They enable the 20S proteasome to 
degrade alone a wide variety of protein substrates: poorly folded or unfolded proteins 
and oxidized proteins characterized by an increased surface hydrophobicity. Under the 
influence of γ-interferon, a major immunomodulatory cytokine, vertebrate proteasomes 
assemble catalytically-active subunits, named β5i, β1i and β2i (also called LMP7, LMP2 
and MECL1, respectively) which replace their constitutive homologues, β5, β1 and β2, 
respectively, and associate to a regulatory particle, PA28, (or 11S regulatory complex) 
also induced by γ-interferon. Such a complex has been demonstrated to be specialized in 
generating MHC class I antigenic peptides. This review focuses on recent progress 
concerning the structure, including the assembly pathway, and the enzymatic activities 
that are involved in physiological/pathological functions exerted by the eukaryotic 20S 
proteasomes in the cell. 
 

Keywords: 20S proteasome, structure, assembly, catalytic activities, physiological functions, 
role in pathologies. 
 
 

ABBREVIATIONS:  
 
AD, Alzheimer’s disease; APP, amyloid protein precursor; BrAAP, branched chain 

amino acid preferring; ChT-L, chymotrypsin-like; CNS, central nervous system; DCI, 3,4-
dichloroisocoumarin; DFP, diisopropylfluorophosphate; HNE, 4-hydroxy-2-nonenal; Hsp, 
heat shock protein; IFNγ, interferon-γ; IRI, Ischemia-Reperfusion Injury; LMP, low 
molecular weight protein; MHC, major histocompatibility complex; Ntn, N-terminal 
nucleophile; Nob1p, Nin One Binding Protein; PARP, poly-ADP-ribose polymerase; PGPH, 
peptidyl-glutamyl peptide hydrolyzing; SDS, sodium dodecylsolphate; SNAAP, small neutral 
amino acids preferring; TAP, transporter associated with antigen presentation; T-L, trypsin-
like; Ump1, underpin the maturation of the proteasome; Z, benzyloxycarbonyl.  

 
 

INTRODUCTION 
 
Over the past few years intensive research has focused on the 20S proteasome and its 

molecular structure and function. In eukaryotes the proteasomes are ubiquitous and essential 
for cellular viability; they represent the major proteolytic activity in mammalian cells and 
constitute up to 1% of the cell protein [1-5]. 

The 20S proteasome was originally discovered by several laboratories, working in 
different areas, each of these giving different names to the particle. In 1988 the name 
‘proteasome’ was proposed to indicate the proteolytic and particulate nature of the complex 
and the definitions 20S proteasome and 26S proteasome are currently used to distinguish the 
two forms of the molecule [6-8]. 

The 20S proteasome is present in the cytoplasm and nucleus of the eukaryotic cells and, 
associated with regulatory particles, it forms the 26S proteasome of which represents the 
catalytic core (for details, see Chapter 7). The 26S proteasome is an essential component of 
the ubiquitin-dependent and ubiquitin-indipendent proteolysis. The degradation of most 
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proteins is generally associated to the ubiquitin-dependent pathway, however the possibility 
that proteins can be degraded without ubiquitination either by the 26S proteasome in the 
presence of ATP or, directly, by the free 20S proteasome exists. The free 20S proteasome 
constitutes a major portion of the total amount of proteasomes in the cells evidencing an 
independent involvement of this molecule in protein degradation [9]. Among its substrates 
there are natural unfolded proteins, some short-lived regulatory proteins, oxidized proteins, 
misfolded, mutated or damaged proteins. The free 20S proteasome is present in the cells in a 
latent form, in fact it can be artificially activated in various ways such as low concentration of 
sodium dodecylsulfate (SDS), heat exposure, low ionic strength of solution, small 
hydrophobic peptides [10-12]. 

Furthermore, interferon-γ (IFNγ) induces the replacement of three constitutively 
expressed catalytic subunits with three inducible subunits, resulting in the so-called 
‘immunoproteasomes’, responsible for efficient immunological processing of intracellular 
antigens [13-14]. 

The present article provides a review of the eukaryotic 20S proteasomes' structure, 
assembly, proteolytic activities and physiological/pathological functions. 
 

 

Figure 1. Structure of the bovine 20S proteasome. Ribbon drawings of the mammalian 20S proteasome 
complex indicating the α1-7β1-7β1-7α1-7 structure (left: side view; right: top view). Drawings made with 
PyMOL Molecular Graphics System, Version 0.97 © 2004 by DeLano Scientific LLC. The atomic 
parameters for the 20S proteasome from bovine liver derive from the Brookhaven Protein Data Bank 
(code 1IRU). 

 
STRUCTURE 

 
In 1995 the X-ray crystal structure of the 20S proteasome from the Thermoplasma 

acidophilum showed for the first time the architecture of the complex at atomic resolution 
[15]. The molecule has a cylindrical shape composed of four stacked heptameric rings. In 
archea two different genes code for subunits termed α and β [16] assembled into a α7β7β7α7 
structure. This general architecture is also found in eukaryotes but the α and β subunits have 
diverged into seven different subunits present in unique locations in two copies per particle 
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leading to a α1-7β1-7β1-7α1-7 composition. Thus the multiple axes of symmetry of the archea 
proteasome are reduced to a C2 symmetry in the eukaryotic proteasome (Figure 1). 

The α and β subunits have a common fold characterized by a sandwich of two β-sheets 
each consisting of five strands, surrounded by two α-helixes on each side (Figure 2). The H1 
and H2 helixes mediate the interaction of α- and β-rings; H3 and H4 provide contacts 
between the β-rings. The α subunit has, at the N-terminus, the HO helix which in the β 
subunit precursor is substituted by a prosequence that will be removed during maturation 
[15]. 
 

 

Figure 2. Ribbon diagram of an individual α and an individual β subunits of the mammalian 
proteasome. The two subunits are shown in similar orientation. The major difference resides in the N-
terminal HO helix of the α subunit. The N-terminus of the β subunit is formed by the catalytic 
threonine. Drawings made with PyMOL Molecular Graphics System, Version 0.97 © 2004 by DeLano 
Scientific LLC. The atomic parameters for the 20S proteasome from bovine liver derive from the 
Brookhaven Protein Data Bank (code 1IRU). 

As shown in Figure 3, a systematic nomenclature for the subunits location within the 
rings has been proposed: subunits are numbered α1 to α7 and β1 to β7, and those related by 
C2 symmetry are distinguished by the prime symbol (α1' to α7' and β1' to β7'). In mammals, 
the complexity of proteasomes is further enhanced by the fact that, after IFNγ stimulation, 
three of the constitutive subunits (β1, β2 and β5) can be replaced to form 
immunoproteasomes by closely related subunits termed β1i, β2i and β5i [17] (Figure 3). 

Crystal structures of the yeast [17] and the bovine 20S proteasomes [18] clarify that the 
complex topology is conserved from yeast to mammals, however some structural features, 
such as C-terminal extension and internal loops necessary to determine the fixed subunit 
arrangement, are different in the yeast 20S particle compared to the bovine one. This 
evidence seems to be related to the ability of mammals to assemble either the constitutive or 
the inducible subunits in a given location. 

The overall size of the four-layered proteasome cylinder was determined to be 14.8 nm in 
lenght and 11.3 nm in diameter. A tight packing of the subunits towards the outer solvent 
seems to make the cylinder impermeable to substrates from the side, leaving entrance only 
through the central channel [19] which, in eukaryotes, is plugged by the interdigitating N-
terminal tails of α subunits. This structure corresponds to the latent state of the 20S 
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proteasome obtained by certain purification procedures [20]. Association of the 20S particle 
with activator complexes, such as PA28 and PA700, seems to trigger channel opening. 

The central channel of the cylinder is characterized by three large cavities: a central 
chamber, where the active sites are sheltered, flanked by two slightly smaller antechambers. 
The catalytic cavity is described by the two β-rings whereas the outer chambers are formed 
jointly by one α and one β ring.  

The hydrophobic character and the small size of the gates forming these cavities explain 
the finding that only poorly folded or unfolded proteins are substrates of the 20S proteasome 
[21].  
 

 

Figure 3. Model of the 20S human proteasome. Schematic representation of the eukaryotic 20S 
proteasome showing the seven α and the seven β subunits location into a barrel shaped structure and a 
roll-out vision. The systematic nomenclature of the subunits is reported in the table: IFN-γ inducible β 
subunits are indicated as βi. 

 
ASSEMBLY 

 
In eukaryotes the early steps of the assembly pathway are not fully understood. It seems 

that α subunits have the tendency to form ring structures. The assembly of complexes, 
constituted by one to four stacked heptameric α-rings, has been documented by electron 
microscopy for the Trypanosoma brucei 20S proteasome expressed in E. coli. [22-23].  

Attempts to identify the early intermediates in the eukaryotic proteasome assembly have 
not succedeed. It has been recently published that two chaperones, named PAC1 and PAC2, 
mediate the formation of α-rings. The PAC1-PAC2 complex associates with the α-subunits 
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before α-rings are complete and functions as a scaffold for α-ring assembly [24]. Works on 
the assembly process of yeast and mammalian proteasomes have characterized more complex 
intermediates [25-28]. An incomplete precursor complex is made by a seven-membered α 
ring and β2, β3 and β4 subunits in which the C-terminal extension of β2 wraps around β3 
stabilizing the intermediate. Such a complex is not able to dimerize making it a more long-
lived precursor [29]. Its association with the other β subunits leads to the ability to dimerize 
into preholoproteasome in which the C-terminal extension of the β7 subunit inserting 
between β1 and β2 subunits in the opposing ring has a key role in the efficiency of the 
process [30]. Experiment of RNAi of β5 demonstrated that the presence of this subunit is 
necessary for a correct assembly of the 20S proteasome [31]. In 1998 a short-lived protein 
called Ump1 was identified [28] as a chaperone necessary for a correct proteasome assembly 
and maturation. Another interacting protein Nob1p (Nin One Binding Protein) has been 
indicated as crucial for the maturation of the 20S proteasome by Ump1 [32]. It had been 
shown that Ump1 and the propeptide of β5 are both indispensable for dimerization of 
halfproteasome precursor complexes and the subsequent maturation steps leading to the 20S 
proteasome functionality. In fact the β5 propeptide and the Ump1 mutually induce 
conformational or positional changes of each other during the dimerization process. So far 
Ump1 proteins have been identified only in eukaryotes most likely related to the presence of 
seven distinct β subunits, five of which expressed with propeptides (β1, β2, β5, β6, β7). 
Studies using the ump1-Δ mutant showed that Ump1 partecipates in the dimerization 
pathway keeping the halfproteasomes in the correct conformation and it triggers the 
maturation of inactive β subunit precursors. In the catalytic β subunits the N-terminal 
propeptides are autocatalitically removed, whereas they are processed by neighboring active 
subunits in the β6 and β7 subunits following the 20S proteasome assembly. Propeptides seem 
to play a key role in protecting the N-terminal threonin residues from acetylation until the 
dimerization process has been completed [33-34]. Furthermore they are not important for the 
β subunits positioning within the β-rings, however, as discussed above, they cooperate with 
Ump1 to obtain a correct assembly of the 20S complex. They are indispensable for the 
incorporation of γ-interferon inducible β subunits into the immunoproteasomes. It looks like 
that this assembly process proceeds in a defined, tightly regulated, cooperative pathway 
which is different from the constitutive β subunits assembly. First the β1i subunit is 
incorporated, a necessary event for the next correct assembly of the β2i subunit. In order to 
have β5i inserted in the immunoproteasome structure, the presence of β5/X is also important. 
The above described sequence of incorporations is driven by the propeptides. It is now clear 
that the immunoproteasome or the constitutive proteasome biogenesis relays on several 
mixed proteasome precursors containing both inducible and housekeeping β subunits [35]. 
The interactions of Ump1 with the propeptides of constitutive and IFNγ-inducible subunits, 
being mutually exclusive, affect the subunit addition and assembly specificity. 

 
 

CATALYTIC MECHANISM  
 
The 20S proteasome belongs to the N-terminal nucleophile hydrolases (Ntn-hydrolases), 

a class of enzymes which perform their catalytic activities relaying on the N-terminal 
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aminoacid residue as nucleophile [15]. Mutation analyses of the Thermoplasma acidophilum 
involving all the serines, two histidines, the only cystein and two aspartate residues of the β 
subunit led to the conclusion that the 20S proteasome did not belong to the four classical 
proteases classes. The only mutation which produced inactivation was the deletion of the N-
terminal threonine or its mutation to an alanine [36], making the enzyme also deficient in 
autolysis. The N-terminal threonine/serine mutant conserved intact its activity but was more 
sensitive to the DCI inactivation [36]. Crystallographic data obtained for the 20S 
archeaproteasome in complex with the inhibitor N-acetyl-Leu-Leu-nLeu-CHO showed that 
the aldehyde group of the inhibitor was in proximity of the OH group of the N-terminal 
threonine, demostrating that the hydroxyl group functions as the nucleophile [15]. Another 
aminoacid residue necessary to the catalytic activity is the Lys33: its exchange with either an 
alanine or an arginine residue deactivates the enzyme. At the beginning it was thought the 
Lys33 acted as proton acceptor but, at neutral pH, it is charged, therefore unable to accept 
protons. It is expected that it lowers the pKa of the amino group of the Thr1 by its 
electrostatical potential, facilitating the proton acceptance [17,33]. The catalytic mechanism 
involves also the residues Glu/Asp17, Ser129, Asp166 and Ser169, with the 
glutamate/aspartate and lysine aminoacids playing the roles of histidine and aspartate in 
serine proteases [15,17,36-37].  

The hydroxyl group of Thr1 attacks the carbonyl carbon of the peptide bond to be 
cleaved, while its amino group acts as the proton acceptor which enhances the nucleophilicity 
by stripping the proton from the side chain hydroxyl; a water molecule is likely to mediate 
the proton transfer. 

During the autocatalytic cleavage of the β subunits prosequences the N-terminal amino 
group is not available as proton acceptor: the Thr1Oγ of the β subunit precursor adds to the 
carbonyl carbon of Gly-1 and a water molecule is supposed to play the base function [38]. 

Studies with specific inhibitors and mutant forms of archeal, bacterial, yeast and 
mammalian β subunits have shown a common catalytic mechanism in all proteasomes 
[27,37,39-43]. Nevertheless, in eukaryotic proteasomes only three β subunits (β1, β2 and β5), 
after the autocatalytic removal of the N-terminal peptide extensions, undergo activation, 
while it is not completely known the role of the other four β type subunits. 

 
 

ACTIVITIES OF THE 20S PROTEASOMES 
 
Several studies using short synthetic substrates defined the primary hydrolytic activities 

of the proteasome based on the nature of the P1 residue directly adjacent to the scissible bond 
[5,7,44]. 

 A ‘chymotrypsin-like’ (ChT-L, cleaving after hydrophobic residues), a ‘trypsin-like’ (T-
L, cleaving after basic residues) and a ‘peptidylglutamyl-peptide hydrolysing’ (PGPH, 
cleaving after acidic residues) activities were initially proposed [20,45-46]. Each of these 
classical activities has been assigned to a specific β subunit according to a number of 
mutagenesis, inhibition and X-ray diffraction studies [2,27,41-42,47-49]. The β1 subunit has 
been linked to the PGPH activity, the β2 subunit to the T-L activity and the β5 subunit to the 
ChT-L activity.  
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The main and one of the most active catalytic components of the proteasome is the ChT-
L activity that can be fully expressed in the presence of certain activators like as low 
concentrations of SDS, fatty acids, some phospholipids [50] and the protein activator PA28. 
It is also sensitive to inactivation by inhibitors that act directly to the active site, acylating the 
hydroxyl group of Thr1 [51]. Examples of them are: DCI [52], lactacystin [39], epoxomicin 
[53], peptidyl vinyl sulfones [54], peptidyl aldehydes [55-56] and peptide boronates [57]; 
moreover it is the only catalytic component inhibited by the serine protease inhibitor DFP 
[58] (Table 1). 
 

Table 1. Proteasome inhibitors 
 

Class Compound ChT-L (Ki) T-L (Ki) PGPH (Ki) BrAAP Ki 
Peptide 
aldehydes 

Z-LLL-CHO 
(MG132) 

4a nM  6.9b μM 2.76c μM 900c μM 6.8d μM 

 Z-LGF-CHO 1.1b μM   NIe 
 Z-LAF-CHO 1.5b μM   NIe 
 Z-LLF-CHO 1.6f μM   110g μM 
 Z-LGL-CHO 1.76h μM   76.4h μM 
 Z-FF-CHO 4.0 μM (spleen) 

56 μM (pituitary)i 
  1.46 μM (spleen) 

NI (pituitary)i 
 Z-GPFF-CHO 5.6 μM (spleen) 

58 μM (pituitary)i 
  1.2 μM (spleen) 

310 μM (pituitary)i 
 Z-GPFL-CHO 16.2 μM (spleen) 

52.7 μM (pituitary) 
  1.04 μM (spleen) 

4.66 μM 
(pituitary)i 

 Z-IG(OtBu)AL-CHO 
(PSI) 

IC50 = 250j nM    

Peptide 
boronates 

Z-LLL-B(OH)2 
(MG262) 

0.03a nM    

 Pyrazylcarbonyl-FL- 
B(OH)2 (PS341) 

0.62a nM    

  Kass (M-1s-1) Kass (M-1s-1) Kass (M-1s-1)  
3,4-dichloro-
isocumarin 
(DCI) 

 120l   NI 

Lactacystin 
and derivates 

Lactacystin 194m 10m  4.2m  3.7g 

 Clasto-lactacystin-β-
lactone 

8500n 253n 37n  

Peptide vinyl 
sulfones 

Nip-LLL-CH-SO2-
CH3 (NLVS) 

13400m 422m 100m  

 YLLL-CH-SO2-CH3 
(YLVS) 

1500m 560m 20m  

Peptide 
epoxyketones 

Dihydroeponemycin 65o 4.4o 61o  

 Ac(CH3)-IIWL-EX 
(Epoxomicin) 

37000p 79p 37p  

 Ac-hFLFL-EX 
(YU101) 

166000p 7.1p 21p  

a: [56]; b: [37]; c: [49]; d: [7]; e: [61]; f: [62]; g: [63]; h: [43]; i: [64]; j: [53]; l: [65]; m: [66]; n: [67]; o: 
[51]; p: [68]; NI: no inhibition. 
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The T-L activity prefers to cleave after Arg residues with respect to Lys. It shows more 
resistance to inhibition by lactacystin, DCI, peptidyl vinyl sulfones and epoxomicin than the 
ChT-L component [39,52-54]. It is specifically inhibited by leupeptin and shows a more 
sensitive inactivation by thiol-blocking agents than the other catalytic components [7,44,59] 
(Table 1). 

The PGPH activity, also known as caspase-like or post-acidic activity, cleaves bonds 
after glutamate and aspartyl residues and it is more resistant to inactivation by active site-
directed inhibitors than the ChT-L. In the constitutive proteasome it is in a latent state and 
can be activated by low concentration of SDS, fatty acids and magnesium ions [60-62].  

Moreover, through the use of peptide and selected protein substrates, several works 
investigated the cleavage specificity of the 20S proteasomes leading to the evidence that 
residues beyond P1 (P2, P3, P4) may determine the absolute substrate specificity of the 
multiple active sites of the proteasome [20,68,71-72]. It has been demonstrated that the 
residues around the active site affect the substrate selectivity for the P1 residue influencing 
degradation [68,73-74] which, in addition, undergoes the interferences of neighboring 
subunits of the catalytic ones [34,37,42]. 

Mammalian proteasomes show additional endopeptidase activities: one cleaving 
preferentially after branched-chain amino acids (BrAAP activity) and the other after small 
neutral amino acids (SNAAP activity) [75]. At the beginning, these two activities were 
considered an expression of overlapping specificities of the classical three catalytic 
components and the result of cooperation between various subunits [20]. 

The discovery that, in eukaryotes, under the influence of IFNγ, the replacement of the 
housekeeping catalytic subunits with the inducible counterparts occurs, has partially 
disclosed the site responsible for the BrAAP activity. In fact it has been demonstrated that the 
assembly of β5i/LMP7 enhances the activity cleaving bonds after branched chain and 
aromatic amino acids [66,76-78]. 

This catalytic component is susceptible to inactivation by some peptide aldehyde 
inhibitors such as Z-LLF-CHO, Z-GPFL-CHO, Z-GPFF-CHO and Z-FF-CHO, whereas it is 
activated by DCI and PA28 [79-80]. 

Furthermore, the immunoproteasome is characterized by different specificities compared 
to the constitutive complex. In fact, an almost complete loss of the PGPH activity, due to the 
replacement of β1/Y subunit with β1i/LMP2 which expresses a ChT-L activity, and a 
decreased ChT-L component, caused both by the replacement of β5/X with β5i/LMP7 and by 
the β1i/LMP2 incorporation, are evident [20,66,77].  

Besides the peptidase activities measured with short synthetic peptides, the 20S 
proteasome functionality has been investigated using macromolecular substrates such as β-
casein, lysozyme, histone H3, insulin β-chain, and many others. From these studies it cames 
out that the rate-limiting step in the 20S proteasome protein processing is the substrate 
entrance to the catalytic chamber. In eukaryotic 20S proteasomes, the gate in correspondence 
of the α-rings closes the access to the interior cavity. Several reports have demonstrated that 
unfolded, partially folded proteins and macromolecular substrates characterized by an 
increased surface hydrophobicity are degraded by the 20S complex. Furthermore, substrates 
with flexible regions can enter the 20S in a hairpin conformation: a paper of Liu et al. 
showed that p21 and α-synuclein were proteolized when they were made as covalently closed 
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circular constructs with no free termini referring to the ability of the 20S proteasome to 
cleave substrates in an internal region even when the ends are unable to enter the channel 
[81].  

The mechanism of how the 20S proteasome degrades protein substrates is not fully 
understood. It is now established that it doesn't degrade proteins randomly, on the contrary 
the degradation process is specific and allosterically regulated [82]. In fact, the binding of 
hydrophobic peptides to not catalytic sites promotes peptides hydrolysis by all the active sites 
[12]. This observation is consistent with a two-state model, proposed by Osmulski and 
Gaczynska [83], which involves two allosteric states: a closed-gate barrel-like conformation 
called R and an open-gate cylinder-like conformation called T, stabilized by hydrophobic 
substrates. Binding of several proteins to the 20S particle affect selectively distinct catalytic 
components, either activating or inhibiting them, through a mechanism based on allosteric 
effects. Examples of that are: PA28γ [84] PA200 [85] and histone H3 [86] as activators and 
Hsp90 [87] and Ritonavir [88] as inhibitors. 

The size of degradation products believed to range from 7-9 amino acids [15] has been 
later found to be comprised within 3-30 residues [89]. Based on the observation that 
regulatory components binding the 20S proteasome influence the product size modifying the 
axial gate [90], it is reasonable to suppose that the dimensions of the axial gates formed by 
the α-rings determine the products size. 

It has been demonstrates that immunoproteasomes gain properties which facilitate the 
generation of 7-9 amino acid-containing class I antigenic peptides [91-92]. Most class I 
antigenic peptides have aromatic, branched chain or basic residues at the C-terminus [93]. 
These features fit perfectly with the specificities acquired with the incorporation of the IFNγ 
inducible subunits in the 20S proteasome [66,94-96].  

This evidence is supported by experiments in which, following exposure to proteasome 
inhibitors, cells failed to assemble, at normal rates, MHC class I stable complexes because of 
the lack of antigenic peptides [3].  

Interestingly, IFNγ induces the synthesis of most MHC class I antigen presentation 
pathway components, such as the βi subunits, PA28 subunits, TAP proteins and the MHC 
class I heavy chain. PA28 caps on both ends the 20S immunoproteasome inducing its 
activation through a change in the complex conformation to a T state [97]. 

 
 

FUNCTIONS OF THE 20S PROTEASOMES 
 
Protein degradation by the 20S proteasome represents an uncompletely explored field in 

fact the number of proteins recognized to be hydrolyzed by the 20S proteasome, 
independently from ubiquitin and ATP, is increasing.  

It is now accepted that the 20S proteasome plays a central role in the overall intracellular 
proteolysis. Poorly folded, unfolded and oxidized proteins [98-101], as well as proteins with 
the reduction of disulfide bonds are susceptible to degradation [86]. Oxidation of proteins 
causes an exposure of hydrophobic moieties from the inner part of the protein to the surface, 
rendering them prone to the selective 20S proteasome removal and preventing the 
accumulation of highly oxidized and cross-linked proteins, which are no longer attackable. 
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The recognition process preceding the degradation involves the binding of the hydrophobic 
patches of the partially denaturated substrate to the α-subunits promoting the opening and the 
activation of the 20S particle [101].  

The primary role of the 20S proteasome in the selective degradation of oxidized proteins 
is of great physiological and pathological relevance. In ageing, a decline of the 20S 
proteasome activity parallels an increase of oxidized proteins and protein aggregates, which, 
in turn, inhibit the proteasome functionality leading to cell damage and death (see Chapter 
22). Moreover, in aging spinal cord a 20S proteasome inhibition together with a loss of 
proteasome expression have been documented [102].  

It has been reported that the 20S proteasome is altered in structure and function in some 
areas of the CNS of patients affected by Parkinson’s disease [103-104; Chapters 25 and 31]. 

Specifically, a loss of α subunits and a reduction of the ChT-L, T-L and PGPH activities 
were shown. Taking into account that the clearance of oxidized proteins and α-synuclein is 
relied on the 20S proteasome [105], its impairment generates an accumulation of both α-
synuclein and oxidized proteins which aggregate in neurons contributing to an overall 
dysfunction and a further inhibition of the 20S complex. This mechanism could participate to 
the pathogenesis of Parkinson’s disease. 

Several evidences have demonstrated the involvement of the 20S proteasome in another 
neurodegenerative disorder, the Alzheimer’s disease (AD) (see Chapters 28 and 30). It is now 
clear that the 20S proteasome is responsible for the processing of amyloid protein precursor 
(APP) [106] and, in vitro, is able to hydrolyze tau proteins [107-108]. A loss of ChT-L and 
PGPH activities, not associated with a decrease in subunit expression, in the AD brain has 
been reported [109]; in particular, a significant decrease was observed in specific regions of 
the brain, such as the hippocampus and parahippocampal gyrus, superior and middle temporal 
gyri and inferior parietal lobule. In addition it has been published that β-amyloid peptides 
inhibit the proteasome functionality [110] and that an increase in oxidative stress occurs in 
AD brain [111] leading to an accumulation of oxidized and aggregated proteins, among them 
tau proteins [112], having detrimental effects on both the 20S proteasome and cell viability. 

A role for oxidative stress and proteasomal inhibition are reported also during Ischemia-
Reperfusion Injury (IRI): a time-dependent decrease in proteasome activity, which is not 
associated with decreased expression of proteasome subunits, has been demonstrated after 
cerebral ischemia-reperfusion injury [113; and Chapter 19]. In particular, the IRI-induced 
proteasome inhibition has been correlated both to the lipid peroxidation and the lipid 
peroxidation product HNE, and to the increasing nitric oxide and nitrosylated glutathione 
[114-115]. 

On the contrary, proteasome complexes isolated from erythrocytes and bovine organs, 
upon exposure to various oxidative conditions are stimulated, reinforcing the theory of the 
proteasome key role in the cellular antioxidant defense [116-118]. It is evident that the 
constitutive 20S proteasome has a different susceptibility to oxidants compared the 
immunoproteasome, with the former being activated and the latter being inhibited.  

As described above, the 20S proteasome is also present in the nucleus, where it is 
responsible for the removal of oxidized proteins and among them histones [119-120]; it 
seems to be highly regulated by nuclear proteins like histone H3 [86] and the poly-ADP-
ribose polymerase (PARP) [121]. In fact, PARP binds to the DNA strand breaks, initiating 
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the poly-ADP ribosylation and activating the proteasome: this event could contribute to the 
specific removal of damaged histones, playing an important role in the secondary antioxidant 
defenses. 

The turnover of p21WAF1/CIP1, a cyclin-dependent kinase inhibitor, which is a regulator of 
the cell-cycle progression, is mediated by either the 26S or the 20S proteasome; in detail, 
when the latter pathway is undertaken p21 binds to the α7 subunit, triggering the opening of 
the α-ring gate and promoting a rapid degradation of itself. 

As already mentioned, the 20S proteasome plays a key role in immunosurveillance 
against viruses and cancer [122] being responsible for the generation of most antigenic 
peptides. In particular, several studies, using specific proteasome inhibitors, have 
demonstrated the involvement of the IFNγ inducible 20S proteasome in this process. Peptidyl 
aldehydes and lactacystin have been shown to block the generation of class I antigenic 
peptides and their presentation on the cell surface to cytotoxic lymphocytes [3].  

 
 

CONCLUSIONS 
 
In this review we have tried to give a picture of the 20S proteasome structure and 

functionality and the way they influence each other. It is evident that the 20S proteasome 
plays a pivotal role in the overall protein turnover, independently from ATP and ubiquitin. 
Some proteins may have a dual fate: either the 26S proteasome degradation or the 20S 
degradation, whereas poorly folded, unfolded and oxidized proteins are selectively removed 
by the 20S complex. Therefore, in these cases, substrates can bind to α-subunits and promote 
the opening of the gate and subsequent activation of the particle. In addition the 20S complex 
can be stimulated also through the interaction with other proteins, such as histones and 
hydrophobic peptides, bypassing the action of the binding of regulators to the 20S 
proteasome. In the future the number of proteins degraded by the 20S proteasome will 
increase as well as the mechanisms which modulate differently its functionality depending on 
the various cellular compartments. 

Further studies will be needed to better understand how the 20S proteasome is able to 
perform the highly controlled process of protein breakdown, also with the aim to design 
specific inhibitors affecting a single catalytic component. 

A wider knowledge both of the 20S proteasome regulation and of its involvement in the 
genesis and outcomes of several pathologies will allow to consider the 20S particle as a target 
for the prevention and treatment of diseases. 
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ABSTRACT 
 

26S proteasomes are ~2.4 MDa supramolecular assemblies that function as protein 
degrading complexes in neuronal as well as other cell types. They constitute the final, 
common destination of the proteins degraded by the ubiquitin-proteasome pathway, and 
perhaps by some non-ubiquitin-dependent pathways as well. 26S proteasomes are formed 
by association of the core 20S proteasomes with one or two PA700 activators (19S caps). 
While the core 20S proteasomes harbor the proteolytic activities, the remaining features 
of 26S proteasomes are conferred by components of the PA700. Mammalian PA700 is 
composed of 18 subunits, including 6 AAA ATPases (Rpt1-6) and several non-ATPase 
subunits (Rpn1-3, Rpn5-12 and Uch37). PA700 is physically divided into the lid and 
base subcomplexes. PA700 allows the recognition of polyubiquitinated proteins, their 
attachment, unfolding, opening of the closed proteasomal ‘gates’ and translocation of the 
unfolded polypeptide chain of the substrate towards the central catalytic cavity of the 
proteasome. At the same time PA700 allows the release of free ubiquitin through at least 
two different deubiquitinating activities. All of these functions are coupled to the ATP-
ase activity of the complex, making them highly susceptible to ATP depletion such as 
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during episodes of limited hypoxia or ischemia. Moreover, under those conditions 26S 
proteasomes tend to separate into free 20S proteasomes and PA700 complexes. Besides 
the canonical 26S proteasome subunits, several proteins associate loosely with the 26S 
proteasome, including additional deubiquitinating enzymes, ubiquitin ligases and 
polyubiquitin binding and delivery factors. 
 

Keywords: proteasome, ubiquitin, PA700, proteasome activator, isopeptidase, chaperone, 
protein degradation. 
 
 

ABBREVIATIONS 
 
AAA, ATPases with multiple cellular activities; CSN, COP9 signalosome; eIF3, 

eukaryotic initiation factor; ODC, Ornithine decarboxylase; PA, proteasome activator; PC, 
proteasome/cyclosome; PCI, Proteasome, COP9, Initiation factor 3; PINT, Proteasome, Int-6, 
Nip-1 and TRIP-15; RP, Regulatory Particle; Rpn, regulatory particle non-ATPases; Rpt, 
Regulatory particle triple-A protein; UIM, ubiquitin-interacting motif; UPS, ubiquitin and 
proteasome dependent proteolytic system, VCP, Valosin Containg Protein; VWA, von 
Willebrand factor, type A. 

 
 

INTRODUCTION 
 
The ubiquitin- and proteasome dependent proteolytic system (UPS) is responsible for the 

degradation of most intracellular proteins in eukaryotic cells [1,2]. Several hundreds of 
ubiquitin ligases in concert with several ubiquitin conjugating enzymes mediate the specific 
ubiquitination of individual substrates, as described in Chapter 3. Ubiquitinated substrates are 
targeted to the 26S proteasome, which functions as the final common step in the UPS 
pathway. The 26S proteasome is composed of the core 20S proteasome (described in detail in 
Chapter 6) associated with a specialized complex of proteins forming the PA700 (Proteasome 
Activator of 700, 000 daltons), also known as the 19S RP (19S Regulatory Particle). The 
general function of PA700 is to impart specific catalytic and regulatory features to the 
resulting 26S proteasome. PA700 is a defined complex equipped with multiple enzymatic 
activities that binds to one or both ends of the cylinder-shaped 20S proteasome [3-9]. The 
resulting ‘singly capped’ or ‘doubly capped’ complexes are both called 26S proteasomes 
[10,11]. It is not known, whether there are physiological differences between the singly 
capped versus the double capped 26S proteasomes. In addition, hybrid proteasomes have also 
been described, which are formed when PA700 attaches to one end of the 20S proteasome 
while another regulatory complex known as PA28 attaches to the other [12]. Since the 
functions of the 20S proteasome have been described in the preceding chapter, our 
presentation will focus on the structure and function of the PA700 component of the 26S 
proteasome and the mechanisms by which this regulatory complex mediates selective 
degradation of ubiquitinated proteins, i.e. the main function of the 26S proteasomes.  
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Figure 1. Schematic representation of the 26S proteasome. The picture indicates its subdivision into the 
core 20S proteasome and two PA700/19S RP complexes. The latter are further subdivided into the base 
and lid subcomplexes. 

 
AN OVERVIEW OF THE SUBUNITS OF PA700/19S RP 

 
Double-capped 26S proteasomes have a molecular mass of ~2400 kDa; 700 kDa is 

contributed by the 20S core and the remaining 1400 kDa by two PA700 complexes. Figure 1 
shows a schematic representation of the structure of 26S proteasomes. The C2 symmetry of 
the 20S proteasome dictates the overall symmetry of the entire complex. While 20S 
proteasome is a regular structure composed of similar subunits, PA700 is composed of 
approximately 18 different gene products forming an asymmetrical mass whose crystal 
structure has not been yet solved. Cryo-electron microscopy combined with image averaging 
gave an insight into the shape and structure of this PA700 mass. It has an appearance 
described sometimes as an opened ‘alligator mouth’. Part of PA700 seems to be attached 
tightly to the α ring of the 20S proteasome, while the other portion is attached to it by an 
angle of about 45 degrees [10,11]. While some subunits of PA700 bear structural similarity to 
each other, others are completely different. Their sizes vary from 28 to 112 kDa in contrast to 
the much more uniform population of 20S proteasome subunits which are in the 20-30 kDa 
range. Each PA700 gene product is present in a single copy per complex [3,5]. The overall 
structure and function of PA700 is highly conserved in eukaryotes, and only minor 
differences in subunit composition appear to exist among species (see below). Additional 
proteins have been shown to associate more or less strictly with PA700 in different 
stoichiometric proportions. While many of these interactions are of unknown or questionable 
biological significance, many others are likely physiologically meaningful. The functions of 
some of these interacting proteins raise questions as to whether they should be classified as 
bona fide subunits of the PA700. 

Nomenclature of proteasome subunits is extremely confusing since the proteasome has 
been studied in many species by different groups of investigators prior to the realization that 
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they all were components of the same complex. A systematic Rpn/Rpt nomenclature has been 
suggested for PA700 subunits, to complement the α/β nomenclature of the 20S proteasome 
subunits [13]. While this nomenclature was originally derived from yeast, it has been adapted 
and used in other organisms as well. Recently it has been implemented by Nature-Alliance 
for Cellular Signaling as its official nomenclature of human PA700 subunits used on its 
‘Molecule Pages’ [14]. Therefore, we use this systematic nomenclature throughout the text. 
However, since literature data are full of references to alternative names of proteasome 
subunits Appendix 1 is provided, presenting a complete list of synonyms for PA700 subunits. 
Rpn/Rpt nomenclature distinguishes between the AAA ATPase subunits (Regulatory particle 
triple-A protein) and the non-AAA ATPase subunits (Regulatory particle non-ATPase). Even 
the systematic nomenclature is not free from confusion, since one yeast gene product 
originally classified as PA700 subunit called Rpn4 is actually a transcriptional regulator of 
the expression of proteasomal genes. Moreover, Rpn4 is short-lived itself being a proteasome 
substrate [15]. On the other hand, mammalian PA700 subunits which do not have yeast 
homologs (such as S15 or Uch37) lack Rpn/Rpt names. 

The six homologous Rpts form a well defined group within the PA700 subunits (Figure 
2). The proteasomal ATPases are members of the AAA family (ATPases Associated with 
various cellular Activities) [16-19] . They all have similar molecular weights (42-56 kDa) and 
contain a 200-amino acid domain characteristic of the AAA protein family [17], which has 
Walker A and B nucleotide-binding motifs [19]. Despite high homology of their AAA 
domains their functions are non-redundant [93], perhaps because of the high divergence of 
the remaining portions of the ATPases. The relative contributions of individual ATPase 
subunits to the overall ATPase activity and thus to the ATP-dependent functions of the 26S 
proteasome are ill defined [20,21].  

The ‘Rpns’ or non-ATPase subunits of PA700 (Rpn1 to 3 and 5 to 12) represent a much 
more diverse group of proteins, with different protein domains (Figure 2). Rpn1 and Rpn2 
share a low degree of sequence similarity and contain multiple PC (proteasome/cyclosome) 
repeats. PC repeats are weakly conserved modules of unknown function from the Armadillo 
superfamily, which beside Rpn1 and 2 have been detected in one subunit of the 
APC/cyclosome E3 ligase complex [22]. Both Rpn1 and Rpn2 also contain the KEKE motifs 
likely involved in protein-protein interactions [20,23-26]. The remaining subunits have little 
similarity to one another, and their primary structures generally provide little specific 
information about their functions. Lid subunits share close homology with subunits of two 
other eukaryotic protein coplexes, namely the COP9/signalosome and eIF3 [33]. Therefore 
four lid subunits, Rpn3, Rpn7, Rpn5 and Rpn9 share with components of those complexes the 
C-terminal PINT motif (Proteasome, Int-6, Nip-1 and TRIP-15), also known as the PCI 
domain (Proteasome, COP9, Initiation factor 3). Since all proteins with PINT domains are 
part of larger multi-protein complexes, it may mediate protein-protein interactions but its 
exact role is unknown [27,28]. Rpn10 binds poly-Ub chains through two UIFs (ubiquitin-
interacting motifs) [29,30] but it also contains the VWA (von Willebrand factor, type A) 
domain, which is involved in the formation of multi-protein complexes [31]. Rpn8 and 
Rpn11 contain the JAB/JAMM domain also known as the MPN domain or PAD-1-like 
domain. This domain is found also in homologous subunits of the COP9/signalosome and 
eIF3 as well as various members of the MEROPS peptidase family M67 (clan M-) [3]. Rpn11 
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has been shown to display deubiquitinating activity [32,33]. Uch37, a subunit of PA700 
present in mammalian 26S proteasomes but not in yeast, also functions as a deubuiqutinating 
enzyme and contains a conserved cysteine residue characteristic of the active site family 
enzymes [34-36]. 
 

 

Figure 2. Schematic representation of the domain architecture of the different components of the 
PA700. PA700 subunits are grouped into the base subunits and lid subunits. In addition, the lid subunits 
which are not universal components of PA700 have been arranged in a third group. Known protein 
domains are indicated. See text for abbreviations of the protein domains. The size of each protein 
representation corresponds to the size of each subunit. The bar in the right lower corner corresponds to 
100 aminoacids in length.  

Several subunits of PA700 have been identified only in preparations from some species 
or groups of organisms (Figure 2). While in some cases these differences reflect authentic 
distinctions among species, in other cases they may reflect differences in experimental 
procedures. Special consideration must be given to Rpn4, which was identified as a subunit 
of yeast 26S proteasome, but has no ortholog in other species [37]. In contrast to other 
proteasome subunits, Rpn4 is a constitutively short-lived proteasome substrate. Inhibition of 
the proteasome activity results in accumulation of Rpn4, which functions as a positive 
transcriptional factor for global expression of proteasome subunits [15,38]. An unidentified 
functional counterpart of Rpn4 may exist in higher eukaryotes because inhibition of 
proteasome function can upregulate expression of proteasome subunits [39,40]. Uch37 has 
been identified in mammals and in fission yeast as an bona fide subunit of the 26S 
proteasome, however it is absent from the genome of budding yeast, where its function is 
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performed by other deubiquitinating enzymes, loosely associated with the 26S proteasome 
[35]. The lid of mammalian 26S proteasomes are also characterized by the presence of unique 
and poorly characterized additional subunits, such as S15/PSMD9, S5b/PSMD5 and 
p27/PSMD10, which therefore lack Rpt/Rpn names derived from the yeast nomenclature. 
While S5b has no know structural features, the other two subunits have common domains 
involved in protein-protein interactions, PDZ (S15) and ankyrin repeats (p27).  

 
 
SUBDIVISION OF PA700 INTO THE BASE AND THE LID 

 
Despite the lack of a crystal structure, the general architecture of PA700 has been 

established, including most subunit-subunit interactions, which are depicted on Figure 3 
[10,41-43]. A major advance in understanding the general architecture of PA700 has been the 
identification and characterization of two component subcomplexes, termed the ‘base’ and 
the ‘lid’ [44]. The base subcomplex contains eight subunits - six AAA ATPases (numbered 
from Rpt1 to Rpt6) and two non-ATPase subunits, Rpn1 and Rpn2, the two largest subunits 
of the 26S proteasome. The proteasomal ATPases form a heterologous six-membered ring 
that directly abuts the terminal α-ring of the 20S proteasome. The center of the ATPase ring 
is likely coaxial with the opening of the α ring of the 20S proteasome forming a tunnel 
through which substrates must pass to enter the central cavity of the proteasome, where the 
active sites are located (see Chapter 6). The exact orientation of Rpn1 and Rpn2 relative to 
the ATPase ring is uncertain. A molecular modeling study has predicted that these subunits 
form an α-helical toroid with a central pore that extends the axial channel of the proteasome 
and ATPase ring [45], however a direct experimental evidence to support this model is 
lacking. The base probably serves multiple roles in degradation of polyubiquitinated proteins, 
some of them mediated through common functions of all ATPases while some of them 
mediated by non-redundant functions, specific and unique to each. The overall ATP 
dependence of the 26S proteasome function depends on this ring of ATPases. Two best 
examples of non-redundant functions of the proteasomal ATPases are provided by Rpt2, 
which appears to gate the central access pore to the proteasome [14], and by Rpt5 which 
binds poly-Ub chains [50]. In addition, the non-ATPase base subunit Rpn2 binds Ub-like 
domains (UBLs) of proteins such as Rad23 or Dsk2, which are likely to deliver substrates to 
the proteasome (see Chapter 5). Four ATPases are phosphorylated [46], a modification that 
may modulate the interaction of PA700 with the 20S proteasome [47]. Moreover, Rpt2 has 
been shown to be reversibly modified by O-linked N-acetylglucosamine. This modification 
modulates ATP-ase activity and decreases peptidase activity of 26S proteasome both in vitro 
and in vivo [48]. This modification may link proteasomal activity to the nutrition status of the 
cells. Another study has claimed that additional subunits of the proteasome are modified by 
addition of O-linked N-acetylglucosamine as well [49]. The base likely evolved from a ring 
of identical ATP-ases associating with the proteasome, such as the PAN ATPase found in 
archaeabacteria [50]. PAN has the basic properties attributed to the ring of proteasomal 
ATPases in eukaryotes, since it stimulates protein refolding and promotes protein degradation 
by associated 20S proteasomes. 
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The lid subcomplex seems to be added later in evolution and it does not have a 
homologous structure in archeabacteria. It is linked to the base through the ‘hinge’ Rpn10 
subunit [51], however it is likely that this interaction is stabilized by additional proteins 
loosely associated with the proteasome, in particular Ecm29 [52]. The lid contains the 
remaining Rpn subunits as well as additional species-specific subunits such as UCH37 in 
mammalian proteasomes. The precise function of most lid subunits is not understood. Rpn10 
binds poly-Ub chains, however curiously, this property is dispensable for most normal 
proteasome functions [53]. Moreover, since appreciable amounts of Rpn10 are present in the 
cells as a free protein, unbound to the PA700/26S complexes, free Rpn10 may recruit, bind 
and deliver polyubiquitinated substrates to the proteasome. 

Two lid subunits, Rpn11 and UCH37 mediate deubiquitination (see Chapter 4). Rpn11 is 
a Zn2+ metalloproteinase able to cleave poly-Ub chains proximally, i.e. from their attachment 
points on substrate proteins [86]. In contrast, Uch37 is a cysteine protease that cleaves poly-
Ub distally, cleaving off ubiquitin monomers from the ends of polyubiquitin chains, thereby 
progressively decreasing the length of the chain [51]. The entire lid subcomplex bears 
remarkable resemblance to two different the ubiquitous protein complexes present within 
cells, the COP9 signalosome (CSN) and the eukaryotic initiation factor eIF3, both with 
subunit-for-subunit homology to the proteasome lid [44]. All three complexes probably 
evolved from one common ancestor complex. 
 

 

Figure 3. Protein interactiosn within PA700. Schematic representation of the known interactions 
between the different components of the PA700, known functions attributed to individual subunits and 
known post-translational modificatiosn likely to modify the function of the 26S proteasomes. 
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ASSEMBLY OF THE 26S PROTEASOME 
 
The exact cellular process by which the 26S proteasome is assembled remains unknown, 

but the best evidence suggests that it results from binding of independently assembled 20S 
proteasome and PA700 [10,54]. There is a considerable, but incomplete information about 
the assembly of the 20S proteasome as discussed in the previous chapter [55,56], whereas 
very little is known about the assembly of PA700. Formation of 26S proteasome from 
purified 20S proteasome and PA700 can be achieved in vitro by an ATP-dependent process 
[7]. This suggests that PA700 and 20S proteasome are sufficient for assembly of 26S 
proteasome. This process, however, is inefficient in vitro. Several studies have identified 
protein complexes that improve 26S proteasome assembly, but little is known about the 
molecular basis of these effects [10,57]. Another study has indicated that Hsp90 mediates 
26S proteasome assembly [58]. Recently, a protein termed Ecm29 was identified as a 
stoichiometric component of the 26S proteasome from Saccharomyces cerevisiae purified by 
affinity chromatography without exposure to high salt concentrations [53]. Ecm29 is a ~200 
kDa protein that binds to both the 20S proteasome and PA700 probably tethering the two 
subcomplexes. Electron microscopy reveals Ecm29 as a V-shaped protein that may act as 
‘clip’ between the α rings of the 20S proteasome and the base of PA700, but little is known 
about the molecular basis of such binding. Ecm29 stabilizes 26S proteasome in the absence 
of ATP, further supporting a role for it in physically linking 20S proteasome to PA700. 
Orthologs of Ecm29 are distributed widely among species, and evidence in mammalian cells 
suggests that it can function as an adaptor to localize the proteasome to membranes ([59] see 
Chapter 9). Thus, further study of the protein in yeast and other organisms will be required to 
establish its precise function in 26S proteasome structure and function.  

 
 

FUNCTIONS OF THE 26S PROTEASOME  
MEDIATED THROUGH THE PA700 COMPLEX 

 
The 20S core proteasome dictates the overall architecture of the 26S proteasome 

complex. It imparts the structural attachment to the PA700 complexes. 20S proteasome has 
the catalytic sites which perform the cleavage of digested polypeptides. The structure of the 
20S core and the nature and regulation of its proteolytic activities are described in detail in 
Chapter 6, therefore we will concentrate our discussion on the unique features imparted upon 
the 26S proteasome by its PA700 component. PA700 serves multiple roles in mediating 
proteasomal degradation of polyubiquitinated proteins. It relieves the structurally-imposed 
inhibition of proteolytic activity by opening the gates to the central channel of the 20S 
proteasome, which is normally obstructed by N-terminal extensions of the α-subunits. PA700 
also serves as the recognition and binding element for the poly-Ub chain, whose only role is 
to bring substrate sin close proximity of the degradation machinery. Moreover, PA700 
prepares the substrate for degradation through its ‘unfoldase’ or ‘reverse chaperone’ activity 
followed by translocation of the unfolded polypeptide chain through the central proteasome 
channel towards the central ‘chamber of doom’, where proteolysis takes place. Finally, 
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PA700 recycles ubiquitin by removing it from the substrate through its isopeptidase activity. 
If ubiquitin is not removed, proteolysis still can proceed but at a very slow rate, due to the 
high stability of the ubiquitin fold. In addition, depletion of cellular levels of free ubiquitin 
inhibits ubiquitination of new substrates and therefore prevents their degradation. ATP 
hydrolysis catalyzed by the ATP-ases of the PA700 is obligatory for overall proteolysis. It is 
not known, whether all or only several of the PA700-mediated processes listed above are 
coupled to ATPase activity. In order to allow a detailed discussion, individual functions of 
26S proteasome are described in separately, however it is likely that these functions are 
intimately associated. 

 
 

ROLES OF ATRASE ACTIVITY IN PA700 FUNCTION 
 
A fundamental feature of the UPS pathway is the requirement for metabolic energy in 

form of ATP hydrolysis for the degradation of proteins. ATP is consumed at the two 
extremes of the UPS pathway – at the beginning, when ATP is needed to activate ubiquitin 
by an E1 (Chapter 3) and at the end, when ATP is required for the attachment of PA700 to 
the 20S proteasomes and subsequently for the processing and degradation of substrates. It is 
unknown how the proteolysis is mechanistically linked to ATPase activity. ATP hydrolysis 
probably mediates multiple elements of 26S proteasome function, including assembly of the 
complex from 20S proteasome and PA700 subcomplexes, proteasome activation, poly-Ub 
chain binding, and substrate unfolding, translocation, and deubiquitination. The ATPase 
activity of PA700 is catalyzed by all ATPase subunits of the base, however the relative roles 
and contributions of the individual ATPases to various functions remain unclear. 
Nevertheless, individual ATPases play distinct and non-redundant roles [60], however there 
are insufficient data to conclude with certainty whether there is a complete division of labor 
for these ATPases among different ATP-dependent processes. Whatever is the case, the 
assembly of the ATP-ases into a hexameric ring and the attachment of this ring onto the α-
ring of the 20S proteasome are most likely critical to their functions, since it is conserved in 
the VAT ATP-ase binding to proteasomes in archaea [7]. Recently, it has been reported that 
ATP hydrolysis triggers rapid dissociation of PA700 from immunopurified 26S proteasomes 
in a manner coincident with release of the bulk of proteasome-interacting proteins (Chapter 
8). Moreover, the PA700 further disassembled into lids, bases and free Rpn10. Interaction 
with a purified poly-Ub substrate reconstituted the holoenzyme from its components [61]. 

 
 
ACTIVATION OF THE CORE 20S PROTEASOME BY PA700 
 
20S proteasomes have a low catalytic activity since the catalytic sites are self-

compartmentalized within their central chamber and substrates are excluded from entering it 
through occlusion of the proteasomal gates [62]. Even in an open, active conformation, 
substrates reach the sequestered catalytic sites only after passing through a narrow 13 Å 
passage formed by the terminal α rings of the proteasome [62-64]. This first structural 
constraint prevents the entry of substrates with appreciable tertiary structure, but even short 
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or unfolded polypeptides must overcome a second structural impediment posed by the 
proteasome. Activation of the proteasome is equivalent to the opening of proteasomal gates 
through a rearrangement of the N-terminal extensions of the α subunits. While such 
activation can be obtained by physical means or interaction with low levels of detergents, the 
physiological mechanism relies on the interaction with specific regulatory proteins. A 
detailed molecular explanation for PA700-induced proteasome activation is lacking in the 
absence of a crystal structure of the 26S proteasome, however it is likely similar in principle 
to proteasome activation by a different class of proteasome activators, such as PA28/PA26. A 
co-crystal structure has revealed that binding of such activator to the α ring of 20S 
proteasome promotes an rearrangement of the occluding N-terminal extensions of the α-
subunits from a position roughly perpendicular to the central proteasome channel, to one 
roughly parallel to the channel, thereby opening a pore through which substrates may pass 
[65]. In contrast to PA700, this class of activators (see Chapter 9) does not promote the 
degradation of ubiquitinated proteins, presumably because PA28 lacks other essential 
features present in PA700 which are necessary for processing such substrates. PA700 most 
likely also activates the proteasome by relieving occlusion of the proteasome pore, through a 
physical interaction between the heterohexameric AAA ATPase ring of the base and the 
heteroheptameric α ring of the proteasome. Binding of PA700 to the proteasome greatly 
enhances the hydrolysis of short peptide substrates, probably suggesting that PA700 binding 
increases access of these substrates to the catalytic sites [7]. Moreover, this activation can be 
accomplished entirely by the base subcomplex of the PA700, indicating that the interaction of 
the ATPase ring is sufficient for activation [44]. Deletion of the pore-occluding peptide of the 
α3 subunit of the 20S proteasome results in a constitutively active 20S proteasome, whose 
activity is not stimulated further by binding to PA700 [66]. Complementation experiments 
using the α3 deletion mutant and Rpt2 ATPase mutant have indicated that the Rpt2 subunit of 
PA700 activates the proteasome by a mechanism involving gating of the α pore [67].  

 
 

BINDING OF POLY-UB CHAINS 
 
While the base itself stimulates the activity of proteasome towards small peptides, it is 

unable to promote the recognition and degradation of ubiquitinated proteins without the 
association of the lid subcomplex. The entire PA700 links therefore the proteasome to the 
ubiquitin pathway bringing upon the recognition and recruitment of poly-Ub proteins. 26S 
proteasome binds efficiently K48-G76 linked poly-Ub chains composed of four or more 
ubiquitin moieties, however the exact molecular basis for this interaction remains poorly 
understood [68]. Rpn10 and Rpt6 have been identified by different methods as poly-Ub chain 
binding proteins. Moreover, cells contain other poly-Ub binding proteins that interact with 
the 26S proteasome and may function to deliver substrates to it for degradation. Historically, 
Rpn10 was the first PA700 subunit identified as a receptor for K48-G76 linked poly-Ub 
chains [69-72]. It binds poly-Ub through a short hydrophobic sequence termed the ubiquitin-
interacting motif (UIM), which has been identified in many other proteins, some of them 
involved in various aspects of ubiquitin metabolism ([73] see Chapter 5). The interaction 
between poly-Ub and Rpn10 involves direct binding of complementary hydrophobic patches 
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[74,75]. Rpn10 from Saccharomyces cerevisiae and Arabidopsis has only one C-terminal 
UIM [75], while human and Drosophila Rpn10 has two UIMs [76]. Each of the two UIMs 
binds poly-Ub with different affinities and may have some degree of cooperativity in intact 
Rpn10. The initial data about the relevance of Rpn10 in poly-Ub binding were contradicted 
by later findings indicating that disruption of this gene produces only a weak phenotype. 
Deletion of the Rpn10 gene in yeast is not lethal and inhibits the degradation of only a 
subclass of ubiquitinated proteins [85]. Likewise, downregulation of Rpn10 by RNA 
interference in Drosophila cells does not inhibit growth or overall ubiquitin-dependent 
protein degradation [39]. Moreover, deletion of the single conserved UIM in yeast has no 
effect on the degradation of Ub-Pro-β-galactosidase, a substrate whose cellular degradation 
otherwise requires expression of Rpn10, indicating that most of the Rpn10 role may be 
limited to its scaffolding function as a hinge between the lid and the base [75].  

The ‘far-western’ methodology originally used to identify Rpn10 as a poly-Ub binding 
protein failed to identify other poly-Ub receptors in the 26S proteasome. Chemical 
crosslinking has been used to identify Rpt5 as a different poly-Ub receptor [77]. Electron 
paramagnetic resonance, a direct indicator of binding, has shown an ATP-dependent physical 
interaction between a poly-Ub chain and Rpt5. Strikingly, the same cross-linking 
methodology failed to detect an interaction between Rpn10 and poly-Ub in an intact 26S 
proteasome, while it detected an interaction between free Rpn10 and poly-Ub. The molecular 
basis for the interaction between Rpt5 and poly-Ub is unknown. Analysis of Rpt5 sequence 
does not show any similarities to known Ub-binding motifs. Unlike Rpt10, Rpt5 is an 
essential protein in yeast, and RNAi of Rpt5 significantly reduced growth of Drosophila S2 
cells, however similar results have been obtained for other proteasomal ATPases as well 
[39,60]. Despite the fact that Rpt5 seems to bind poly-Ub, ‘lidless’ proteasomes from yeast 
lacking Rpn10 are defective in the degradation of model ubiquitinated proteins, suggesting 
that other features of the lid are important for manifestation of normal degradation of 
ubiquitinated proteins [44]. Altogether, the molecular basis of poly-Ub chain binding to 26S 
proteasomes remains poorly understood. It likely depends on the combination of binding and 
interaction with different components of this supramolecular assembly, which can not be 
reproduced as a mere sum of the binding affinities towards its individual components. 

 
 

UNFOLDING OF SUBSTRATES 
 
Generally, ubiquitination does not change most or all of the native tertiary structure of 

the numerous proteins degraded by 26S proteasomes. Due to the structural constraints of the 
26S proteasomes described above, the tertiary structures of these proteins must be 
destabilized prior to their proteolysis. Some proteins are ubiquitinated even while they are 
components of multimeric complexes or when they are embedded in a lipid bilayer, 
implicating that also the quaternary structure of such complexes must be destabilized, in 
order to allow the ubiquitinated protein to be selectively dislodged and degraded. It is 
generally assumed that in most of the cases the PA700 portion of the 26S proteasome harbors 
the necessary ‘unfoldase’ or ‘reverse chaperone’ activity which is necessary and sufficient to 
unfold the tertiary protein structure and even extract proteins from quaternary complexes. An 
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excellent example of the ability of PA700 to accomplish this function directly is the selective 
degradation of ubiquitinated Sic1 from a Sic1/Cdk/cyclin complex by purified 26S 
proteasome [78]. However, in the case of other quaternary structures, additional proteins are 
required. Such proteins are often called ‘shuttles’ or ‘delivery factors’. A prime example is 
given by the VCP (Valosin Containg Protein) ATPase, which forms a hexameric ring similar 
to the ring of proteasomal ATPasaes. VCP has been dubbed the ‘segregase’ since it is able to 
segregate and extract ubiquitinated proteins from multimeric complexes found in the cytosol 
(such as IkBα associated with NFκB) or at the surface of the ER (substrates associated with 
the retrotranslocation complex, see Chapter 13) [79,80]. Numerous additional proteins have 
been shown to interact physically with isolated PA700 subunits, intact PA700, or intact 26S 
proteasome [34,41,81]. Most of those interacting proteins support or modulate the functions 
of the 26S proteasome, however their detailed description is beyond the scope of the present 
chapter.  

The exact mechanisms by which the 26S proteasome carries out protein unfolding is 
unclear. Isolated PA700 has chaperone-like properties, since it inhibits the aggregation of 
misfolded proteins and catalyze the refolding of certain heat- and chemically-denatured 
proteins [82-84]. These properties are inherent to the base subcomplex, which has an overall 
architecture similar to other known molecular chaperones such as Hsp90. Similar to Hsp90, it 
has been shown that ATPase activity is required for the chaperone function of the 
proteasomal ring of ATPases [82]. Those results indicate that PA700 recognizes and interacts 
with certain structural features of nonnative proteins, likely to occur transiently or in limited 
regions of proteins with otherwise high global stability. This type of secondary interaction 
probably follows the primary targeting of most proteins through a poly-Ub chain. Once 
recognized by the 26S proteasomes, such features would promote further destabilization and 
unfolding of the protein, perhaps linked to cycles of ATP hydrolysis and/or processive 
proteolysis. Support for this model has been obtained by examining UPS-dependent 
degradation of stable model proteins in reticulocyte extracts [85]. These elegant experiments 
indicate that 26S proteasome unfolds and degrades proteins processively from a point near 
the polyubiquitination site. Despite considerable progress, a detailed molecular mechanism 
for protein unfolding by the 26S proteasomes remains poorly understood. Some outstanding 
issues to be resolved include, the exact nature of the interaction between PA700 and the 
substrate, the role of ATP hydrolysis in substrate unfolding, and details of the possible 
mechanistic linkages among substrate unfolding, translocation, and proteolysis. 

 
 

TRANSLOCATION OF SUBSTRATES FROM THE PA700 

TOWARDS THE CORE 20S PROTEASOME 
 
Most substrates of the 26S proteasome are degraded completely to short peptides and 

amino acids once they are engaged by the proteasome, suggesting that proteolysis is 
processive as shown for several model substrates [85-87]. Since folded protein domains are 
unable to penetrate through the limiting annulus in the α ring of the proteasome, processive 
proteolysis may be initiated at a free termini or at a loop of an unstructured region of a 
protein [88,89]. Single or double polypeptide chains can all easily pass through the α ring of 
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the proteasome. Processive proteolysis could then proceed by a mechanism linked to 
successive unfolding and translocation of the remaining substrate. Such model also is 
compatible with the few known examples of limited proteasomal proteolysis, because 
degradation could start at one terminus of a protein and proceed processively until reaching a 
‘stop translocation/degradation’ site dictated by a structural feature of the substrate. Stalled 
substrates could be released from the proteasome, thereby generating the mature processed 
protein. The p105 subunit of NFκB is the best example of a protein processed by this 
mechanism. In this instance, the C-terminal half of p105 is degraded by the proteasome to 
yield the mature p50 subunit [90]. Strong evidence for co-translational processing by 
endoproteolysis has also been presented for p105 and both mechanisms may operate in cells 
[91]. Little is known about the roles of individual subunits of the PA700 in this translocation 
process and how it is coupled to the ATP hydrolysis. 

 
 

DEUBIQUITINATION OF SUBSTRATES 
 
Release of free ubiquitin linked to the degradation of substrates tagged by poly-Ub 

chains is essential for the function of the UPS pathway (see Chapter 4). Once recognized 
through specific poly-Ub chain receptors and engaged through secondary interactions, the 
poly-Ub chain is no longer needed for the degradation of the substrate to occur. 
Deubiquitination of the substrate is obligatory for and coupled to substrate degradation. 
Degradation of artificial substrates with uncleavable ubiquitin moiety is much slower than of 
those with a cleavable ubiquitin moiety, indicating that unfolding and degradation of a stable 
ubiquitin fold requires considerable effort slowing down the degradation process. Two 
subunits of the lid, Rpn11 and Uch37, as well as several proteins loosely associated with the 
26S proteasomes, have the deubiquitinating or isopeptidase activity. Rpn11 is present in 26S 
proteasomes isolated from all sources and is an essential protein [32,33,92]. It cleaves the 
proximal isopeptide bond linking the poly-Ub chain to the substrate. This reaction is 
catalyzed by both free PA700 and 26S proteasome, but curiously depends on ATP hydrolysis 
by only 26S proteasome. This feature highlights another likely role of ATPase activity in 
proteolysis by the 26S proteasome. Because deubiquitination per se is unlikely to require 
ATP hydrolysis, the energy dependence of Rpn11-catalyzed deubiquitination may be linked 
to translocation or unfolding of the substrate such that the isopeptide bond is spatially 
positioned for cleavage. Removal of the poly-Ub chain probably is important for overall 
substrate degradation due to steric considerations because the bulky chain would impede 
translocation of the attached polypeptide substrate through the opened pore of the 
proteasome. In fact, inhibition of Rpn11 severely reduces rates of proteolysis by the 26S 
proteasome [32,33]. Uch37 is the second deubiquitinating subunit of PA700 [33,34]. This 
protein does not exist in budding yeast, but is found in Schizosaccharomyces pombe, 
Drosophila, and all mammals [93]. Like Rpn11 it is found in the lid, and immunoelectron 
microscopy has localized it to a peripheral site of this structure [94]. Uch37 cleaves ubiquitin 
from the distal end of poly-Ub chains [34,35]. The exact significance of this type of activity 
is unclear. However, it is conceivable that it represents an ‘editing’ function whereby tagged 
proteins that do not become engaged in degradation within a reasonable time are 
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deubiqutinated and released from the proteasome. Unlike Rpn11, decreased expression of 
Uch37 has little effect on cell viability, proteasome function, or global ubiquitin-dependent 
protein degradation [39,93].  

 
 

UBIQUITIN-INDEPENDENT DEGRADATION  
OF PROTEINS BY THE 26S PROTEASOME 

 
26S proteasomes are the only known enzymes that selectively degrade polyubiquitinated 

proteins. Nevertheless, evidence suggests that they also can degrade certain non-ubiquitinated 
proteins as well. To accomplish this task, 26S proteasomes must recognize and interact with 
features other than poly-Ub chains for selection of certain protein substrates. Indeed, recent 
work has directly demonstrated that the only function of the poly-Ub chain in the 
proteasome-dependent degradation is to deliver the substrate directly to this protease. 
Ornithine decarboxylase (ODC) is a well-studied example of a natural non-ubiqutinated 
protein to be degraded by the 26S proteasome [95-97]. ODC is targeted to the 26S 
proteasome through its binding to antizyme, an endogenous protein inhibitor [98]. 
Surprisingly, antizyme does not interact directly with the 26S proteasome, but it probably 
induces a conformational state of ODC that permits interaction of its carboxyterminus with a 
the 26S proteasome [99]. The same element recognizes both poly-Ub chains and the C-
terminus of ODC, since poly-Ub chains competitively inhibit antizyme-induced ODC binding 
and degradation [100]. Once the C-terminus of ODC is engaged by PA700, ODC is 
inactivated and unfolded prior to degradation, and either or both of these processes require 
PA700-catalyzed ATP hydrolysis in mechanism that probably is related to the chaperone-like 
properties of PA700 [101]. Interestingly, the carboxylterminus of ODC is probably 
disordered, a structural feature that may dictate initial interaction with PA700. Other 
unstructured non-ubiquitinated proteins also interact with PA700 and are degraded by the 
26S proteasome in vitro [88]. Thus, the ability of PA700 to interact with features of 
unstructured proteins, as might be required for the unfolding or translocation processes, also 
could dictate initial targeting of certain proteins to PA700. It is unclear to what extent this 
type of targeting occurs in intact cells.  

 
 

SUMMARY AND PERSPECTIVE 
 
26S proteasomes are the main proteolytic organelles in neuronal cells as in other cell 

types, degrading most cytosolic, nuclear and ER-derived proteins with or without previous 
ubiquitination. The structure and function of the 26S proteasomes depends on the supply of 
ATP, therefore in conditions when ATP productions is impaired, such as during hypoxia or 
ischaemia, 26S proteasome function is generally inhibited. Moreover, they tend to separate 
into the core 20S proteasomes and the PA700/19S cap complexes. Those two biochemical 
changes have likely deep consequences on the metabolism of the affected neurnal cells, 
which have not been studied in detail. To better understand the pathophysiology of those 
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events, a detailed knowledge of the structure and function of the 26S proteasomes is required. 
While their overall architecture and properties are quite well known, many aspects remain 
unsolved. The 20S core proteasome has been crystallized and extensively studied, while the 
detailed structure of the PA700 component of 26S proteasome remains elusive. Despite 
numerous attempts a crystal structure of PA700 or of the entire 26S proteasome has not been 
solved. This may reflect a high variability of the positioning of individual subunits within this 
subcomplex and/or their multiple posttranslational modifications, as well as 
substoichiometric association with other proteins, not considered bona fide components of 
the 26S proteasome.  
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ABSTRACT 
 

The 26S proteasome has long been viewed as a major therapeutic target. However, 
in the past 20 years only inhibitors of the proteolytic sites have been developed. Such a 
focus was primarily the result of the limited availability of assays for monitoring activity 
of the 26S proteasome. Due to the difficulties in preparation of naturally 
polyubiquitinated proteins, these assays were based on artificial model substrates, 
typically monomeric proteins that could be either polyubiquitinated in vitro without a 
specific E3 ubiquitin ligase (lysozyme, DHFR, Ub-Pro-β-gal) or degraded without 
polyubiquitination (fluorogenic peptides, loosely structured caseine, denatured 
ovalbumin). Although these reagents proved invaluable in uncovering the basic 
principles of proteasomal function, it becomes increasingly clear that they did not allow 
one to address the puzzling complexity of the 19S cap composition, indispensable in the 
highly controlled and rapid (T1/2 <5 min) degradation of naturally unstable regulatory 
proteins and signalling molecules. Recent development of in vitro assays for specific 
ubiquitination and degradation of natural substrates from yeast, pioneered by several 
research groups including ours, has turned the tide. As we discuss below, these studies, 
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although in their early stages, have already revealed an unanticipated complexity of the 
substrate recruitment mechanism and the catalytic cycle itself.  
 

Keywords: 26S proteasome, PIPs (proteasome-interacting proteins), SCF ubiquitin ligase. 
 
 

ABBREVIATIONS 
 
AAA-type, ATPases associated with cellular activities; ADP adenosine diphosphate; 

APC, anaphase promoting complex; ATP, adenosine triphosphate; Cdc4, cell division cycle 
4; CDK, cyclin dependent kinase; Ddi1, DNA damage inducible 1; DHFR, dihydrofolate 
reductase; E2, ubiquitin-conjugating enzyme; E3, ubiquitin ligase; Hul5, HECT [homologous 
to E6-associated protein (E6AP) C-terminus] ubiquitin ligase 5; Hs1U, heat shock locus U; 
IκB, inhibitor of NF (nuclear factor)–κB; K48-type, lysine 48-type; Met4, methionine 
requiring 4; NFκB, nuclear factor-κB; ODC, ornithine decarboxylase; PIPs, proteasome-
interacting proteins; Rad23, radiation sensitive 23; Rpn3ts, regulatory particle non-ATPase 3 
temperature sensitive; S-CDK, S-phase cyclin-dependent kinase; SCF, Skp1, Cullin, F-Box 
protein; Sic1, substrate/subunit inhibitor of cyclin-dependent protein kinase; Skp1, 
suppressor of kinetochore protein mutant; Ub-Pro-β-gal, ubiquitin-proline-beta-gal; UBA, 
ubiquitin-associated; UbL, ubiquitin-like; Ufd1, ubiquitin fusion degradation protein 1. 

 
 

THE EMERGING COMPLEXITY OF SUBSTRATE RECRUITMENT 
 
The 26S proteasome recruits most of its natural substrates via a post-translational 

modification with a K48-type of polyubiquitin [1,2] (see Chapter 3). The currently 
dominating view is that the timing and specificity of ubiquitin-mediated proteolysis are 
controlled mainly at the step of substrate recognition by a specific ubiquitin ligase. The 
variety of substrate recognition mechanisms employed by ubiquitin ligases well reflects the 
large number of proteins that are targeted for proteolysis. However, in addition to the 
polyubiquitin chain, at least three other factors have recently been implicated in substrate 
recruitment. First, many ubiquitin ligases interact with the 26S proteasome, including Ubr1 
and Ufd4 [3], SCF [4,5], APC [4], and Hul5 [6]. At least in the case of Ufd4 the interaction is 
direct and essential for substrate instability [7]. Second, various adapter proteins can bind the 
26S proteasome and participate in recognition of the polyubiquitin chain [8]. These include 
the UbL-UBA domain proteins Rad23, Dsk2, and Ddi1, and the AAA-type ATPase 
Ufd1/Cdc48/p97. Since different adapter proteins facilitate degradation of different naturally 
unstable substrates, the adapter proteins may contribute to the specificity of proteolysis by a 
yet unknown mechanism [9]. This possibility extends the conclusion first derived from 
genetic analysis of rpn3ts alleles, which provided an elegant demonstration that the 
degradation of several naturally unstable cell cycle regulatory proteins is differentially 
regulated on the level of the 26S proteasome [10]. Finally, on the example of the Met4 
transcriptional activator of the methionine biosynthetic network in yeast we have recently 
shown that specific sulfur amino acids promote degradation of polyubiquitinated Met4 by 
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destabilizing its interaction with SCFMet30 [11], revealing yet another layer of complexity in 
the mechanism of substrate recruitment.  

 
 

DISSECTING DEGRADATION OF NATURAL SUBSTRATES  
AS AN ATTRACTIVE EXPERIMENTAL APPROACH 

 
Several features make the naturally unstable substrates ideal for dissecting the 

complexity of proteasomal function. The natural substrates are usually degraded more rapidly 
than artificial model substrates both in vitro and in vivo (T1/2~ 2-5 min vs ~30 min or longer 
in the case of artificial model substrates), carry all the evolutionarily selected features 
ensuring their instability, and are linked to the network of cellular signaling. In fact, since the 
role of degradation of many naturally unstable regulatory molecules is to facilitate signal 
transduction via promoting release and/or remodeling of the associating proteins, many 
natural substrates are recruited to the 26S proteasome as part of multiprotein complexes. This 
aspect of proteasomal function is well illustrated by the classic examples of NFκB, which is 
activated in vivo by selective degradation of its inhibitor IκB [12], and S-phase cyclin-
dependent kinase (S-CDK), which is activated at the G1/S phase transition upon degradation 
of its inhibitor Sic1 in vivo [13], and in vitro [14]. In the latter case, polyubiquitinated Sic1 
remains in a tight complex with the SCFCdc4 ubiquitin ligase [15] and with S-CDK [14] both 
of which interact with the 26S proteasome [4,5,16]. This phenomenon is not limited to SCF 
substrates, as a large number of proteins can interact with the 26S proteasome, either via 
binding to a substrate or via direct interaction with the 19S. Among the proteasome-
interacting proteins (PIPs) that can be trapped in a complex with the 26S in the presence of 
ATPγS are ubiquitination machineries, deubiquitinating enzymes, UbL-UBA adapters, 
molecular chaperones and many other proteins whose role in proteolysis is yet unknown 
[4,5]. 

 
 

PROTEASOME-INTERACTING PROTEINS (PIPS) COULD PLAY 

A ROLE IN THE CATALYTIC CYCLE OF THE 26S PROTEASOME 

– THE ‘CHEW AND SPEW’ MODEL 
 
The possibility that PIPs play a role in the catalytic cycle of the 26S proteasome is 

supported by the observation that release of the bulk of PIPs from immunopurified 26S 
particles is accompanied by ATP hydrolysis-dependent dissociation and disassembly of the 
19S [5]. 30-60% of total 26S particles from yeast extracts undergoes the disassembly in a 
manner linked to both ATP hydrolysis and dissociation of the PIPs, suggesting that a large 
number of endogenous substrates are degraded via this mechanism. Indeed, using a 
biochemical reconstruction approach with purified Sic1, the prototype substrate of SCFCdc4 
ubiquitin ligase, we have shown that the ATP hydrolysis-mediated dissociation and 
disassembly of the 19S cap is strictly dependent on the degradation of a substrate and 
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coincides with release of both the product peptides and the PIPs, including SCFCdc4 [5]. We  
 

 

Figure 1. The ‘chew and spew’ model for the catalytic cycle of the 26S proteasome with a naturally 
unstable substrate. For simplicity, the model focuses on the doubly capped proteasomes. (A). 
Recruitment of a polyubiquitinated substrate (red) in a complex with the E3 ubiquitin ligase (orange) 
and associating proteins (yellow), at least some of which directly interact the 26S proteasome and 
remain bound to the 26S after substrate unfolding. (B). Degradation of a substrate triggers coupling 
between ATP hydrolysis and a conformational change in the ATPases via a mechanism possibly linked 
to the appearance of product peptides (red brackets symbolically mark the coupling event with red 
ATP->ADP transition indicating the critical hydrolysis reaction). (C). The coupling mechanism 
generates a powerful mechanical force, which triggers the disassembly of the 19S into subunits and/or 
sub-complexes, the release and disassembly of the E3 and other PIPs, and a burst-type ‘spew-like’ 
product peptides release. (D). The 19S components re-associate with the 20S, resetting the machinery 
for a new round of the catalytic cycle. Note that the model shows only one possible scheme for the 
disassembly: dissociation of the E3-bound 19S cap, with a singly capped proteasome as a product. In 
this scheme, the 19S-free end of the singly capped proteasome could facilitate accelerated release of 
product peptides, essentially as proposed by Kisselev et al. [21,22], based on model derived from 11S-
20S-19S hybrid particles. While disassembly of two 19S caps is also possible, as a result of positive 
cooperativity between the 20S ends [19,25], disassembly of the E3-free 19S is unlikely because it could 
not explain release of the E3.  
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obtained similar results with several other substrates, including the Met4 substrate of 
SCFMet30, and the Cdc34 E2 ubiquitin-conjugating enzyme autoubiquitinated in SCF-
dependent manner. Based on these observations, we proposed that the ATP hydrolysis-
dependent disassembly of the 26S proteasome is part of the catalytic cycle (Figure 1).  

The proposed ‘chew and spew’ model establishes a new view on the catalytic cycle of 
the 26S proteasome, in which degradation of a substrate triggers coupling between ATP 
hydrolysis and disassembly of the 19S. What could be the molecular basis of this 
mechanism? One possibility is that product peptides induce a conformational change in the 
adjacent ATPases by inducing an allosteric change within the 20S. Indeed, analysis of the 
proteasome-associated ATPase HslU has demonstrated the potential of AAA-type ATPases 
to change conformation in a nucleotide-dependent manner [17]. In addition, several studies 
have suggested that allosteric transitions play a role in function of the proteasome 
[18,19,20,21,22]. Especially interesting are the effects associated with presence of 
hydrophobic peptides, which have been proposed to bind to several noncatalytic sites in the 
20S and to accelerate proteolysis via two mechanisms. First is to allosterically activate the 
catalytic sites, leading to a more effective ‘bite and chew’ degradation [20,21]. Second is to 
accelerate the release of product peptides by promoting an opening in the α rings [21]. The 
role of this mechanism is thought to be functionally similar to the role of the 11S activator, 
which acts by opening of the 19S cap-free end of the proteasome [23]. A similar role could be 
assigned to the ATP hydrolysis-dependent dissociation of the 19S cap. This mechanism not 
only generates the 19S cap-free end of the proteasome, but it was also linked to the quickest 
type of degradation typical of naturally unstable proteins, and to the release of the product 
peptides [5]. 

A second model predicts that product peptides are required, but not sufficient, and that 
the coupling mechanism depends on a change induced directly in the 19S cap. Such a change 
could be induced in the ATPases in response to interaction with some ‘coupling’ factor 
recruited with the substrate. S-CDK and the SCFCdc4 are good candidates for such a factor, as 
both remain in a complex with polyubiquitinated Sic1 [14,15] and interact with the 26S 
proteasome [4,5,16]. Interestingly, endogenous SCF interacts with the 26S proteasome even 
when thermal inactivation of the cdc34-1 mutant protein blocks ubiquitination [4]. If 
substrate ubiquitination plays no role in SCF recruitment to the proteasome, its degradation 
may be insufficient for SCF release. In such a case, direct interaction with the E3 may play a 
role in coordinating release of the degradation products with disassembly of the 26S.  

Regardless of the precise molecular mechanism, the ultimate proof that the disassembly 
is part of the catalytic cycle will come with testing the prediction that the 19S subcomplexes 
and/or subunits formed as result of the ATP hydrolysis-dependent disassembly can rapidly 
reassemble with the 20S, either spontaneously or with help of cofactors. An interesting 
question is whether this type of reassembly differs from the de novo assembly of the 19S caps 
and from the reassembly of an intact 19S cap generated from the 26S via nucleotide depletion 
(see Chapter 7). Although the 19S cap generated by this mechanism can reassemble with the 
20S proteasome upon addition of ATP, purified 19S cap generated by nucleotide depletion 
binds the 20S proteasome very inefficiently, with ~50-fold excess of the 19S cap required for 
quantitative reassembly with the 20S proteasome even in the presence of a modulator [24,25]. 
Thus, it is possible that the ATP hydrolysis-dependent disassembly of the 19S cap is 
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necessary for its quick and efficient reassembly with the 20S proteasome. Whether and how 
the reassembly process is affected by the PIPs remains to be determined. 
THE ‘CHEW AND SPEW’ MECHANISM COULD PLAY A ROLE IN 

DEGRADATION OF THE MOST RAPIDLY TURNED-OVER BUT 

NOT NECESSARILY ALL SUBSTRATES 
 
Two observations suggest that the ATP hydrolysis-dependent disassembly of the 19S cap 

from the 26S particles plays a role in degradation of the most rapidly turned over class of 
substrates, characterized by a half-life in the range of a few minutes. First, this mechanism 
has been discovered in assays with the rapidly degraded natural substrates (T1/2 of Sic1 and 
Met4 ~ 2-5 min) and linked to a similarly rapid release of the bulk of endogenous PIPs, 
including the E3 components of ubiquitination machineries [5]. Since many E3s directly 
interact with the proteasome, it appears that they would have to be removed prior to 
recruitment of the next E3-substrate complex. In this view, release of the E3 might be an 
obligatory step in the degradation of this class of substrates. Second, we have linked the 
disassembly to a burst-type, spew-like release of product peptides [5]. Although product 
peptides could leak out via a standard opening of the gated channel in assembled 26S 
particles and such mechanism could be sufficient to support degradation of the slowly turned-
over substrates, the model derived from the 11S-20S-19S hybrid proteasomes suggests that 
the accelerated release of product peptides could promote more rapid degradation (see 
Chapter 9).  

These possibilities suggest that what is essential for function of the 26S proteasome 
needs to be evaluated from the perspective of how the lack of this function affects the precise 
cellular activity and/or the transition it evolved to facilitate rather than the mechanistic 
capacity of the machinery to do the job out of biological context. Indeed, different features 
are essential for different activities of the machinery. Even dependence on a polyubiquitin 
tag, the most established hallmark of ubiquitin-mediated proteolysis, is not absolutely 
necessary for degradation of proteasomal substrates. Not only the proteasome can degrade 
many model substrates without polyubiquitination (casein, calmoduline, lysozyme, ODC, 
p21, are all established substrates of the proteasome), but also blocking ubiquitination of 
many naturally unstable proteins does not make them 'rock' stable [26]. For example, Sic1 is 
stabilized five fold in cdc34, skp1, cdc53, and cdc4 ts mutants of SCF, from a half-life of 5 to 
25 minutes. Under these conditions, Sic1 is still a very unstable protein (at least as unstable 
as casein). However, the key observation here is not that the unubiquitinated Sic1 is 
degraded, but that the change in its half-life is lethal to cells simply because the degradation 
is too slow in context of the precise signaling role it evolved to facilitate.  

In the case of the ATP hydrolysis-dependent disassembly of the 26S particles, an 
essential role could be convincingly demonstrated only by isolating a mutant in the ATPase 
or ATPases with a defect in the dissociation of the 19S cap, but not in substrate unfolding and 
translocation to the 20S core. For this reason, such mutants would need to be first carefully 
characterized in vitro, prior to in vivo analysis. Two lines of evidence suggest that an 
identification of ATPase mutants with defects in individualized functions is a feasible task. 
First, Hershko and colleagues have observed that while various nucleotides can support 
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degradation of a model substrate and undergo hydrolysis by the 26S proteasome, they cannot 
replace ATP in the formation of 26S [27]. If the same mechanism controls the assembly and 
disassembly of the 26S particle, the difference in nucleotide requirement may allow a 
separation of function. Second, a growing number of reports suggest individualized roles for 
the ATPases. Genetic analysis in yeast first suggested individualized roles of proteasomal 
ATPases by demonstrating distinct phenotypes associated with the inactivation of the 
conserved ATP-binding motif of each ATPase [28]. Since then, inactivation of the Rpt2 
ATPase alone has been shown to inhibit the opening of the gating channel [28,29]. In 
contrast, a cross-linking approach has shown that the Rpt5 ATPase interacts with a substrate-
attached polyubiquitin chain, suggesting a role in substrate recruitment [30]. Finally, the Rpt1 
and Rpt6 ATPases were shown to bind Ubr1 and Ufd4 E3s, implying a role in recruitment of 
ubiquitination machineries [3,7]. Although it is unknown which ATPases are involved in 
substrate unfolding and translocation to the proteolytic core, the hypothesis that the 
individual ATPases have specialized functions becomes increasingly attractive. In this view, 
the coupling between ATP hydrolysis and disassembly of the 19S cap could depend on a 
single ATPase. On the other hand, it is hard to imagine that the machinery operates without 
coordinating the ATPase activities, especially if they have the potential to induce disassembly 
of the 19S and, thus, interrupt proteasomal function if not controlled. An interesting 
possibility is that such coordination exists, and depends on the function a single ‘master’ 
ATPase that controls the assembly and disassembly of the 26S. 

The availability of in vitro systems that faithfully recapitulate the degradation of 
naturally unstable SCF substrates [4,5,9,11,14,31,32], and allows monitoring several distinct 
steps in the catalytic cycle, including recruitment of the SCF-bound substrate to the 
proteasome, substrate deubiquitination, unfolding, degradation, and disassembly of the 26S, 
puts us and other investigators in a position to initiate the dissection of the contributions of 
each ATPase. Full dissection is necessary because identification of the ATPase or ATPases 
that control the disassembly of the 19S during the catalytic cycle can only be achieved via 
separation of the individual roles of the ATPases. Only with ATPase mutants that cannot 
perform a specific task, could we get sufficient evidence to conclude whether this function is 
or is not essential for proteasomal activity and in what context.  

 
 

CONCLUDING REMARKS 
 
In the past few years, the combination of genetic analysis in vivo and biochemical 

reconstruction in vitro have led to the development of assays for specific and rapid 
ubiquitination and degradation of several naturally unstable regulatory proteins from yeast. 
The unanticipated complexity of the substrate recruitment mechanism and the catalytic cycle 
itself uncovered in these studies suggests that the reconstruction of protein degradation with 
natural substrates in vitro is the key to understanding the complexity of proteasomal function. 
It is also appealing to think that these assays will provide a basis for the development of a 
variety of small molecule regulators that can affect the catalytic cycle of the 26S proteasome 
via mechanisms distinct from interfering with its enzymatic activities per se. Conformational 
transitions of the 26S machinery, the dynamics of its assembly and disassembly, and the 



K. Matthew Scaglione and Dorota Skowyra 166 

interaction between the 26S and PIPs are only a few of the emerging targets for a possible 
pharmacological regulation. 
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ABSTRACT 
 

The ubiquitin-proteasome system is responsible for the majority of regulated 
intracellular protein degradation. The importance of this system is reflected in its 
involvement in a large number of biological processes such as cell cycle traverse, 
apoptosis, antigen presentation, circadian rhythms, protein quality control, etc., as well as 
many aspects of neuronal development and function. The proteolytic component of the 
system is the 26S proteasome, a large ATP-dependent enzyme that degrades proteins 
marked for destruction by polyubiquitin chains. The 26S proteasome is composed of two 
subunits, the 20S proteasome and the 19S regulatory complex. The 20S proteasome is a 
cylindrical particle composed of α and β subunits arranged as four heptameric rings 
housing the proteolytic activity. Indiscriminate protein degradation by the 20S 
proteasome is prevented by the fact that the active sites are sequestered within the central 
chamber of the cylinder, and substrate access is blocked by N-terminal extensions of the 
α subunits constituting the outer rings. For substrates to gain entry into the 20S 
proteasome, the α N-terminal extensions must be reoriented in order to open the axial 
channel leading into the proteasome catalytic chamber. This is accomplished by binding 
of the 19S regulatory complex and/or other proteasome activator complexes to one or 
both ends of the 20S cylinder. The 19S regulatory complex is a multiprotein structure 
that recognizes, unfolds and pumps polyubiquitylated substrates into the 20S catalytic 
core. Other identified proteasome activators include PA28α and PA28αβ that are 
involved in MHC class I antigen presentation, PA28γ, thought to be involved in 
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apoptosis, and PA200 recently linked to DNA repair. Inhibitors of the 20S proteasome 
include Hsp90 and PI31 — which presumably compete with proteasome activators for 
binding the 20S proteasome α rings — PR39, a noncompetitive reversible inhibitor of 
proteasomes and PA28αβ-proteasome complexes, and many viral proteins that inhibit 
20S and 26S proteasomes as well as other components of the ubiquitin-proteasome 
system. In addition to activators and inhibitors of 20S proteasomes, there are numerous 
proteins that bind to the 26S holoenzyme and modulate its activity. These include a host 
of ubiquitin-conjugating enzymes (E2s), ubiquitin-ligases (E3s), ubiquitin-chain 
elongation factors (E4s), isopeptidases, and an increasing number of polyubiquitin chain 
receptors thought to deliver polyubiquitylated substrates to the 26S proteasome. Finally, 
the HEAT repeat-containing protein Ecm29 has been proposed to function as an adaptor 
that links 26S proteasomes to protein quality control and endoplasmic reticulum-
associated protein degradation pathways, endocytosis and vesicular trafficking, and 
transport processes through interaction of Ecm29 with molecular motors. In this review, 
we will discuss recent developments concerning the aforementioned proteasome-
interacting proteins with emphasis on those proteins which likely function within the 
normal physiology and pathophysiology of the nervous system. 
 

Keywords: proteasome activators, proteasome inhibitors, proteasome-binding proteins, 
ubiquitin receptors, deubiquitylating enzymes, Ecm29. 

 
 

ABBREVIATIONS:  
 
AAA, ATPases associated with a variety of cellular activities; AdE1A, adenovirus early 

region 1; AR-JP, Autosomal Recessive Juvenile Parkinsonism; CFTR, cystic fibrosis 
transmembrane conductance regulator; CHO, Chinese Hamster Ovary cells; ChT-L, 
chymotrypsin-like; CTL, MHC class I restricted T-lymphocytes; DSBs, DNA double strand 
breaks; DSS1, Deleted-in-Split-Hand/Split-Foot-1; DUBs, deubiquitylating enzymes; 
EBNA1, Epstein-Barr virus nuclear antigen 1; EBV, Epstein-Barr virus; ECM29, 
Extracellular Mutant 29 gene; eEF1A, eukaryotic elongation factor 1A; ERAD, endoplasmic 
reticulum-associated degradation pathway; ERGIC, ER-Golgi intermediate compartment; 
GFP, green fluorescent protein; Gar, glycine and alanine repeat; HBX, hepatitis B virus X 
protein; HCV, hepatitis C virus; HEAT, Huntingtin, Elongation factor 3, HIV-1, human 
immunodeficiency virus-1; HR, homologous recombination; Hsp90, heat shock protein 90; 
IFN-γ, interferon γ; MMS, methyl methane sulfonate; MVB, multivesicular bodies; NHEJ, 
non-homologous end joining; PAAF1, proteasomal ATPase-associated factor 1; PCM1, 
pericentrin; PGPH, post-glutamyl-peptidyl hydrolyzing; PNGase, peptide:N-glycanase; 
polyQ, polyglutamine; polyUb, polyubiquitin; RC, 19S regulatory complex or PA700; SCA, 
Spinocerebellar Ataxia; SCF, skp1-cullin-F-box complex; TAP, tandem affinity purification; 
T-L, trypsin-like; Ub, ubiquitin; UBA, ubiquitin-associated domain; UBL, ubiquitin-like 
domain; UIM, ubiquitin-interacting motif; UPS, ubiquitin-proteasome system; VCP, valosin-
containing protein or p97. 
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INTRODUCTION 
 
It is increasingly clear that cellular homeostasis is the result of maintaining appropriate 

levels of key enzymes and other regulatory proteins that control essential life processes. 
Although transcription and translation play a major role in determining the intracellular 
concentration of proteins, their timely destruction by proteolysis is also critical for normal 
cell function. Covalent attachment of the small 76-residue protein ubiquitin (Ub) to 
eukaryotic proteins is a post-translational modification of remarkable scope, complexity and 
importance. Although Ub conjugation can serve non-destructive purposes [1-5], regulated 
extralysosomal degradation of intracellular proteins is the principal function of this 
modification [6]. The Ub system regulates a large number of biological processes including 
cell cycle traverse [7,8], apoptosis [9], antigen presentation [10], circadian rhythms [11,12], 
protein quality control [13,14], transcription [1], as well as many aspects of neuronal cell 
biology [15-26]. To target proteins for destruction, the C-terminus of ubiquitin is first 
activated by an ATP-consuming, ubiquitin-activating enzyme or E1, and the activated 
ubiquitin is then transferred in thiol-ester linkage to a number of carrier proteins known as 
ubiquitin-conjugating enzymes or E2s [6]. The ultimate transfer of Ub to substrate proteins is 
in most cases mediated by hundreds of ubiquitin ligases or E3s, which constitute the 
substrate-recognition components of the system [27-32], and E2s and E3s generally 
collaborate to generate polyubiquitin (polyUb) chains attached to lysine ε-amino groups in 
the protein substrates. In many instances, elongation of the polyUb chain to optimal 
degradation-competent lengths requires the further action of ubiquitin elongation factors or 
E4s [33]. The polyUb protein is ultimately targeted to the 26S proteasome, a large (2.5 MDa) 
ATP-dependent protease present in both the cytosol and nucleus of eukaryotic cells, for 
degradation [34]. 

 
 

The Ubiquitin-Proteasome System in the Central Nervous System 
 
The ubiquitin-proteasome system (UPS) plays many important roles in the physiology of 

normal and diseased neuronal cells. Components of the UPS have been implicated in axonal 
degeneration [17,18], development of synapses [35-39], and neurotransmission [16,40,41]. It 
also contributes to synaptic plasticity, particularly with respect to the association of glutamate 
receptors with postsynaptic densities and the establishment of long-term facilitation [42-46]. 
In addition, it is becoming increasingly evident that the UPS contributes to the development 
of several neurodegenerative diseases including Alzheimer’s, Parkinson’s, and those that 
result from polyglutamine expansions, such as Huntington’s and a number of Spinocerebellar 
Ataxias (SCAs) [47,48]. Although parkin and SCA-3 are themselves components of the UPS, 
mutated proteins in the majority of neurodegenerative diseases have no obvious functional or 
evolutionary relationship. The abnormal accumulation of ubiquitylated proteins or peptides in 
the nervous system, however, suggests that insufficient rates of protein degradation by the 
UPS could underlie the pathogenesis of these diseases. 
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The 26S Proteasome 
 
The 26S proteasome is the only enzyme known to degrade polyubiquitylated proteins in 

eukaryotic cells. The proteolytic core of the 26S proteasome is the 20S proteasome, a 
cylindrical particle composed of four-stacked heptameric rings of α and β subunits arranged 
in an αββα configuration that houses 3 proteolytic activities termed chymotrypsin-like (ChT-
L), trypsin-like (T-L), and post-glutamyl-peptidyl hydrolyzing (PGPH) activities [49,50] (see 
Chapter 6) Indiscriminate proteolysis of protein substrates is prevented by the sequestration 
of the 20S proteasome’s active sites within a central chamber formed by the inner β rings 
[49,50]. Although, the 20S proteasome can itself degrade a limited number of substrates [51], 
mechanisms are required to facilitate the transfer of protein substrates into the central 
chamber. This is accomplished when one or two 19S regulatory complexes (RCs or PA700) 
bind to the end α rings of the 20S proteasome [52] forming the 26S proteasome (see Chapter 
7). The RC — which in turn can be divided into two subcomplexes termed the base and the 
lid [53] — provides subunits that recognize, unfold, and translocate protein substrates into 
the 20S cylinder where they are degraded [54]. The 19S complex also contains a subunit that 
disassembles polyUb chains attached to the protein substrates [55,56] and associates with 
other cellular isopeptidases to ensure complete release and recycling of the Ub tagging 
molecules [57,58]. 

 
 

PROTEASOME ACTIVATORS 
 
In addition to the 19S RC, which utilizes ATP to stimulate the proteasomal degradation 

of full-length proteins, a number of ATP-independent activators of the 20S proteasome that 
stimulate the hydrolysis of short peptides in vitro have been identified [59-62]. However, the 
in vivo roles of these activators have yet to be firmly established. Activators of the 20S 
proteasome, which include three homologous proteins denominated PA28 α, β, γ (or 11S 
REG α, β, γ) and the recently identified protein PA200, bind to and ‘cap’ the ends of the 20S 
core particle in an analogous manner as the 19S regulatory complex [63-65]. Moreover, it has 
become increasingly evident that ‘hybrid’ proteasomes, composed of a single 20S catalytic 
core particle capped on one end by a 19S RC and on the other end by an ATP-independent 
activator, are relatively prevalent —comprising perhaps 25% of the overall cellular 
proteasomal content [66]. Thus, it appears that cells are quite dynamic in terms of their 
proteasomal content, and the ability to change proteasomal ‘caps’ endows them with multiple 
levels of control over protein degradation. 

 
 

PA28 α, β, γ 
 
Identified in the 1990’s, PA28 proteins (α, β, γ) are small 28-30 kDa proteins that share 

significant sequence homology with one another, and appear to function as either homo- 
(α/α,γ/γ) or hetero- (α/β) heptamers that cap one or both ends of the 20S proteasome [59,60]. 
Important differences exist among the three PA28 proteins. Although PA28α can function 
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independently, complexes containing both PA28α and PA28β have the highest affinity for the 
proteasome, whereas PA28γ homoheptamers have an intermediate affinity towards the 20S 
enzyme [67]. Furthermore, PA28α and PA28αβ stimulate proteasomal cleavage after acidic, 
basic, and hydrophobic amino acids in substrate peptides, while PA28γ only stimulates the β2 
active site responsible for cleavage after basic residues [67,68]. Intracellular localizations 
also vary among the PA28 homologs in that PA28α and PA28β are predominantly 
cytoplasmic proteins whereas PA28γ localizes to the nucleus of cells [59,60]. Finally, while 
all three proteins display a widespread tissue distribution, PA28γ is notably elevated in the 
brain and PA28αβ levels are highest in immune organs [59]. 

PA28 proteins accelerate the digestion of peptides by the 20S proteasome in vitro, 
however it is unlikely that their sole purpose for the cell is to perform an equivalent function 
in vivo since short peptides are rapidly removed by a host of cellular peptidases [69]. 
Although redundancy may be part of their purpose, PA28 activators almost certainly perform 
other useful functions for the cell. A high-resolution crystal structure of the yeast 20S 
proteasome in complex with PA26 (Trypanosoma brucei homolog of PA28α) has been 
solved which depicts at least one consequence of 20S-PA28 complex formation. Binding of 
PA26 to the 20S proteasome rearranges the N-terminal sequences of the α2, α3, α4 and α5 
proteasomal subunits, thereby opening the axial channel into the central chamber of the 20S 
cylinder (see Figure 1) [63]. Thus, one primary function of PA28 proteins is likely ‘gating’ 
peptide entry into and/or egress from the proteasome core particle. As mentioned above, the 
cell appears to have little need to promote peptide entry into the proteasome (especially into 
20S core particles already capped with a 19S RC). Consequently, control of peptide release 
seems a particularly attractive hypothesis. In this way, either larger or shorter peptides might 
be released from a 26S proteasome depending on the presence or absence of an activator 
capping the downstream aspect of the 20S channel, respectively. That being said, 
experimental evidence to date suggests that PA28αβ has little effect on length of peptides 
released from the proteasome [70].  

Although PA28 molecules may play a role in gating peptides into and out of the 20S 
core, they do not by themselves promote proteasomal degradation of full-length native 
proteins. Interestingly, however, recent experiments have linked PA28αβ with the chaperone 
system [71]. It is thus theoretically possible that chaperones provide the environment to 
unfold proteins while the PA28 cap opens a channel into the 20S catalytic chamber thereby 
reconstituting an alternative proteasomal system capable of degrading full-length proteins. 
Alternatively, PA28 proteins could act in a triage or sorting role in conjunction with 
chaperones and, similar to the CHIP E3 ligase [72], ‘hand off’ improperly folded proteins 
incapable of regaining their native state to the 26S complex for degradation.  

A number of other PA28 functions have been hypothesized as well. For example, PA28 
activators might serve as adaptors to localize the proteasome to specific subcellular sites of 
protein degradation [59,60]. In addition, by capping 26S proteasomes with diverse PA28 
proteins, differential activation of specific proteasomal catalytic sites might be achieved in 
vivo resulting in altered cleavage patterns of substrate proteins. Thus, by modulating peptide 
release length via opening of an egress channel and/or altering cleavage patterns by 
differentially activating specific proteasomal catalytic sites, PA28 could help cells establish 
some degree of control over which types of peptides are released from the 20S core particle. 
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Binding of different PA28 molecules could thereby have significant downstream 
physiological consequences for cells and for organisms as a whole.  
 

 

Figure 1. Gating of the 20S proteasome by PA26. Ribbon representation of portions of the 20S 
proteasome alone (A, C) or in complex with trypanosomal PA26 (B, D). A) Sideview of uncomplexed 
20S proteasome showing N-terminal tails (red) of 20S α subunits extending into and filling the annulus 
(green) that separates the α (wheat) and β (purple) subunits of the 20S complex. Note that the image 
has been cut away to reveal internal features, and only one-half of a full 20S molecule (single α and β 
rings) is depicted for simplicity. B) Sideview of the 20S proteasome in complex with PA26 (cyan) 
displaying a significant reorientation of the 20S α subunits (red) up and out of the annulus (green). C) 
Top view of uncomplexed 20S proteasome showing obstruction of the annulus (green) by the α-subunit 
N-terminal tails (red). D) Top view of 20S proteasome complexed with PA26 and showing 
displacement of the N-terminal tails (red) out of the 20S annulus (green) allowing a pore to be formed 
through which substrate proteins can be pumped into or out of the 20S catalytic chamber. 

Considerable evidence exists linking PA28αβ and proteasomes to class I antigen 
presentation (see also Chapter 34). Three proteasomal subunits, PA28αβ (but not PA28γ) and 
several components of the MHC class I pathway are all induced by the cytokine interferon 
(IFN)-γ [60]. Furthermore, lactacystin, a specific inhibitor of the proteasome, has been shown 
to significantly diminish class I antigen presentation [73,74] and recent investigations in mice 
have substantiated the notion that PA28α and PA28β are intimately involved in cellular 
immunity [75,76]. However, precisely how PA28αβ contributes to presentation of class I 
epitopes is still unknown. Several hypotheses have been purported, all of which we have 
alluded to above. First, since 20S proteasomes most often release peptides of 6-8 residues in 
length [77] and MHC class I molecules typically present peptides between 8-11 amino acids 
long [78], there is a disparity in optimal length which could be made up for if PA28αβ 
opened the exit gate of the 20S particle allowing slightly longer than normal peptides to be 
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released. Alternatively, binding of PA28αβ might affect the relative in vivo catalytic activity 
of the three-proteasomal active sites thereby altering the cleavage sites within an antigenic 
peptide and the ultimate epitope presented. A third potential mechanism has PA28αβ serving 
as an adaptor directly coupling hybrid proteasomes and their released peptides to the MHC 
class I peptide loading complex located on the endoplasmic reticulum membrane [59,60]. In 
support of this hypothesis, immunoproteasomes (20S proteasomes containing the three 
proteasomal β subunits induced by IFN-γ) have been shown to be enriched at the ER [79] 
where TAP complexes transport peptides for association with newly synthesized MHC class I 
molecules. It should be noted that these hypotheses regarding PA28αβ function are not 
mutually exclusive and any combination of them could in fact serve to enhance the 
production of particular MHC class I epitopes.  

Although a conclusive physiological role for PA28γ remains to be established, PA28γ 
function has been linked to cell cycle traverse and apoptosis [59]. RNA interference (RNAi) 
knockdown of PA28γ expression in Drosophila melanogaster cells results in an increased 
number of cells found in the G1 phase of the cell cycle [80]. PA28γ knockout mice confirm 
this result and, in addition, fibroblasts cultured from PA28γ deficient animals display 
increased rates of apoptosis [81]. The hypothesis that PA28γ has an anti-apoptotic function is 
strengthened by yeast two-hybrid screens for PA28γ-interacting proteins, which have pulled 
out a number of apoptosis-related proteins including MEKK3, FLASH, Daxx, RanBPM, and 
PIAS1 ([59] and Gao and Rechsteiner, manuscript in preparation). However, the specific role 
that PA28γ plays in cell cycle control and apoptosis remains to be elucidated. 

PA28γ and the proteasome have also been implicated in the pathogenesis of a group of 
severe neurodegenerative disorders called polyglutamine (polyQ) diseases [82]. Huntington’s 
Disease, Spinal Bulbar Muscular Atrophy, Dentatorubral Pallidoluysian Atrophy, and a 
number of SCAs (1,2,3,6,7,17) all share the common structural feature of an expanded 
glutamine tract in their respective gene products. Expansion of the polyQ tract causes these 
proteins to inappropriately self-aggregate [82]. Indeed, one of the primary hallmarks of polyQ 
disease is the presence of intracellular, often nuclear, polyQ inclusion bodies deposited 
within the diseased brains of polyQ patients— although it is not entirely clear what role these 
inclusions play in the mechanism of polyQ pathogenesis [83,84]. Interestingly, it has been 
noted that chaperones and components of the 26S proteasomal degradation machinery are 
present at polyQ inclusions, strongly suggesting that the cell is at least attempting to degrade 
the aggregates [82]. Other studies have reported that proteasomes have significant difficulty 
degrading polyQ proteins in vitro [85,86]. Furthermore, PA28γ has been directly implicated 
in the putative difficulty of proteasomes to clear polyQ aggregates because of its nuclear 
localization, high expression in the brain, and inability to stimulate the 20S proteasomal 
active sites responsible for cleavage after glutamine residues [82]. These observations have 
led to the hypothesis that expanded polyQ tracts may actually ‘clog’ the central chamber of 
the 20S proteasome —particularly in a PA28γ hybrid context, and that polyQ diseases might 
be thought of as proteasomal storage diseases [82]. Recent studies in mice, however, do not 
support the notion that significant clogging of 26S proteasomes is central to the mechanism 
underlying polyQ neurodegeneration [87,88; and Chapter 32]. 
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PA200 
 
This activator of the 20S proteasome was first identified in 1992 as a bound component 

of a slow-migrating, activated form of the 20S proteasome in rabbit reticulocyte lysates [52]. 
A decade later, large-scale proteomic screens in yeast identified the product of the BLM3 
gene as a proteasome-interacting component [89,90]. Purification and initial characterization 
of the mammalian homolog of blm3p, PA200, was reported the same year by Ustrell et al., 
who presented evidence that PA200 is a proteasome activator involved in DNA repair [91]. 
PA200 is a HEAT (for Huntingtin, Elongation factor 3, PR65/A subunit of protein 
phosphatase 2A and Tor)-repeat containing protein that forms a flexible, α-solenoid toroidal 
structure that binds either one or both ends of the 20S proteasome and activates peptide 
hydrolysis by the 20S particle in vitro (see Figure 2 and [64,65]). The mechanism of 
proteasome activation by PA200 appears to be analogous to the activation of 20S 
proteasomes by PA28 [64]. Binding of PA200 to the 20S proteasome’s ends presumably 
displaces α-subunit N-terminal sequences that open the axial pore to allow substrate entry 
into and/or product egress out of the 20S proteasome’s catalytic chamber [63]. PA200 is a 
nuclear protein that is highly expressed in testis and spleen [91], two tissues that generate a 
high number of DNA double strand breaks (DSBs) through meiotic and V(D)J recombination 
mechanisms, respectively. Below, we discuss recent evidence regarding the involvement of 
26S proteasomes in DNA repair and the role(s) PA200 may play in the context of this 
proteasomal function. 
 

 

Figure 2. PA200 binds to the α rings of the 20S proteasome. (A) Cryo-electron microscopy of the 
PA200-20S proteasome complex. (B) Three-dimensional reconstruction of a singly bound PA200-20S 
proteasome complex at 23 Å resolution. Left, bottom and top views of the complex. PA200 (gold cap) 
is an asymmetrical dome structure that contacts six of the seven proteasomal α subunits, excluding the 
α7 subunit. Right, side view of the PA200-20S complex featuring an entrance to the cavity of PA200 
adjacent to the α7 subunit. 
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The 26S Proteasome and DNA Repair 
 
Four recent reports link the 19S RC lid subunit sem1p (rpn15p) to DNA repair [92-95]. 

Sem1p in Saccharomyces cerevisiae and its DSS1 (Deleted-in-Split-Hand/Split-Foot-1) 
orthologs in fission yeast and humans are small (~10 kDa), acidic proteins that interact with 
the product of the breast cancer susceptibility gene BRCA2 [96]. BRCA2 is a component of a 
large protein complex, termed BRCC that displays E3 ubiquitin ligase activity and 
participates in the DNA repair pathway by homologous recombination (HR). Deletion and/or 
mutations in the SEM1 gene cause accumulation of polyUb proteins, show impaired 
proteasomal degradation and decreased 26S proteasome stability, and exhibit synthetic 
growth defects when grown in the presence of a number of genotoxins [92-94]. In addition, 
deletion of SEM1 causes synthetic growth defects when combined with deletions of genes 
involved in both HR and non-homologous end joining (NHEJ) [94]. Thus, it has become 
clear that the 26S proteasome is implicated in the repair of DNA double-strand breaks. 

 
 

Possible Role of PA200 in DNA Repair 
 
Immunoprecipitation experiments by Krogan et al. have shown that 26S proteasomes are 

indeed recruited to sites of DSBs [94]. However, sem1p does not seem to be involved in 
recruiting 26S proteasomes to such sites, thus raising the question as to how 26S proteasomes 
are targeted to sites of DNA double-strand breaks. BLM3 (now called BLM10 [65]) was 
initially identified as an extragenic suppressor of the blm3-1 mutation in a genetic screen to 
detect yeast genes controlling sensitivity to bleomycin, a drug that induces DNA DSBs [97]. 
This suggested that a function for blm3p (or blm10p) and PA200 might be to link 
proteasomes to DNA repair mechanisms. In fact, the message for blm10p is increased ~5-fold 
in yeast cells exposed to the DNA damaging agent methyl methane sulfonate (MMS) [98], 
the blm10p protein is present in complexes containing sir4p, a component that binds DSBs 
[90], PA200 localizes to nuclear foci generated upon γ-irradiation of mammalian cells [91], 
and although blm10 deletion mutants exhibit modest sensitivity to bleomycin, truncation of 
the C-terminal 339 amino acid residues produces bleomycin hypersensitive yeast cells [65]. 
Moreover, Schmidt et al. have inferred that in Saccharomyces cerevisiae all of the blm10p 
protein resides in hybrid 19S-20S-blm10p complexes [65], implying that in budding yeast, 
any DNA-repair functions of blm10p are linked to the 26S proteasome. Thus, significant 
evidence has accrued to support a role for PA200 in DNA repair. A question remains though 
—what role does PA200 play in DNA repair? The fact that blm3Δ mutants are not 
hypersensitive to bleomycin indicates that PA200’s involvement in DNA repair is non-
essential. A synthetic phenotype of defective growth at 30°C and strong sensitivity to the 
arginine analog L-canavanine is, however, observed in BLM10 and ECM29 (which encodes 
another proteasome binding protein) double mutants [65], which further suggests that the 
functions of blm10p and ecm29p overlap. In this case, we would suspect the blm10Δ ecm29Δ 
double mutation to exhibit hypersensitivity to bleomycin. As discussed below, we have 
proposed that Ecm29 functions as an adaptor to recruit 26S proteasomes to different cellular 
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locations. Thus, the possibility of PA200 serving a similar function —its being an adaptor to 
recruit 26S proteasomes to DSBs— must be considered.  

 
 

PROTEASOME INHIBITORS 
 
There are an increasing number of reports describing chemical inhibitors of the 

proteasome (see Chapter 40), some of which are undergoing clinical trials to treat a diverse 
number of human pathologies. In this review, however, we briefly delve into natural protein 
inhibitors of the proteasome that might affect its activity in vivo. Protein inhibitors of the 20S 
and 26S proteasomes include the chaperone heat shock protein 90 (Hsp90) [99,100], PI31 
[101-104], the proteasomal ATPase-associated factor 1 (PAAF1) [105], and the angiogenic 
peptide PR39 [106-108]. In addition, recent studies have also linked protein aggregation and 
inclusion body formation to inhibition of the UPS [109-112]. Finally, a handful of viral 
proteins associate with subunits of both the 20S particle and the 19S RC to inhibit protease 
activity [113-118], and the 26S proteasome is subject to chemical modifications such as O-
glycosylation [119] and proteolytic cleavage [120,121] that suppress its activity in vivo.  

Using fluorogenic peptides as substrates, a 2001 study measured the effect of 
uncomplexed Hsp90 on purified 20S proteasomes and reported that while this chaperone 
inhibited two of the three canonical catalytic sites of constitutive 20S particles, 
immunoproteasomes were refractory to inhibition by Hsp90 [100]. This in vitro inhibitory 
effect of the heat shock protein on the pituitary 20S enzyme was reversed by addition of 
small quantities of the activator PA28αβ. However, since all organs but the brain express 
PA28αβ, it could call into question the in vivo relevance of the observed inhibition. 
Furthermore, results from two recent studies show that Hsp90 actually promotes proteasomal 
degradation of proteins damaged by oxidation [122] or for processing in the MHC class I 
antigen presentation pathway [123]. Thus, Hsp90’s effect on in vivo proteasome activity 
remains to be firmly established although the inhibition of constitutive proteasomes by Hsp90 
might be contingent upon the chaperone’s lack of association with a protein substrate. 

Although the effects of Hsp90 on proteasome activity in living organisms are 
controversial, the chaperone does have two clear functions within the UPS (see Chapter 19). 
First, Hsp90 participates in the ATP-dependent assembly of the 26S proteasome [124]. 
Functional loss of Hsp90 in the Hsp82-4 Δhsc82 yeast temperature-sensitive mutant causes 
dissociation of the 26S proteasome into 20S and 19S particles, and reassembly of the 26S 
enzyme is inhibited in the presence of geldanamycin, an Hsp90 inhibitor. In addition, there is 
genetic interaction between Hsp90 and several 19S RC subunits in the yeast mutants. Thus, 
the Hsp90-dependent assembly-disassembly cycle of the 26S proteasome appears to be a cell 
stress response caused by heat shock [124]. Second, in a more general role, Hsp90 
‘antagonizes’ the UPS by binding and stabilizing client proteins, many of which are 
oncogenic signaling components such as protein kinases and tumor suppressors [125]. 
Inhibition of Hsp90, e.g., by geldanamycin, causes dissociation of the Hsp90-bound 
molecules and induces the proteasomal degradation of Hsp90 client proteins. 

PI31 is a proline-rich, 30-kDa protein that binds the α rings of 20S proteasomes and 
inhibits the hydrolysis of proteins and fluorogenic peptide substrates [101-103]. PI31 inhibits 
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both constitutive and immunoproteasomes alike in vitro [102], and competes with PA28αβ 
and the 19S RC for binding to the 20S particle [102,103]. The affinity of PI31 for 20S 
proteasomes has been estimated to be at least 50 times higher than that of PA28αβ [102], 
meaning that inhibition of the 20S proteasome by PI31 can only be reversed at high 
concentrations of the proteasomal activator. Yet, inhibition of 20S proteasome-PA28αβ 
complexes or 26S proteasomes reaches a maximum of 50% even at very high concentrations 
of the inhibitor [103], the physiological meaning of which is still unclear. It is possible that in 
binding one end of the 20S cylinder, PI31 induces long-range conformational changes that 
lock in place PA28αβ or 19S RC bound at the opposite end of the 20S enzyme, resulting in 
‘hybrid’ complexes whose activity is suppressed by one-half. At any rate, overexpression of 
PI31 in mouse embryonic fibroblasts has shown that PI31 does not function as a general 
inhibitor of proteasome activity in vivo [104]. Rather by localizing to the nuclear 
envelope/ER membrane, it interferes with the maturation of immunoproteasome precursor 
complexes, thus modulating the surface expression of specific MHC class I-antigenic peptide 
complexes [104]. Rechsteiner and Hill [59] have pointed out, however, that modulation of 
proteasome-mediated antigen processing cannot be the only biological function of PI31 since 
the protein is expressed in plants and in invertebrates that lack immunoproteasomes or MHC 
class I immune responses. 

A 43-kDa protein designated proteasomal ATPase-associated factor 1 or PAAF1 was 
recently found associated with affinity-purified 26S proteasomes [105]. The protein contains 
7 WD40 repeats and homologs are present in yeast and higher eukaryotes. PAAF1 message 
levels vary among human organs and are highest in kidney, brain and testis and lowest in 
lung, colon, thymus, small intestine and leukocytes. PAAF1 inhibits the UPS by associating 
with the base ATPase subunits of the 19S regulatory complex (preferentially S8) and 
preventing reconstitution of the 26S proteasome. In this regard, PAAF1 serves a function 
opposite to that of Hsp90 [124] in the assembly/disassembly cycle of 26S proteasomes. 

PR39 is a 39-amino acid, proline- and arginine-rich peptide antibiotic secreted by 
macrophages [106]. Like PI31 and Hsp90, PR39 inhibits preferentially the ChT-L and PGPH 
activities of proteasomes [108]. Inhibition is mediated by direct binding of PR39 to the α7 
subunits of the 20S particle [107]. PR39 reportedly inhibits 26S proteasome-mediated 
degradation of hypoxia-inducible factor-1α [106] and IκBα [107], thus promoting 
vascularization and suppressing inflammation, respectively. Furthermore, PR39 plays an 
antiapoptotic role by increasing expression of IAP-2, the inhibitor of apoptosis-2 protein, thus 
reducing caspase-3 activity [126]. Recent biochemical studies have shown that PR39 inhibits 
proteasomes noncompetitively through an allosteric mechanism that allows for selective 
inhibition of certain protein substrates without exercising a global effect over the UPS. 
Atomic force microscopy studies have revealed structural perturbations in 20S and 26S 
proteasomes treated with PR39 or PR39 truncations, leading Gaczynska et al. to propose that 
binding of PR39 to the α7 subunit imposes structural constrains that prevents switching 
between open and closed proteasomal conformations [108]. 
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Protein Aggregates 
 
Recent reports suggest that protein aggregates (see Chapter 12) inhibit proteasomes in 

vitro and in cultured mammalian cells. For instance, β-amyloid and α-synuclein oligomers 
inhibit the chymotrypsin-like (ChT-L) activity of the 20S proteasome in vitro [109,110], and 
aggregates of huntingtin, cystic fibrosis transmembrane conductance regulator (CFTR), 
rhodopsin, and ataxin-1 have all been shown to inhibit the UPS within cells [111,112]. Thus, 
it would appear that any cellular protein aggregate might be expected to inhibit the UPS. 
However, to date, studies in mice do not support the hypothesis that protein inclusions 
characteristic of many neurodegenerative disorders compromise the overall activity of the 
UPS [87,88]. 

 
 

Viral Proteins 
 
Many viruses have evolved mechanisms to suppress proteasome disposal of viral 

proteins, and consequently suppress cellular class I immune responses. An assortment of viral 
proteins binds subunits of both the 20S and 26S proteasomes and inhibits their enzymatic 
activity. These include the hepatitis C viral protein NS3 [113], the Epstein-Barr virus nuclear 
antigen 1 (EBNA1) [114], the adenovirus early region 1A protein (AdE1A) [115,116], the 
human immunodeficiency virus-1 (HIV-1) Tat protein [117], and the X protein of hepatitis B 
virus [118]. Targets in the 20S proteasomes include both α- and β-type subunits, but within 
the 26S enzyme, there appears to be preference for subunits within the base complex of the 
19S RC. 

Chronic infection with the plus-strand enveloped RNA hepatitis C virus (HCV) often 
leads to serious liver disease, such as cirrhosis, steatosis, and liver cancer. NS3 is a non-
structural protein of HCV with helicase and protease functions that plays an essential role in 
viral RNA replication, translation, and processing of the viral polyprotein. Yeast two-hybrid 
screens identified NS3 as an LMP-7 (β5 subunit of immunoproteasomes)-interacting protein 
that specifically binds the LMP-7 pro-sequence region [113]. Although binding to the pro-
sequence of LMP-7 does not appear to hinder LMP-7 processing, HCV infection specifically 
inhibits the activity of immunoproteasomes after treatment with IFN-γ. The mechanism of 
inhibition is unclear but it is possible that NS3 thwarts immunoproteasome complex 
maturation and assembly. 

The Epstein-Barr (EBV) viral protein EBNA1 contains an internal repeat composed 
exclusively of glycines and alanines (GAr) that inhibits the presentation of endogenous 
antigens to MHC class I restricted T-lymphocytes (CTL) [127]. Resistance to CTL 
recognition is thought to play an important role in maintaining EBV latency. Interestingly, 
unstructured repeat sequences are also present in some transcription factors that are processed 
— but not fully degraded— by proteasomes [128], as well as in other γ-herpesviral proteins 
related to EBNA1, and in the latency-associated nuclear antigen of Kaposi sarcoma herpes 
virus [129]. The exact mechanism of inhibition is unknown, but neither ubiquitylation nor 
interaction of ubiquitylated GAr-containing substrates with the 26S proteasome is prevented. 
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Thus, a mechanism whereby GArs destabilize the interaction of polyUb substrates with 
proteasomes and promote premature substrate release has been proposed [130]. 

Three subunits of the 19 RC base complex, namely S2, S4 and S8, bind to the N-terminal 
region of the adenovirus 12S E1A gene product [115,116], a viral region known to target 
several proteins involved in cellular transformation, induction of S phase, transcriptional 
repression, and transcriptional activation [131]. Binding of the AdE1A protein to S4 and S8 
reduces ATPase activity, and thus correlates with the ability of AdE1A to inhibit ubiquitin-
mediated proteolysis [115]. Proteasomal inhibition by AdE1A stabilizes, among many 
substrates, p53 [115,116]. Also, AdE1A expression down-regulates LMP2, LMP7, MHC 
class 1 molecules and TAPs, thereby impairing class I immune responses in general [131].  

Another viral protein that binds ATPase subunits within the base complex of the 26S 
proteasome is the HIV-1 Tat protein [132], an 86-residue protein that functions as a 
transcriptional activator. Binding to the 26S proteasome is also mediated through the 20S 
catalytic core via interaction with the α4 and α7 subunits, six constitutive β subunits, or with 
the LMP7 and MECL1 subunits of immunoproteasomes [133]. Hence, Tat inhibits the 
peptidase activity of the 20S proteasome, competes with PA28αβ for binding to the 20S 
enzyme [117], and may suppress class I PA28αβ-mediated epitope presentation [134]. Like 
HIV-1 Tat, the hepatitis B virus X protein (HBX) (residues 116-138) binds to the 
proteasomal α4 subunit and competes with PA28αβ for binding to the 20S cylinder in vitro 
[135,136]. In addition, HBX binds two distinct ATPase subunits within the 19S RC, S4 and 
S6’ [137,138]. Expression of HBX in cells modestly inhibits the ChT-L and T-L sites of the 
20S proteasome [118], and decreases activation of the p50 subunit of NF-κB  [139] and the 
cellular turnover of c-Jun and Ub-Arg-β-galactosidase [137]. The functional consequences of 
HBX’s interaction with proteasomes are not well understood. But, in principle, proteasome 
inhibition could help stabilize viral gene products and suppress antigen presentation. 

 
 

26S PROTEASOME-ASSOCIATED PROTEINS 
 
Since the 26S proteasome is the only enzyme that degrades polyUb substrates, it is a 

target for regulation by a host of cellular proteins. Some of these proteins escort polyUb 
substrates to the 26S proteasome, thus controlling substrate access to the proteasome [140]. 
Others catalyze the disassembly of the polyUb chain either to rescue substrates from 
destruction [141], or to allow translocation of the substrate into the 20S catalytic core 
[55,56], or to replenish the cellular pools of ubiquitin molecules [57,58]. And yet others are 
E2s, E3s and E4s that bind to the 26S enzyme and directly deliver Ub-modified substrates for 
destruction [33,142-144]. 

S5a was the first polyUb-binding protein identified [145]. It exists either as a subunit of 
the 26S proteasome [145,146] or as a free protein outside the proteasome [147]. However, it 
is not known what role free S5a plays in Ub-mediated proteolysis or whether it exchanges 
with 26S proteasome-bound S5a. S5a exhibits specificity towards polyUb chains and shows 
little affinity towards monoubiquitin [145]. Binding of S5a to polyUb trees is mediated by 
UIM (Ubiquitin Interacting Motif) domains, ~20 amino acid sequences that are present in a 
number of different proteins including some that function along the endocytic/lysosomal 
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pathway [148,149]. S5a interacts with S1/rpn2 and S2/rpn1, non-ATPase subunits within the 
base subcomplex of the 19S RC, through leucine-rich repeats designated PC domains found 
within these subunits [150]. A PC domain that may interact with S5a is also found in the 
Apc1 subunit of the anaphase-promoting complex (APC)/cyclosome, a multisubunit Ub 
ligase that degrades substrates controlling G1 phase of the cell cycle, DNA replication, 
mitotic progression, and cellular signaling [150,151]. Consistent with this possibility, the 
APC has indeed been found to copurify with affinity-purified 19S regulatory complexes 
[152]. 

 
 

Ubiquitin Receptors 
 
A second group of ubiquitin receptors is involved in targeting polyUb substrates to the 

26S proteasome, and is characterized by the presence of an N-terminal ubiquitin-like (UBL) 
domain and one or more ubiquitin-associated (UBA) domains [137,153-159] (see Chapter 5). 
This group includes the yeast proteins rad23p, dsk2p and ddi1p, and their homologs in higher 
eukaryotes. The co-chaperone Bag1 also contains an UBL domain and might serve a similar 
adaptor/targeting function linking the proteasome to chaperone/E2/CHIP complexes [72] (see 
Chapter 9). UBL domains are recognized by the 26S proteasome, where they presumably 
dock on the S1 and S2 subunits of 19S complex [150,160,161]. By contrast, UBA domains 
have a relatively high affinity for Lys-48-linked polyUb chains [162,163] and are substrate 
specific [164], thus implying that UBAs recognize binding determinants on both the polyUb 
chains and the conjugated substrates. Furthermore, mammalian Rad23 docks onto S5a as 
well, suggesting that Rad23 and S5a might function cooperatively [154]. In yeast, rad23 dsk2 
ddi1 and rad23 dsk2 rpn10 triple mutants are viable, indicating that the flow of polyUb 
substrates to the 26S enzyme is only partially blocked [157,165,166]. This suggests that other 
yet uncharacterized polyUb receptors must exist in yeast. For instance, elongation factor 1A 
(eEF1A), which promotes binding of aminoacyl-tRNA to ribosomes, also binds both polyUb 
targets and proteasomes even though it lacks obvious UBL and UBA domains [140,167]. 

Rad23p contains another functional domain termed the XPC-binding domain which 
interacts with cytosolic peptide:N-glycanase (PNGase) [168-170]. PNGase is responsible for 
deglycosylation of unfolded N-linked glycoproteins dislocated from the ER into the cytosol 
[171]. When complexed with Rad23, PNGase associates with the 26S proteasome, thus 
facilitating the proteasomal degradation of N-linked glycoproteins by removing the attached 
glycan moieties [169]. Therefore, Rad23 plays a vital adaptor role beyond escorting polyUb 
substrates to the 26S proteasome by also linking PNGase, an important component of the ER-
associated degradation pathway (ERAD), to the 26S enzyme.  

There is a recently identified family of Ub receptors that bears similarity to the UBL and 
UBA proteins. Members of this family are characterized by the presence of a UBX domain 
within their sequence [172]. UBX domains are 80-residue C-terminal modules evolutionarily 
related to ubiquitin and present in a variety of proteins including p47, a cofactor of the 
chaperone p97 or valosin-containing protein (VCP) [172,173]. VCP is a hexameric ATPase 
of the AAA (ATPases associated with a variety of cellular activities) superfamily that 
functions in several processes, such as homotypic vesicle fusion, ERAD, and mitotic spindle 
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disassembly [174,175]. VCP carries out these seemingly disparate functions by virtue of its 
ability to bind a large number of adaptors [140]. All seven UBX proteins encoded by the 
budding yeast genome have been shown to bind cdc48p, the yeast homolog of VCP, 
suggesting that the UBX domain is a general VCP/cdc48p-binding module [176]. 
Interestingly, one of the best characterized VCP adaptors —the Ufd1/Npl4 heterodimer 
critical for ERAD— does not contain UBX or UBA domains, but rather binds polyUb 
proteins through an UT3 domain in Ufd1 and a NZB domain in Npl4 [177]. Another well-
characterized VCP cofactor, the p47 protein, recruits cdc48p during post-mitotic reassembly 
of the nuclear envelope, ER and Golgi apparatus [178,179]. In addition to the UBX domain 
in its sequence, p47 also contains an N-terminal UBA domain that binds polyUb [176,180]. 
In fact, all three UBA/UBX proteins in budding yeast bind ubiquitylated proteins, and at least 
two, p47 and Ubx2, are involved in protein degradation [176]. Whether involvement in 
protein degradation and membrane fusion are related or totally independent functions of p47 
remains to be elucidated. 

The functions of VCP in protein degradation are complex. VCP not only participates in 
the degradation of cytosolic proteins [164,174,180-183], but also is fundamental for the 
degradation of ER membrane proteins, as it seems to extricate these proteins from the 
membrane after their ubiquitylation, and prior to their delivery to the 26S proteasome [184-
186]. The N-terminal domain of VCP also binds polyUb chains directly [187], and cdc48p 
binds the E4 Ufd2 inhibiting its polyUb-chain elongation activity [188]. Proteins that require 
cdc48p to be degraded also have a requirement for ufd2p and rad23p or dsk2p, which has 
allowed Richly et al. to determine an ordered sequence of factors that escort polyUb 
substrates from cdc48p to the proteasome [188]. Thus, in ERAD and during activation of a 
membrane-bound transcription factor, VCP coordinates the recruitment of multiple factors 
that allow appropriate targeting of the substrates from the site of polyubiquitylation to the site 
of degradation. Whether this coordinated transfer of polyUb substrates to the proteasome is 
limited to proteins exhibiting physical constraints, such as being present in the ER lumen or 
bound to the ER membrane, is an open question. However, there are many examples of E2s 
and E3s that associate with the 26S proteasomes (see below), and VCP itself copurifies with 
proteasomes [152,183] suggesting that some proteins might be polyubiquitylated on the 
proteasome and that VCP may directly deliver some substrates to the 26S enzyme. 

Since 26S proteasomes already have intrinsic affinity towards polyUb substrates, then 
why does the cell need ubiquitin receptors in the first place? As explained above, in certain 
scenarios, an ordered sequence of protein-protein interactions would be required to ensure 
delivery of a substrate from the site of polyubiquitylation, i.e., the ER, to the proteasome. 
Another possibility is that ubiquitin receptors are in fact adaptors to link 26S proteasomes to 
components of the ubiquitin conjugation system, such as E3s or PNGase, to constitute a 
‘degradasome’ or coupled system to efficiently funnel target proteins to the proteasome. 
Coupling within the UPS could therefore explain why ubiquitin receptors protect polyUb-
conjugated proteins from the action of deubiquitylating enzymes [189] and why 
overexpression of S5a and Rad23 inhibits rather than promotes proteolysis [190,191]. This 
apparent paradox can be resolved by considering the possibility that high concentrations of 
S5a and Rad23 titrate out components of the degradation machinery that assemble around 
26S proteasomes. 
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It seems that some degradasomes do not need adaptor proteins such as Rad23 and Bag1. 
It has been shown that certain E2s and E3s not only catalyze the transfer of Ub to substrate 
proteins, but also bind to 26S proteasome themselves. The E2s— Ubc1, Ubc2, Ubc4, and 
Ubc5 have all been shown to co-immunoprecipitate with the 26S complex [192], and a 
growing list of E3s including KIAA10, Ubr1, Ufd4, parkin, skp1-cullin-F-box complexes 
(SCF) and SNEV have also been found to associate with either the 20S or 19S subcomplexes 
[144,193]. For example, parkin, the E3 ligase associated with Autosomal Recessive Juvenile 
Parkinsonism (AR-JP), contains a C-terminal RING finger motif that serves as a recruiting 
module for E2s and an N-terminal UBL domain that binds to the proteasomal subunit S5a 
[194]. Therefore, parkin not only facilitates substrate tagging with ubiquitin by its partner 
E2s, but it also serves to appropriately localize the Ub-tagged substrates to the proteasome. 
Indeed, a single point mutation at position 42 of parkin’s UBL domain has been identified in 
AR-JP patients [194], suggesting that the ability of parkin to adequately bind the proteasome 
is critical for the timely degradation of parkin substrates. In theory then, the ability of E2s 
and E3s to bind the proteasome may allow nascent polyUb substrates to be shuttled directly 
to the 26S complex for their immediate destruction thereby coupling these two processes into 
a single efficient pathway. 

 
 

Deubiquitylating Enzymes (DUBs) 
 
Deubiquitylating enzymes (DUBs) are a large group of proteases (561 predicted in the 

human genome) that catalyze the removal of ubiquitin from Ub-conjugated proteins by 
specifically cleaving after the C-terminal glycine residue of Ub [195,196; and Chapter 4]. 
Liberation of ubiquitin from polyUb substrates serves a number of primary functions for the 
cell [196]. For example, because efficient docking of polyUb substrates to the proteasome 
requires at least 4 Ub moieties [196], DUBs can negatively affect rates of substrate 
degradation by trimming the polyUb tree length. In this way, DUBs can perform a 
‘proofreading’ function for the cell to remove short Ub chains from poorly ubiquitylated or 
slowly degraded 26S proteasome substrates. Furthermore, DUBs are required to activate 
newly synthesized Ub, and they serve to keep the 26S proteasome clear of unanchored ‘free’ 
polyUb chains that might compete with bona fide polyUb-tagged substrates. Finally, by 
removing polyUb chains before substrates are actively engaged and pumped into the 
proteasomal catalytic core, DUBs function to recycle ubiquitin monomers and replenish the 
cellular pool of free Ub available for subsequent degradation reactions.  

Since DUBs play fundamental roles in Ub-dependent protein degradation, it is not 
surprising that a number of them intimately interact with the proteasome [195,196]. Indeed, 
some of them, such as S13/rpn11, are actually components of the 26S complex. Rpn11 is a 
metalloprotease that resides in the 19S RC and likely couples deubiquitylation with substrate 
degradation by releasing attached polyUb chains from substrates thus allowing their full 
translocation into the proteolytic chamber of the 20S proteasome [55,56]. Proper functioning 
of rpn11 is critical for the timely degradation of proteasomal substrates in general, and its 
function is required for viability in yeast [196]. The Ub hydrolase UCH37 is an intrinsic 
subunit of the 19S RC of fission yeast and higher eukaryotes (not present in the 
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Saccharomyces cerevisiae genome) that has been shown to disassemble polyUb degradation 
signals from their distal to proximal ends [141]. Thus, UCH37 could serve a proofreading 
function within the UPS by editing or ‘trimming’ the lengths of attached polyUb chains. 
Furthermore, by modestly shortening the length of the polyUb signal on a substrate bound to 
the 26S proteasome, UCH37 could facilitate repositioning of the bound substrate for optimal 
access into the proteasome’s central chamber.  

Several other DUBs have been shown to transiently interact with the 26S proteasome 
such as UchL5, Doa4, and Ubp6/USP14 [195,196]. For example, Ubp6 utilizes its N-terminal 
UBL domain to bind the S2/rpn1 subunit of the 19S complex [58]. Interestingly, Ubp6’s 
enzymatic activity is dramatically stimulated (~300 fold) upon association with the 
proteasome [58], and genetic analyses in yeast suggest that Ubp6 plays a critical role in 
maintaining normal cellular levels of free Ub [58,196]. Genetic reduction of Ubp6 also 
results in decreased efficiency of the proteasome to degrade certain substrates without 
compromising overall 26S activity [196]. Thus, it appears that Ubp6 specifically functions on 
only certain polyUb substrates, and does not play a general ‘housekeeping’ role like 
S13/rpn11. Furthermore, these results suggest that other DUBs can also deubiquitylate the 
same substrates as Ubp6, and that there is at least some level of redundancy in the system.  

Another DUB that transiently associates with the proteasome is ataxin-3. Expansion of 
the polyQ tract within ataxin-3 beyond its normal polymorphic range causes the severe 
neurodegenerative disorder Spinocerebellar Ataxia 3 (also known as Machado Joseph 
Disease), and like other polyQ disorders, brains of SCA3 patients display the pathological 
hallmarks of neuronal inclusion bodies composed of aggregated polyQ protein and 
components of the UPS [197]. Normal cellular ataxin-3 has been shown to interact with both 
VCP/p97 and Rad23 [198], co-immunoprecipitate with the proteasome [198], possess Ub-
hydrolase activity that trims Lys-48-linked Ub chains [199,200], and to protect against polyQ 
neurotoxicity in vivo [201]. The normal cellular function of ataxin-3 therefore appears to be 
that of a bona fide DUB with neuroprotective properties. Ataxin-3 itself is polyubiquitylated 
and degraded by the 26S proteasome [202]. Polyubiquitylation of ataxin-3 requires E4B 
(UFD2a), an E4 that suppresses neurodegeneration induced by mutant ataxin-3 when 
expressed in flies [203]. Expanded ataxin-3 also binds the co-chaperone CHIP, which 
increases the rates of ubiquitylation and degradation of expanded ataxin-3 [204]. Thus, it 
appears that E4B and CHIP are critical limiting factors in the degradation of expanded 
ataxin-3 and could potentially become targets for therapeutic intervention. Precisely how 
expansion of ataxin-3’s polyQ tract results in neuronal cell death remains to be fully 
elucidated. However, a recent report shows that polyQ expanded ataxin-3 induces apoptosis 
in neuronal cultures through a mechanism involving activation of caspases 3 and 9, and 
upregulation of the proapoptotic protein Bax [205]. 

 
 

Ecm29 
 
The product of the Extracellular Mutant 29 gene (ECM29) was originally isolated in a 

screen for yeast proteins defective in cell wall biosynthesis [206]. Large-scale proteomic 
screens in yeast later identified ecm29p as a 26S proteasome-binding component [89,90]. 
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Using conventional biochemical fractionation procedures, D. Finley and co-workers 
subsequently demonstrated the association of ecm29p with the 26S proteasome, and 
suggested that Ecm29 is a stoichiometric component of yeast 26S proteasomes [58]. Since 
26S proteasomes isolated from ecm29 deletion strains readily dissociate into 19S and 20S 
complexes in the absence of nucleotide, Leggett et al. have also proposed that ecm29p tethers 
the 20S proteasome to the 19S RC [58]. 

Unlike many 26S proteasome-associated proteins, the amino acid sequence of Ecm29 
does not suggest an obvious connection to the UPS. Ecm29 is a highly conserved, HEAT-
repeat-containing protein [207] expressed in most cells and organisms as a ~200-kDa 
polypeptide. It also contains a putative VHS-like domain (~150 amino acid residue sequence 
found in Vps27, Hrs and STAM proteins [208]), two helical regions with homology to the N-
terminus of β-adaptins, and multiple clathrin-interacting motifs throughout its sequence 
[209]. Below, we discuss the possible significance of the presence of HEAT repeats and a 
VHS-like domain in the structure and function of the Ecm29 protein. 

We recently produced anti-peptide antibodies to human Ecm29 and used them to 
examine its distribution among mouse organs, in mammalian cells in culture, and within 
regions of the mouse brain [209,210]. We found that the levels of Ecm29 vary markedly 
among mouse organs, being highly expressed in testis, brain and pancreas, low in liver and 
almost absent in heart and kidney [209]. This distribution pattern does not match the 
distribution of several 26S proteasome subunits ([209] and unpublished data), which argues 
against mammalian Ecm29 being a stoichiometric component of 26S proteasomes. In fact, 
there appears to be in yeast a 5- to 10-fold excess of 26S proteasomes over the number of 
Ecm29 molecules based on the expression of Saccharomyces cerevisiae protein libraries 
fused to either green fluorescent protein (GFP) or the tandem affinity purification (TAP) tag 
[211,212]. Ecm29 is exclusively bound to the 26S proteasome in HeLa, HEK293 and COS7 
cells ([209] and unpublished data), and overexpression of epitope-tagged Ecm29 in HEK293 
cells results in complete association of the tagged Ecm29 molecules with 26S proteasomes 
[209]. This indicates that in HEK293 cells, 26S proteasomes are also present in excess 
relative to the number of Ecm29 molecules. In addition, we have not observed Ecm29 bound 
to the 20S proteasome either after reconstitution attempts or during purification from bovine 
brain or mammalian cells in culture ([209] and unpublished data). Thus, if Ecm29 tethers the 
19S regulatory complex to the 20S proteasome, it does so only on a limited basis, and other 
protein(s) must serve a similar stabilizing function in some cells and tissues. However, as we 
discuss below, rather than functioning to stabilize the 26S proteasome, we favor the 
hypothesis that Ecm29 functions as an adaptor to localize the 26S proteasome to specific sites 
within the cell. 

Confocal immunofluorescence microscopy using anti-peptide antibodies to Ecm29 have 
localized the protein to the centrosome, the nucleus, and to a subset of secretory 
compartments (including the ER, the ER-Golgi intermediate compartment (ERGIC) and 
endosomes) [209]. These cellular organelles all constitute locations where enhanced 
ubiquitin-dependent proteolysis occurs, and several lines of evidence support our hypothesis 
that Ecm29 functions as an adaptor to recruit 26S proteasomes to these sites:  
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1. Computer analyses predict that the protein is composed almost exclusively of HEAT 
repeats [207]. These protein modules form flexible, curved solenoids [213] or 
globular interfaces [214] that bind multiple protein ligands. Also, HEAT repeats are 
found in several adaptor proteins [213].  

2. Ecm29 contains a region with homology to the VHS domains of Hrs, STAMs, and 
GGAs, proteins that serve an adaptor function in endosomal sorting and vesicular 
trafficking, and two regions that are homologous to the β2 subunit of AP2 adaptor 
complexes [209]. 

3. Chinese Hamster Ovary (CHO) mutant cells with increased ERAD express 2-3-fold 
higher levels of Ecm29 than wild type CHO cells [209]. The fact that these mutants 
exhibit simultaneous resistance to toxins that are endocytosed by different pathways 
and modify different cellular targets suggest that multitoxin resistance arises from 
changes in a common toxin processing mechanism. Indeed, Teter et al. have found 
that toxin resistance in these mutants is caused by increased coupling efficiency 
between toxin retrotranslocation from the ER lumen into the cytosol and proteasomal 
toxin degradation in the cytosol [215]. 

4. Yeast two-hybrid screens using human Ecm29 constructs (Prolexys, Inc., Salt Lake 
City) have revealed E2s, E3s, endocytic components, and molecular motors as 
Ecm29-interacting proteins (Gorbea and Rechsteiner, manuscript in preparation). 
The centrosomal protein pericentrin (PCM1) has also been identified as an Ecm29-
interacting protein in a stringent, high-throughput yeast two-hybrid system that 
tested pairwise interactions among the available Gateway-cloned open reading 
frames [216].  

5. Affinity capture of epitope-tagged, Ecm29-binding proteins present in cell extracts 
has identified 26S proteasome subunits, E3s, molecular motors, centrosomal 
proteins, chaperones, and proteins associated with the endoplasmic reticulum 
(Gorbea and Rechsteiner, manuscript in preparation).  

 
Thus, the sequence of Ecm29, the presence of the Ecm29 protein and its interacting 

partners in multiple cellular locations, and the increased coupling efficiency between 
retrotranslocation and proteasomal degradation of bacterial toxins in ERAD mutants 
expressing higher levels of Ecm29 all suggest an adaptor function for this 26S proteasome-
associated protein, as summarized schematically in Figure 3. 

The recruitment of the 26S proteasome to centrosomes or to the cytoplasmic face of the 
ER serves clear biological purposes, e.g., degradation of abnormal proteins that concentrate 
in aggresomes and ERAD [217,218]. However, the role of the proteasome in endocytosis 
remains a mystery. Yet, our work [209] and others’ [219] have shown that both 20S and 26S 
proteasomes are present on endocytic vesicles. Although it is clear that monoubiquitylation 
plays a key role in the internalization and sorting of protein cargo along the endocytic 
pathway, the attached Ub moiety does not target the modified cargo to the 26S proteasome; 
rather it functions as a routing signal to late endosomes, multivesicular bodies (MVBs) and 
lysosomes. There are, however, an increasing number of reports implicating the 26S 
proteasome in several steps along the endocytic pathway. When proteasome activity is 
inhibited, some membrane receptors are not internalized [43,220]; are preferentially recycled 
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to the plasma membrane [221]; or their trafficking is blocked at a late endosome-to-lysosome 
stage [222,223]. In neurons, it is now clear that proteasomal degradation of the scaffolding 
protein PSD-95 at postsynaptic densities is required for signal-induced internalization of 
glutamate receptors [42,43] even though the receptors themselves are not degraded. Thus, 
localization of Ecm29 and 26S proteasomes to endosomes [209,219] raises the possibility 
that the enzyme degrades components involved in the endocytic process or plays a 
remodeling role on endocytic vesicles. Accordingly, it has been reported that STAMs, which 
bind both ubiquitin and Hrs during entry into the MVB pathway, are themselves 
polyubiquitylated and rapidly degraded [224]. 

 

 

Figure 3. Working model that Ecm29 functions as an adaptor for localizing the 26S proteasome within 
cells. Current evidence suggest that Ecm29 may bind distinct cellular proteins to link the 26S enzyme to 
ER-associated protein degradation pathways (top, left), to intranuclear polyglutamine aggregates (top, 
right), to the centrosome (bottom, left), or to endocytic components and molecular motors (bottom, 
right).  

 
Ecm29 in the Central Nervous System 

 
Western blots using 3 specific anti-Ecm29 peptide antibodies, e.g., ECM1, ECM2, and 

ECM3, have revealed that mouse brain expresses substantial amounts of what appear to be at 
least eleven specific Ecm29 immunoreactive species ranging in molecular weight from 55 to 
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greater than 400 kDa [209,210]. The largest Ecm29 species reacts only with ECM1 and 
ECM3, raised to peptide sequences close to the N- or at the C-termini of the protein, 
respectively. Hence, it is likely that this and perhaps other Ecm29 variants are generated by 
an alternative splicing mechanism. Pulse-chase analysis of newly synthesized Ecm29 in brain 
or cultured neurons should answer whether any smaller isoforms arise by post-translational 
proteolytic processing. 

Sedimentation of brain homogenates on glycerol gradients have demonstrated that only 
the ~200-kDa Ecm29 species is clearly associated with the 26S proteasome; with one 
exception the other variants sediment slower than 20S [210]. These results suggest that the 
different ECM immunoreactive species carry out distinct functions in nervous tissue. Western 
blots of dissected mouse brain regions with the three Ecm29 antibodies have revealed that 
Ecm29 isoforms are present throughout the central nervous system, although the distribution 
patterns vary among different parts of the brain. Immunohistochemical staining of brain 
sections using the three ECM antibodies have revealed marked differences in staining 
patterns as well. For instance, strong ECM2 and ECM3 staining occurs throughout all regions 
of the hippocampal formation, and staining of the hippocampal subregions CA1 and CA3 is 
both axonal and dendritic [210]. Cell-type specificity of staining is particularly noteworthy in 
the CA1 subregion since ECM staining is clearly not restricted to neurons. Astrocytes are 
labeled with ECM1 and ECM3, whereas ECM2 staining is virtually absent. Examination of 
other brain regions further reveals the complexity in Ecm29 staining. For example, in the 
hypothalamus all three ECM antibodies stain the arcuate hypothalamic nucleus, but in the 
dorsal-medial hypothalamic region, staining of neuronal cell bodies is only seen with ECM1 
and ECM2 [210]. It should also be noted that expression of Ecm29 isoforms in the mouse 
brain does not conform to the general trend of expression of 20S proteasomes and 19S 
regulatory complexes. 

 
 

Ecm29 in Cultured Cortical Neurons 
 
The complex pattern of expression of Ecm29 variants seems to be, to a great extent, 

neuronal in origin. For instance, various Ecm29 isoforms were observed in fractionated 
synaptosomes (Gorbea, Rogers and Rechsteiner, unpublished data) and in extracts from 
primary cortical neurons (Gorbea, Rogers and Rechsteiner, manuscript in preparation). By 
contrast, only the ~200-kDa form of Ecm29 was present in extracts from a microglial cell 
line. Immunofluorescense microscopic analyses of cultured cortical neurons with the three 
ECM antibodies also produced differential patterns of staining. For instance, ECM1 stained 
cell bodies and dendrites; staining of dendrites with ECM1 was consistent with the presence 
of Ecm29 in spines and/or filopodia. By contrast, ECM3 staining produced a vesicular pattern 
in axons (Gorbea, Rogers and Rechsteiner, manuscript in preparation). As mentioned above, 
our two-hybrid screen data have identified molecular motors and endocytic components as 
26S proteasome-interacting proteins, which may explain the significant enrichment of Ecm29 
in axons and synaptosomes. Since 26S proteasomes are present at synapses [23,24], there 
must be mechanisms whereby the enzyme reaches regions that can be quite distant from the 
neuronal cell body. If Ecm29 serves to couple the 26S proteasome to motors or vesicles, this 
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could explain the need for such high levels of the protein in brain. Sorting out the 
intracellular distribution and molecular nature of the isoforms will aid in ascertaining the 
biological roles of Ecm29 isoforms in the brain. 

 
 

CONCLUSIONS 
 
The past few years have witnessed an explosive increase in our understanding 

concerning the breadth of importance the UPS has in all essential aspects of life. The 
identification of increasing numbers of cellular proteins that bind to proteasomes 
demonstrates that these enzymes are highly dynamic protein degradation complexes subject 
to many levels of regulation. Among the host of cellular proteins that interact with the 
proteasome we now count activators, inhibitors, components of the ubiquitylation machinery, 
ubiquitin hydrolases, polyUb-chain receptors, and the HEAT-repeat-containing protein 
Ecm29. These interacting proteins are thought to not only affect 26S catalytic activity, but 
also to localize the proteasome to specific sites within the cell, and assist delivery of polyUb 
substrates to the proteasome for degradation. Still, many questions remain regarding the 
structure as well as the biological significance of proteasome-activator/inhibitor complexes. 
Furthermore, many novel interactions between proteasomes and other cellular proteins are 
likely to be discovered in the future, expanding our knowledge about the range of biological 
processes influenced by the UPS. 

A growing appreciation for the role of proteasomes in neurons is evident from this 
volume, and it seems likely that crucial proteasomal functions will be confirmed in the 
normal and pathophysiology of the nervous system. To date, however, what we know about 
the impact of the UPS in neuronal cell biology is relatively scant. Anything we can learn 
from the distribution of UPS components in the brain, and from the identification of neuronal 
proteasome-interacting proteins will undoubtedly assist us in elucidating the roles that the 
UPS plays in neuronal cell function, and should be a high priority for future research. 
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ABSTRACT 
 

The accumulation of misfolded or damaged proteins causes the failure of normal cell 
structure and functions needed for growth and viability. The toxicity of misfolded species 
has been linked to human diseases, neurodegenerative disorders in particular, including 
Alzheimer’s, Parkinson’s and Huntington’s diseases, characterized by the accumulation 
of intracellular aggregates or inclusion bodies. To interrupt this adverse development, 
defective proteins must be rapidly repaired by molecular chaperones or destroyed by 
energy-dependent cytoplasmic proteases. A balance among these processes ultimately 
maintains the cellular homeostasis. In eukaryotes, the 26S proteasome, a 
protease/chaperone complex that generally acts as an ubiquitination system, is a central 
component in the protein triage decision process, though it also selectively degrades 
structurally abnormal proteins in a ubiquitin-independent manner. In either case, all 
substrate proteins must undergo the structural changes and stabilization necessary for a 
rapid degradation. It has, therefore, often been suggested that several chaperone 
functions are closely related to the stimulation of proteasomal degradation. This chapter 
summarizes recent discoveries pertaining to chaperone activities in the ubiquitin-
proteasome system, and to their regulation of protein breakdown mediated by the 
proteasome. 
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ABBREVIATIONS 
 
AAA, ATPases associated with various cellular activities; ADP, adenosine diphosphate; 

ATP, adenosine triphosphate; CaM, calmodulin; CFTR, cystic fibrosis transmembrane 
regulator; CHIP, C-terminus of Hsp70-interacting protein; ER, endoplasmic reticulum; GFP, 
green fluorescent protein; HOP, Hsp70-Hsp90-organizing protein; NDP, nucleoside 
diphosphate; ODC, ornithine decarboxylase; PA700, proteasome activator, 700 kDa; Pael-R, 
pael receptor; PAN, proteasome-activating nucleotidase; UPS, ubiquitin-proteasome system; 
VHL, von Hippel-Lindau; VCP, valosin-containing protein.  

 
 

INTRODUCTION 
 
Functional proteins are continuously regulated by a post-translational quality control 

machinery that preserves their proper intracellular structure and function. The fate of many 
cellular proteins depends on a life cycle encompassed by their folding and degradation [1]. 
Once proteins have been damaged, molecular chaperones and proteases must decide whether 
to repair or destroy them. The failure of the quality control system to repair or remove 
misfolded proteins allows diseases to progress, such as neurodegenerative disorders 
associated with protein inclusions [2]. There is growing evidence indicating that the 
potentially toxic aggregates formed in several areas of the brain often contain molecular 
chaperones that are involved in the refolding of misfolded proteins and the components of the 
ubiquitin-proteasome system (UPS) that eliminate them [3]. Recent studies have found 
independently that the large chaperone-protease complex (ATP-dependent protease) 
recognizes the state of a protein, and that their combined functions play a key role in the 
protein quality control self-triage [4].  

In prokaryotes, the ClpAP and ClpXP proteases are energy-dependent proteolytic 
complexes, in which a molecular chaperone ClpA (or ClpX) combines with a self-
compartmentalizing core protease (ClpP), capable of both functions together [5,6]. Protein 
substrates must be unfolded before their translocation to the proteolytic chamber, since ClpP 
has an axial pore, precluding the access of larger proteins. ClpA (ClpX), composed of 
ATPase particles capping a protease (ClpP), mediates the unfolding of substrates and 
facilitates their access to catalytic sites within the chamber prior to their degradation [7]. In 
an eukaryotic cytosol, a machinery similar to that of ClpA(X)P has been described most 
precisely for the 26S proteasome. It is composed of the catalytic 20S core and a terminal 
regulatory component containing ATPase particles, known as 19S cap or PA700, which 
docks at both ends of the entry-exit channel of the 20S proteasome [8,9].  

In the degradation process by the 26S proteasome, it is commonly assumed, with few 
exceptions, that the 19S cap recognizes substrate proteins that have been modified covalently 
with a polyubiquitin chain as a prerequisite for their proteolysis, then unfolds and translocates 
them to the catalytic sites of the 20S proteasome through a narrow gate [10]. In addition, 19S 
cap acts as a defining molecular chaperone that preferentially binds to non-native, non-
ubiquitinated proteins, inhibiting their aggregation and promoting their reactivation [11,12]. 
These characteristics predict that, besides exercising its general chaperone functions, 19S cap 
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may also indirectly promote proteolysis by maintaining misfolded proteins in a non-
aggregated state. While ATP, or its hydrolytic energy, is critical in modulating the rate of 
substrate turnover by molecular chaperones as they inhibit aggregation and promote folding 
[13,14], the regulatory subcomplexes of ATP-dependent proteases also utilize ATP in events 
responsible for the breakdown of proteins [15-17]. In the case of the 26S proteasome, the six 
ATPases reside within the regulatory particles comprising the outer ring, the so-called base, 
covering the entry ports into the 20S core [18]. The putative functions of the base are to 
unfold and translocate substrate proteins, and mediate the opening of the pore in the 20S 
proteasome, to promote ATP-dependent degradation. Thus, binding of the 19S cap regulatory 
components to the 20S proteasome is essential to activate the degradation of ubiquitinated 
proteins. While this cooperation is the most unique characteristic of the proteasomal 
degradation pathway, the 20S proteasome alone is capable of directly degrading some non-
ubiquitinated proteins such as p21WAF/CIP1, scRNAase and oxidized proteins [19-21]. This 
observation suggests that the 20S proteasome itself binds to substrates and leads them into 
the catalytic cavity by regulating the gate of the channel, since the ends of the 20S core are 
found in a closed state.  

To clarify the direct entry process of the substrates into the 20S core, we have examined 
the chaperone functions of the 20S proteasome, which assists the recruitment of substrates 
directly into it, with noteworthy results [22]. First, when the human 20S proteasome was 
incubated in presence of ATP and ADP, simulating physiological conditions, it catalyzed the 
weak, though linear ATP-ADP exchange reaction, with enzymatic properties similar to those 
of the nucleoside diphosphate (NDP) kinase-like activity of molecular chaperones, such as 
Hsp70 and 14-3-3 [23,24]. While this might indicate that the 20S proteasome functions as a 
general chaperone, the role of the nucleotide exchange activity remains unclear. Second, the 
20S proteasome is capable of recognizing non-native conformations of model proteins 
directly, and of preventing their aggregation [25]. This process is not followed by the 
refolding of denatured substrates to their native state, while the 19S cap or 26S proteasome 
promotes their reactivation, suggesting that the 20S proteasome, which exhibits proteolytic 
activity, plays an active role of molecular chaperone in the degradation of proteins. 

In addition to these intrinsic chaperone activities of the proteasome, the ubiquitin 
proteasome pathway requires the assistance of molecular chaperones for substrate 
degradation. The targeting of misfolded proteins to the proteasome by chaperones has been 
established in various ways. Previous studies have shown that Hsp70 and Hsp90 are required 
in the degradation of some misfolded proteins, though they do not clarify how these 
chaperones participate in the process that targets polypeptides to the proteasome [26,27]. C 
terminus of Hsp70-interacting protein (CHIP) and BAG-1, two Hsp70 cofactors with 
chaperone interaction domains, have recently been identified as linkers between chaperones 
and proteasome (see Chapter 19). CHIP, an Hsp70-associated ubiquitin ligase, ubiquitylates 
misfolded proteins associated with cytoplasmic chaperones, promoting their delivery for 
degradation by the proteasome [28-30]. In this process, BAG-1, the nucleotide exchange 
factor of Hsp70, seems to cooperate with CHIP by facilitating the transfer of ubiquitylated 
proteins to the proteasome [31,32]. A similar function seems to be provided by cdc48, also 
known as p97 and VCP. Cdc48 is a hexameric ATPase that acts as a multiubiquitin chain-
targeting factor, recruiting ubiquitinated substrates to the proteasome [33,34]. Most 
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strikingly, Cdc48 can also unfold bulky ubiquitinated proteins, and convert them into a state 
that is suitable for degradation by the proteasome [35]. This chapter summarizes the state-of-
the-art, focusing on the chaperone activities linked to protein breakdown by the proteasome. 

 
 

THE 19S CAP IS A MOLECULAR CHAPERONE THAT 

REGULATES PROTEASOME-MEDIATED PROTEOLYSIS 
 
The 19S cap, a regulatory component of the 26S proteasome originally isolated as an 

ATP-dependent activator of the 20S proteasome [15,36], participates in ATP-dependent 
proteolysis, along with a proteolytic component of the 20S proteasome. It can be dissociated 
into ‘base’ and ‘lid’ subcomplexes [18]. The base complex contains six AAA ATPases, 
creating a ring that binds directly at both ends of the 20S core particle, and two non-ATPase 
subunits. The lid complex, which consists of eight non-ATPase subunits, is attached to the 
base complex.  

When substrates are efficiently identified by the proteasome-dependent degradation 
system, the 19S cap plays three prominent roles in the proteolytic process. First, a role of 
substrate recognition, divided between ubiquitin-dependent and ubiquitin-independent 
degradation pathways. Most cellular proteins are targeted for the 19S cap after having been 
covalently modified by a polyubiquitin chain as a degradation signal [37,38]. In such case, 
the 19S cap recognizes and interacts directly with a polyubiquitin chain, without requiring the 
elongated and unfolded conformation of an ubiquitinated substrate [39]. In some cases, 
however, the conjugation of ubiquitin may be activated by the unfolding of a protein [40]. A 
more intriguing observation was recently made, showing that S6a/Rpt5, an ATPase subunit of 
the 19S cap, serves as a ubiquitin receptor for the proteasome in an ATP-dependent manner 
[41], whereas Rpn10, a non-ATPase subunit, was considered its best candidate. In contrast, 
few examples of ubiquitin-independent protein degradation have been described. In these 
cases, a conformational change in the substrate, which facilitates its binding to the 19S cap, 
may participate in the substrate recognition. Ornithine decarboxylase (ODC), a rate-limiting 
enzyme that catalyzes the first step of polyamine biosynthesis, is a prototypical, ubiquitin-
independent substrate of the 26S proteasome [42]. However, the degradation of ODC 
depends on antizyme, an inducible protein inhibitor that binds to, and induces conformational 
changes in ODC, exposing the C-terminal region to target ODC to the 26S proteasome 
[43,44]. The cyclin-dependent kinase inhibitor, p21WAF1/CIP1, ovalbumin and scrambled 
RNase A in the non-native state are other known ubiquitin-independent substrates [19,20,45]. 
Furthermore, proteasome-activating nucleotidase (PAN), an archaeal ATPase complex 
analogous to the 19S cap directly recognizes and binds substrates without ubiquitin [46]. 
Therefore, the 19S cap reportedly interacts directly with non-ubiquitinated substrates, a 
function similar to that of molecular chaperones for non-native substrates. The second role 
played by the 19S cap is unfolding of the substrates and their translocation into the catalytic 
sites of the 20S proteasome. The substrates need to be unfolded before their translocation to 
the catalytic sites because of the usually quite narrow gate of the 20S proteasome. An 
unfoldase activity of the 19S cap has been suspected, however not confirmed. Recent 
observations suggest that the 19S cap is responsible for the unfolding of ODC and for its 
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translocation into the proteolytic compartment. In the process of ODC degradation, the 26S 
proteasome irreversibly inactivates ODC, which is equivalent to unfolding, before its 
degradation within the 20S proteasome [47]. Surprisingly, the 19S cap is incapable, by itself, 
to inactivate ODC, and its association with the 20S proteasome seems indispensable for this 
inactivation. Although there is no direct evidence, ATPase subunits in the 19S cap may 
mediate the conformational changes in ODC that allow its entry into the proteolytic cavity. It 
is noteworthy that PAN catalyzes the unfolding and translocation of a global protein [46]. 
PAN shows rapid loss of the green fluorescent protein (GFP) ssrA, by which its unfolding 
can be monitored during ATP-dependent proteolysis. Furthermore, PAN appears to 
translocate GFPssrA into the 20S proteasome in a C- to N-terminal direction during the 
degradation process [48]. In this case, the PAN-mediated unfolding of GFPssrA occurs even 
when its translocation is inhibited, suggesting that translocation follows ATP-dependent 
unfolding, and that both steps can be dissociated. On the other hand, the ubiquitinated 
substrates must be detached from the multi-ubiquitin chain, since it is difficult to thread a 
bulky ubiquitin chain through the narrow axial channel of the proteasome. It has recently 
been proposed that Rpn11/POH1, a subunit of lid, is involved in the deubiquitination of 
substrate polypeptides during proteasomal degradation [49]. These observations indicate that 
the functions that change the conformation of the substrates, and transfer them to the active 
sites of the 20S proteasome as a prerequisite for degradation, are attributable to a regulatory 
component of the 26S proteasome. The third role played by the 19S cap is that of channel 
gatekeeper. Opening of the channel for entry of the substrate into the 20S proteasome is 
apparently coupled to the ATP-dependent reaction of the 19S cap. From the crystal structure 
of the yeast 20S proteasome, the gates into the chamber at terminal rings are sealed, with the 
N-terminal tails of the α3-subunit comprising the outer ring of the 20S proteasome preventing 
access by the substrate [50]. It has recently become apparent that the ATPase domain of Rpt2 
in yeast proteasome, one of six ATPases in the regulatory component, causes movement of 
the N-terminal tails of the α3-subunit, leading to opening of the gate. This indicates that the 
ATPase activity of Rpt2 may be involved in a gating mechanism, although it has not yet been 
verified experimentally that gate opening requires the hydrolysis of ATP [51]. In the case of 
PAN, the N-terminal deletion of the 20S α-subunit, which achieves the opening of the gate 
artificially, facilitates the degradation of substrates without PAN and ATP, whereas the 
degradation by the wild-type 20S proteasome requires PAN and ATP, indicating that PAN 
opens the gate in an ATP-dependent manner [48]. These multiple roles confer the 19S cap 
unique functions with respect to the various processes of protein degradation by the 26S 
proteasome as a molecular chaperone. 

 
 

THE 19S CAP INTERACTS WITH, AND  
REPAIRS MISFOLDED PROTEINS 

 
With regard to the entry of substrates into the 20S particle, the protein-unfolding activity 

of the regulatory particle seems linked to the stimulation of proteasomal degradation. On the 
other hand, most cellular proteins that escape degradation are probably repaired by general 
molecular chaperones. Recent observations pertaining to the ‘chaperone-like activities’ of the 
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19S cap, which mediate the anti-aggregation and refolding of several model proteins, suggest 
that it plays a direct role in the repair of a given target as a result of protein triage [13,14]. 
Further evidence that these functions are defining characteristics of molecular chaperones 
was obtained from a study of misfolded proteasomal substrates of the 26S proteasome, 
notably scrambled ribonuclease A (scRNase A) and pentaubiquitinated dihydrofolate 
reductase reactivated by the 19S cap [20]. In prokaryotes, PAN is similarly capable of 
preventing the aggregation of proteins and of promoting the refolding of misfolded proteins. 

What is the biological importance of the 19S cap’s chaperone-like activity? It is 
noteworthy that the refolding of misfolded scRNase A by free 19S cap dissociated from the 
20S proteasome results in a proteasome-resistant form, whereas the degradation of misfolded 
scRNase A is stimulated during the formation of the 26S proteasome complex. Furthermore, 
the observation that PAN can act independently and exist predominantly as a structure 
separate from the 20S proteasome in cells, except during the substrate degradation process, 
suggests that it prevents aggregation and promotes refolding of misfolded proteins in vivo. 
This anti-aggregating effect on misfolded proteins may assist the proteasomal degradation in 
the trapping of unfolded substrates before their entry into the proteasome, since aggregated 
proteins are relatively resistant to proteolysis. In contrast, the refolding of misfolded proteins 
into proteasome-resistant forms does not appear directly coupled with the degradation 
process, although it may be operative in its early phase by stabilizing the structures adjacent 
to the degradation signal. It is noteworthy that the nucleotide dependence of chaperone 
activities varies widely among regulatory particles. Neither the 19S cap nor PAN require the 
hydrolysis of ATP to limit the aggregation of denatured proteins and stimulate their 
refolding. On the other hand, the unfolding of substrates by PAN, as well as the regulation of 
proteolysis by a complex between PAN and the 20S proteasome requires ATP hydrolysis. In 
this respect, energy-dependent unfolding is likely to be a more powerful reaction in 
proteasomal degradation. However, it is of interest that these chaperone-like properties 
operate in parallel to partition the pathway for repair versus degradation of a given target, 
therefore serve as a triage system for damaged proteins.  

 
 

UBIQUITIN- AND 19S CAP-INDEPENDENT  
PROTEOLYSIS BY THE 20S PROTEASOME 

 
The 20S proteasome, the catalytic core of the 26S proteasome, is a 700 kDa, cylinder-

shaped protease arranged in a stack of four heptameric rings composed of two outer α and 
two inner β rings, each containing seven distinct subunits [52; and Chapter 6]. It has a hollow 
central cavity with multiple proteolytically active sites, and α-rings occluded at both ends 
[50]. This restriction of access to the interior, probably sequestrating the active sites from 
unwanted substrates, represents the function of the 19S cap in the regulation of substrate 
entry, mediating the recognition, unfolding, translocation and opening of channels into the 
catalytic chamber in preparation for degradation [10]. Although the assistance by the 19S cap 
is a general characteristic of proteasome-dependent turnover, the 20S proteasome is capable 
of degrading proteins directly as an alternative mechanism, bypassing the ubiquitination and 
the 19S cap.  
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Various oxidized proteins [21,53-55], p21WAF/CIP1 [19], and scRNase A are degraded by 
the 20S proteasome in ATP- and ubiquitin-independent manners in vitro. The molecular 
mechanisms of recognition and degradation of oxidized proteins are poorly understood, 
though they may involve the exposure of hydrophobic surfaces after oxidative modification, 
enhancing the proteolysis [56-58]. However, a recent study of the degradation of oxidized 
calmodulin (CaM) showed that the signal for its degradation by the 20S proteasome was a 
secondary structural loss caused by oxidation or calcium binding, rather than a hydrophobic 
change on the surface. It is noteworthy that oxidized CaM was degraded into multiple large 
fragments by the 20S proteasome, suggesting that the latter recognizes and degrades oxidized 
CaM in a state of incomplete unfolding, and that the global unfolding of CaM is not 
necessary for its targeting [21]. It has recently been shown that Hsp90, in association with the 
20S proteasome, recognizes oxidized CaM selectively, and promotes its degradation by the 
proteasome [59]. Hsp90 cannot facilitate the degradation of fluorogenic peptides by the 20S 
proteasome. It might, therefore, play a crucial role in modulating oxidized CaM to access it 
into the catalytic core, but does not induce the conformational change in the 20S proteasome 
allowing its entry. The cdk inhibitor p21Cip is a non-ubiquitinated substrate of the 20S 
proteasome, since its mutant form, which lacks all the target lysine residues for 
ubiquitylation, is degraded by the 20S proteasome [60]. As for the turnover of p21WAF/CIP1, a 
recent study has found that the 20S proteasome recognizes p21Cip directly through the C8 α-
subunit in the outer ring, and degrades it without the 19S cap. These observations suggest 
that ubiquitin-independent degradation by the 20S proteasome is more common than 
generally believed. Whether the 20S proteasome functions in vivo by itself, without binding 
to regulatory proteins, remains uncertain. Although free p21WAF/CIP1 has a loosely folded 
structure similar to that of oxidized CaM [61], these proteins appear to be too large to clear 
the narrow entry port. If the 20S proteasome does degrade these proteins intracellularly, it 
implies that either the 20S proteasome or the substrate itself unfolds selectively the N-
terminal portions of the  α subunit which seals the gates, resulting in opening of the channel.  

The 19S cap-independent-proteolysis of the 20S proteasome predicts some intrinsic 
function of the enzyme, which targets substrates to interior catalytic sites. The eukaryotic 20S 
proteasome contains seven α-type and seven β-type subunits. Subunits X, Y and Z in the β-
subunit ring provide the active-site nucleophiles for the three distinct proteolytic activities 
[53,62-64], while the functions of the remaining β- and of the seven α-subunits remain to be 
determined. A study of the functions of these unknown subunits to clarify the mechanism of 
degradation by the 20S proteasome would be valuable. We have recently found that the 
purified human 20S proteasome exerts activities of ATP hydrolysis and ATP-ADP exchange, 
similar to those of the molecular chaperone Hsp70 [22]. Since, the ATPase activity of the 20S 
proteasome in absence of ADP is generally difficult to detect, it has, thus far, not been 
reported. However, the addition of ADP to the assay system resulted in a prominently 
enhanced rate of ATP hydrolysis (Figure 1A). The 20S proteasome also catalyses the reverse 
reaction, i.e. ATP synthesis (Figure 1B). The Km value of ATP for its hydrolysis in presence 
of 0.5 mM ADP, and Km value of ADP for ATP synthesis are 2.86 and 0.14 mM, 
respectively. Consequently, changes in the concentrations of these nucleotides in the cytosol 
are expected to affect the enzyme activities in vivo, since both Km values are slightly lower 
than the physiological cytosolic concentrations of ATP (5 mM) and ADP (0.5 mM). These 
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enzymatic properties are similar to those of NDP kinase, which catalyzes the transfer of γ-
phosphate between NDPs and nucleoside triphosphates [65-67], whereas the 20S proteasome 
expresses a preference for ATP as a phosphate donor, distinct from NDP kinase. During the 
transfer of γ-phosphate, the 20S proteasome forms acid-labile phosphohistidine as an 
autophosphorylated intermediate, followed by NDP-dependent dephosphorylation of the 
latter. These properties are strikingly similar to those of molecular chaperones, such as Hsp70 
and 14-3-3 proteins. These observations suggest that the 20S proteasome has an ATP-binding 
site other than the catalytic site.  
 

 

Figure 1. ATP hydrolysis and ATP synthesis of human 20S proteasome. Measurements of ATP 
hydrolysis (A) and ATP synthesis (B) of human 20S proteasome was made at 37 °C, for 1 h, in 
presence of 5 mM ATP and 0.5 mM ADP (■), and 0.05 �Ci of [14C]ATP for assays of ATP 
hydrolysis, or 0.02 μCi of [14C]ADP for assays of ATP synthesis. The nucleotide was removed or 
replaced in the reaction mixture as follows: activities in absence of ADP in the reaction mixture (●), in 
presence of AMP (0.5 mM) instead of ADP (□), in presence of Pi (5 mM) instead of ATP for assays of 
ATP synthesis     (Δ), and in absence of ATP for assays of ATP hydrolysis (○). The activities of ATP 
hydrolysis and ATP synthesis of yeast proteasome in presence (▼) versus absence (▽) of 0.5 mM ADP 
in the reaction mixture were also assayed. 

We then pursued the identification of the subunit(s) responsible for this newly discovered 
activity. The separation of the autophosphorylated and ATP-photoaffinity-labeled 20S 
proteasome into individual subunits by reverse-phase high-performance liquid 
chromatography revealed that the subunits C5 and C8, are involved in the phosphate transfer 
and binding of ATP, although the 20S proteasome loses its ATP-ADP exchange activity upon 
separation of the subunits. These observations might sharpen the understanding of previously 
unknown mechanisms, including the targeting of substrates and regulation of gate opening.  

Besides the recognition of partial unfolded substrates, such as those of oxidized CaM and 
p21Cip, the ATP-ADP exchange activity predicts that the 20S proteasome merely functions 
as a general chaperone for non-native proteins. In pursuit of this hypothesis, we have shown 
that the 20S proteasome recognizes preferentially several heat- or chemically-denatured 
proteins, and protects them against irreversible aggregation in vitro [25]. The 20S proteasome 
prevented the aggregation of misfolded proteins, such as citrate synthase, malate 
dehydrogenase and glutaraldehyde dehydrogenase in a dose-dependent manner. This was not 
followed by refolding of these denatured substrates into their native states, whereas the 26S 
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proteasome or the 19S cap generally promote their reactivation. Thus, unlike other known 
chaperones, the prevention of aggregation may simply reflect the ability of the 20S 
proteasome to interact with an unfolded protein. However, partially folded proteins tend to 
aggregate, including those that are misfolded [14], and the degradation of these species 
should be hampered without an anti-aggregation factor [1]. Therefore, this could be a critical 
step in the proteasomal degradation without the 19S cap, by which unfolded substrates are 
bound to inhibit competing aggregation, facilitating their entry into the catalytic site of the 
20S proteasome. In some cases, it may be an intermediate step during refolding, in 
conjunction with other chaperones, such as the 19S cap. 

 
 

THE ROLE OF NON-PROTEASOMAL MOLECULAR  
CHAPERONES IN THE UBIQUITIN-PROTEASOME SYSTEM  
 
In the general pathway of a triage system, molecular chaperones have the first 

opportunity to convert damaged proteins to a functional native conformation. However, the 
failure to rescue non-native proteins allows molecular chaperones to passively facilitate 
partitioning to the UPS [68]. A recent analysis of misfolded von Hippel-Lindau (VHL) tumor 
suppressor provided new insights into this transition from chaperone-mediated folding to 
chaperone-mediated degradation [69]. Two distinct pathways regulated by the molecular 
chaperones mediate VHL folding and degradation. Newly synthesized VHL trapped by 
Hsp70 is initially recruited to the folding process by the chaperonin TRiC/CCT. On the other 
hand, folding-defective VHL with Hsp70 interacts with the Hsp90 complex, leading to its 
degradation by the UPS. VHL degradation requires the Hsp70 cofactor STI 1/HOP that has 
the unique ability to bridge a complex between Hsp70 and Hsp90. It is noteworthy that TRiC 
is dispensable for the degradation of VHL, whereas Hsp90, which is not required for the 
folding of VHL, is essential for its degradation. The folding and degradation of VHL both 
require Hsp70, suggesting that the latter’s role is to maintain the solubility of unfolded VHL, 
to recruit it for the process of folding or degradation. On the other hand, Hsp90 might 
facilitate the delivery of misfolded VHL to the proteasome, for example by generating a 
specific conformation that can subsequently be recognized by an ubiquitin ligase, although 
the precise mechanisms remain unknown. Like the degradation of oxidized CaM, these 
results indicate that Hsp90 can function as a physiological regulator of proteasomal protein 
degradation, since expression levels of Hsp90 are induced during environmental stress, 
including oxidation, which cause the pool of intracellular misfolded proteins [59]. CHIP and 
BAG-1 have recently been established as the candidate proteins that link molecular 
chaperones to the UPS. The E3 ubiquitin ligase, CHIP, was initially identified as the cofactor 
of Hsp70 that inhibits its chaperone functions, such as protein folding and ATPase activity 
[70]. CHIP also has a U-box at its C terminus, which is structurally related to RING-finger 
domains found in many ubiquitin ligases, indicating that CHIP may participate in ubiquitin 
conjugation but not in productive folding of non-native proteins [71]. Some studies have, 
indeed, shown that CHIP ubiquitylates various chaperone substrates, such as CFTR and 
glucocorticoid hormone receptor, promoting their degradation by the proteasome [28,29]. As 
a consequence, the recruitment of CHIP to Hsp70/Hsp90 shifts the chaperones from a protein 
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folding to a degradation mode by ubiquitylating associated substrates. It is noteworthy that an 
efficient ubiquitination of unfolded proteins is accomplished by the CHIP conjugation 
machinery associated with Hsp70 or Hsp90, in which the chaperones act as substrate 
recognition factors to select substrates for CHIP-mediated ubiquitination. It has been 
suggested that BAG-1 plays a role, in cooperation with CHIP, in the degradation of protein in 
the UPS. Since BAG-1 has an ubiquitin-like domain utilized for proteasome binding, and a 
BAG domain that mediates Hsp70 binding, it might act as a coupling factor that facilitates 
the delivery of Hsp70-bound substrates to the proteasome [32,68]. In fact, an increase in 
BAG-1 concentrations induces the association of Hsp70 with the proteasome, and promotes 
the CHIP-mediated degradation of glucocorticoid hormone receptor [31]. The unique 
function of CHIP in the UPS, along with Hsp70, makes it also a particularly desirable target 
in the pathogenesis of various neurodegenerative diseases. CHIP influences the turnover of 
disease-related misfolded proteins via the UPS. For example, tau, which forms protein 
aggregates in patients suffering from Alzheimer’s disease, is ubiquitinated by the CHIP-
Hsc70 complex for degradation by the proteasome [72]. Further participation of CHIP in 
neurodegenerative diseases has become apparent from studies that link it to Parkinson’s 
disease. Parkin, an E3 ubiquitin ligase responsible for familial Parkinson’s disease [73], 
ubiquitylates three pathologically relevant proteins, α-synuclein, synphilin and plasma 
membrane protein Pael-R, which are then degraded by the proteasome [74]. It was recently 
reported that CHIP is involved in the regulation of Parkin-mediated Pael-R ubiquitination. 
Accumulation of unfolded Pael-R in the endoplasmic reticulum (ER) results in ER stress-
induced degeneration of dopaminergic neurons, a characteristic of Parkinson’s disease [75]. 
Of further interest, CHIP appears to facilitate the Parkin-dependent ubiquitination of 
unfolded Pael-R, which is retrotranslocated from the ER, through the release of Hsp70 from 
Parkin-Pael-R complexes, while Hsp70 transiently binds to unfolded Pael-1 and inhibits the 
ubiquitin ligase activity of Parkin [76]. The pathological characteristic of polyglutamine 
diseases is the neuronal accumulation of expanded-polyglutamine proteins, causing the 
formation of intracellular protein inclusions and aggregates [77,78; and Chapter 32]. CHIP, 
which has recently been shown to associate with expanded polyglutamine proteins, is likely 
to promote their ubiquitation and degradation and, ultimately, suppress their aggregation and 
toxicity [79]. On the other hand, a discordant observation was reported that the suppression 
of aggregates by CHIP is independent of its enhancement of ubiquitination and degradation, 
and depends on its ability to keep polyglutamine proteins in a soluble state through its 
interaction with Hsp70/Hsc70 [80]. Further studies will clarify the mechanism by CHIP 
inhibits the aggregation of polyglutamine proteins. Besides Hsp70/Hsp90 and their cofactors 
cooperating with the UPS, other chaperones have been implicated in the recognition and 
delivery of multi-ubiquitinated substrates to the proteasome. The 97-kDa valosin-containing 
protein (p97 or VCP), the mammalian homolog of yeast cdc48 and a member of the AAA 
proteins (ATPases associated with various cellular activities), is a hexameric, barrel-shaped 
structure reminiscent of a molecular chaperone [81,82]. VCP is implicated in various cellular 
processes, such as cell cycle progression [83], membrane fusion [84,85], apoptosis [86], ER-
associated degradation [87,88; and Chapter 13] and protein degradation. Notably, nearly all 
these activities are directly or indirectly regulated by the UPS. However, there is evidence 
indicating that VCP binds polyubiquitinated proteins directly, and targets them to the 
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proteasome for degradation. Indeed, the loss of VCP function results in inhibition of the 
degradation of substrate proteins, such as IκBα and cyclinB1 and, consequently, in the 
accumulation of ubiquitinated proteins, whereas re-adding purified VCP restores their 
degradation [33,89,90]. This establishes VCP as a preferential targeting factor playing an 
important role in proteasome-mediated degradation, though the molecular mechanisms 
behind the targeting of a substrate to the proteasome remain poorly understood. Based on the 
various cellular functions through the UPS and structural feature of VCP, it is likely that VCP 
acts as a chaperone in the ubiquitin-proteasome degradation pathway. All AAA proteins 
possess weak ATPase activity, and their chaperone-like activity seems generally linked to the 
conserved ATPase domains. A relationship between ATPase of VCP and ubiquitin-
proteasome-mediated degradation has been demonstrated recently [91]. VCP binds directly to 
multiubiquitin chains attached to substrates through its N-terminal, the deletion of which 
causes a defect of proteasome-mediated degradation. Though it is necessary, the N-terminal 
is not sufficient to mediate the degradation by the ubiquitin-proteasome, and the D2 domain 
of VCP responsible for the major ATPase activity is also required. In the ubiquitin-
proteasome degradation pathway, the 19S cap very likely plays a role in regulating the 
accessibility of substrate by mediating conformational changes, for example unfolding, that 
facilitate entry of the substrate into the 20S proteasome. However, the close space between 
the base and lid of the 19S cap might prevent the access of larger proteins to the unfolding 
site within the base. In addition, VCP differs from the proteasome in that (i) it does not 
interact with a proteolytic core and (ii) its central channel leads into the cytoplasma, 
suggesting that VCP could unfold large substrate proteins and convert them into a state that is 
suitable for degradation upstream from the proteasome [35]. The in vitro unfoldase activity of 
a model protein of VAT, the archaeal homologue of VCP, might support this hypothesis [92]. 
These combined considerations suggest that a major function of VCP in the UPS is to unfold 
the substrate before its delivery to the proteasome. Besides acting as an unfoldase, VCP 
functions as a chaperone, disassembling the substrate/cofactors complex for subsequent 
degradation, and using the energy from the hydrolysis of ATP [93,94]. The functional 
importance of VCP as a molecular chaperone has been implicated in ER-associated 
degradation [87,88]. VCP, with its partner proteins, Ufd1 and Npl4, binds the substrates onto 
the ER membrane, and releases them into the cytosol as polyubiquitinated species in an ATP-
dependent manner, recruiting substrates to the proteasome. The ER-associated degradation 
protein substrates accumulate in the ER when Cdc48 fails to function, suggesting that VCP 
acts as a molecular chaperone, which disassembles proteins complexes, or unfolds targeted 
substrates, or both. Thus, these activities, together with its ability to bind multiubiquitinated 
proteins, position the VCP as a preproteasomal chaperone that targets substrate proteins to 
the proteasome. In addition, VCP represents a more general chaperone activity that 
recognizes non-native proteins and prevents their aggregation [95], making VCP a key 
molecule in charge of triage decisions toward the repair versus degradation of targets in 
eukaryotic cells. 
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CONCLUSIONS 
 
The functions of molecular chaperones in the UPS we have discussed can be classified 

into proteasomal versus non-proteasomal (Figure 2). Following their delivery to the 26S 
proteasome, the latter unfolds and translocates the ubiquitinated substrates from its 19S cap-
binding site to the 20S core in an ATP-dependent manner. If substrate proteins encounter the 
free 19S cap first, they are unfolded and the substrate-19S complexes may associate with the 
20S proteasome for subsequent degradation. However, an initial association of misfolded 
proteins with the free 19S cap might favor refolding over degradation. In such case, the 
regulatory component interacts directly with non-native structures of nonubiquitinated 
proteins and enhances their refolding. On the other hand, the association with 20S core, 
forming the 26S proteasome, allows the 19S cap to facilitate passively the partitioning to 
degradation pathway. Consequently, the 19S cap can open the way to either repair or 
degradation of a given target. Misfolded or partially folded proteins eventually aggregate 
because their exposed hydrophobic surfaces cause inappropriate intra- and intermolecular 
interactions. While the 20S proteasome or the 19S cap can prevent the aggregation of 
misfolded proteins as a molecular chaperone, it is noteworthy that this function results in 
promoting proteolysis indirectly by maintaining unfolded proteins in an non-aggregated state, 
rendering them, in turn, more accessible to the 20S proteasome or 19S cap. Growing 
evidence also points to the involvement of non-proteasomal chaperones in the UPS. General 
chaperones, such as Hsp70 and Hsp90, attempt to rescue the misfolded proteins, first by 
refolding them to a functional native state. However, failure to repair may lead the molecular 
chaperones to the UPS to eliminate the chaperone-bound substrates. In this process, 
substrates ubiquitination and sorting to the proteasome are directed by the interaction of the 
cofactors, such as CHIP and BAG-1, with molecular chaperones. VCP (Cdc48) is the 
molecular chaperone that has received most attention for its function mediating the delivery 
of ubiquitinated proteins to the proteasome. Substrates modified with a multi-ubiquitin chain 
are recruited to VCP via its cofactors, where they might be unfolded to access the recognition 
site within the 19S cap. Further studies of the chaperone activities in the UPS could provide 
important clues toward the understanding of the roles of UPS in cellular regulation. 
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Figure 2. Model of chaperone functions in the ubiquitin-proteasome degradation pathway. The steps 
regulated by the molecular chaperone are indicated by thick arrows. 
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ABSTRACT 
 

Proteasomes are present in the cytoplasm and in the nuclei of all cell types including 
neurons and glial cells. Their relative abundance within subcellular compartments is 
highly variable depending on the cell type as well as depending on physiological and/or 
pathological stimuli. Cytoplasmic proteasomes are not uniformly distributed; instead they 
are enriched at the centrosomes at the cytoskeletal networks and at the outer surface of 
membranaceous organelles such as the endoplasmic reticulum and the endosome system. 
In the nuclei proteasomes are present throughout the nucleoplasm but are usually not 
found within the nucleoli. Nuclear proteasomes often associate with structures of the 
nuclear matrix in particular with discrete subnuclear domains called the PML nuclear 
bodies (POD domains). PML bodies in the nucleus and the pericentrosomal area of the 
cytoplasm may function as proteolytic centers of the cell since they are enriched in 
components of the proteasome system. Under conditions of impaired proteolysis 
proteasomes and ubiquitinated proteins further accumulate at those locations. The 
knowledge about intracellular distribution of proteasomes is important for our 
understanding of the dynamic organization of the ubiquitin- and proteasome-dependent 
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proteolysis within cells. The present chapter will review available information about 
subcellular localization of proteasomes with emphasis on neuronal and glial cells; 
however since most data were obtained in other cell types they will be reviewed as well 
whenever this is relevant.  
 

Keywords: proteasome, microsocopy, cytoplasm, nucleus, centrosome, aggresome, 
proteolytic center. 
 
 

ABBREVIATIONS 
 
CNS central nervous system; ER endoplasmic reticulum; PML promyelocytic leukemia; 

UPS ubiquitin and proteasome dependent proteolytic system. 
 
 

INTRODUCTION 
 
Previous chapters have discussed the structure and function of different components of 

the ubiquitin- and proteasome system of protein degradation (UPS). 20S proteasomes are 
abundant (approximately 0.6% of total cell protein in HeLa cells [1]) and ubiquitously 
present within eukaryotic cells both in the nucleus and in the cytoplasm [2]. Highly 
proliferating and transformed cell lines usually have higher proteasome levels and activity 
than quiescent and non-transformed cells [3]. Proteasomes are abundant in the central 
nervous system (CNS) from which they were successfully purified [4-8]. Their distribution in 
different subcellular compartments is variable depending of the cell type. In rat CNS most 
neurons display mainly nuclear immunolabeling with anti-proteasome antibodies whereas the 
pyramidal cortical neurons of layer 5 and the motor neurons of the ventral horn in the spinal 
cord show an intense nuclear and cytoplasmic labeling as well as labeling in the processes. 
Additionally some populations of large neurons in the mesencephalon and brainstem also 
display a moderate immunoreactivity in their perikarya [9]. This pattern changes in some 
neurodegenerative disorders which are characterized by the formation of proteasome 
immunoreactive intracytoplasmic inclusions such as Lewy bodies in Parkinson’s disease and 
neurofibrillary tangles in Alzheimer’s disease [10,11].  

UPS is a complex and hierarchical system whose different components are not randomly 
dispersed within the cells but rather are distributed in a very complex pattern allowing 
sequential interaction. The UPS has been studied mostly by biochemists often approaching 
the cells as bags full of proteins which are purified and studied in vitro in order to be fully 
understood. Discoveries achieved with purified proteasomes and other components of the 
UPS set the base for their understanding however once those elements have been analyzed in 
detail it is necessary to turn back and to consider their function in intact cells. In contrast to 
the beauty of purified biochemical assays the study of proteins in intact cells is often obscure 
since it involves a multitude of factors which may directly or indirectly affect the outcome of 
the experiments. Proteasome localization has been reviewed in the recent years by several 
authors (e.g. [12-16]). Much less is known about the intracellular distribution of the different 
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enzymes forming the ubiquitination cascade albeit some components have been characterized 
in detail. For example, the cytosolic E3 enzyme parkin preferentially localizes to the 
microtubules [17] while another E3 called gp78 specifically resides within endoplasmic 
reticulum [18].  

Data describing the intracellular localization of proteasomes are often contradictory and 
are biased by the use of different cell types or different methods such as 
immunocytochemical labeling at the level of light, fluorescent and electron microscopy 
observation of GFP-proteasome fusions as well as subcellular fractionation. Immunodetection 
of proteasomes depends on the antibodies used and their crossreactivity with other cellular 
components as well as on the type of fixation used [19]. Some epitopes may be masked at 
certain locations by interactions with compartment-specific proteins. Detection of proteasome 
subunits fused with GFP raises the question about the functionality of such hybrid proteins in 
the context of a multisubunit complex which is poised to interact with multiple proteins 
within the cells. Subcellular fractionation experiments are subject to crosscontamination 
and/or loss of some components from a given fraction. There is also a considerable variability 
in the intracellular distribution of proteasomes depending on the source of material used for 
the fractionation. Altogether no single method is perfect to study the intracellular localization 
of proteasomes however the data obtained with the use of different methods complement 
each other delivering a synthetic approach to the problem. 

The efforts to describe localization of proteasomes in intact cells are additionally 
obstructed by the uncertainty which molecular entity we describe as ‘the proteasome’ since 
proteasomes actually may exist in multiple forms: free subunits, proteasome precursors, free 
20S proteasomes, 26S proteasomes (20S proteasome + one or two PA700 caps), 20S 
proteasomes associated with PA28 and hybrid proteasomes (20S proteasomes with one 
PA700 and one PA28 cap), just to name a few [20,21]. The different forms exist in the cells 
in a dynamic equilibrium and the relative proportions of each molecular species is highly 
variable depending on cell type, cell cycle phase and metabolic conditions [22-24]. In 
addition to that proteasomes can be present either as constitutive proteasomes or as 
immunoproteasomes. The latter contain three interferon-γ inducible subunits of the β-type 
(β5i β1i and β2i) replacing their constitutive counterparts (β5 β1 and β2; see Chapter 34). It 
has been suggested that intermediate forms with mixed composition may also exist [25]. 
Proteasome subunits can be posttranslationally modified, e.g. by phosphorylation, what 
further contributes to the diversity of different proteasome subpopulations [26-28]. 
Immunoproteasomes in some instances have different localization from constitutive 20S 
proteasomes as detected with antisera labeling their specific immunosubunits [24,29]. 
Inflammation in the central nervous system dramatically changes the content of 
immunoproteasomes in the microglia, however it is not known what is the impact of the 
inflammatory process on their intracellular distribution [30].  

 
 

CYTOPLASMIC PROTEASOMES 
 
The relative proportion of nuclear versus cytoplasmic proteasomes varies greatly and 

probably depends on the cell type, growth conditions, cell density, fixation and the assay 
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method used for detection. In rat CNS most neurons display mainly nuclear immunolabeling 
with anti-proteasome antibodies whereas some big motor neurons from the cortex and the 
ventral horn of the spinal cord show also an intense nuclear labeling as well as labeling in the 
processes. Additionally some populations of large neurons in the mesencephalon and 
brainstem also display a moderate immunoreactivity in their perikarya [47]. While in rat 
hepatocytes only 17% of 20S proteasomes are nuclear more than 50% of proteasomes are 
nuclear in L-123 cells [31].  

There are several examples evidencing dynamic changes in the intracellular distribution 
of proteasomes. In a lung cancer cell line poor growth conditions and/or high cell density 
result in a switch from a nuclear labeling pattern to a predominantly cytoplasmic pattern [45] 
while in nonstimulated A-431 cells proteasomes are both in the cytoplasm and nuclei; 
however after a 15 min treatment with EGF most proteasomes relocate to the nuclei. After 
another hour proteasomes are released from the nuclei and return to the cytoplasm [19]. 
Studies with the aid of specific inhibitors demonstrated that the nuclear export of 
proteasomes depend on the signaling through EGF-mediated tyrosine phosphorylation and 
phospholipase C activity [32]. Moreover during apoptosis proteasomes are transported from 
the nucleus into the cytoplasm where they associate with cytoplasmic blebs [33]. The 
demonstrated mobility of proteasome pools between cytosol and nuclei stays in clear conflict 
with the claim that proteasomes can not exit the nucleus unless the nuclear envelope breaks 
down during mitosis [34]. If the latter claim is indeed true it would mean that in postmitotic 
cells such as neurons proteasomes trapped in the nuclei are trapped there for the entire 
lifespan of the cell. Despite the fact that proteasomes in the neurons seem to be mostly 
nuclear such scenario seems unrealistic.  

Using a variety of antisera detecting proteasome subunits several authors have observed a 
uniform labeling of the cytoplasm with negative shadows corresponding to vacuolar 
structures and a slightly stronger labeling of the nuclei with negative shadows corresponding 
to the nucleoli [35-38]. This pattern of distribution of the 20S proteasomes was later 
confirmed with the use of a GFP-LMP2 fusion proteasomal subunit which incorporated into 
active 20S particles in living cells [56].  

The use of different fixation and extraction techniques has shown that a fraction of 
cytoplasmic proteasomes is tightly associated with cytoskeletal elements especially with 
intermediate filaments [39]. This association is regulated in a cell cycle dependent manner 
e.g. in HeLa and PtK2 cells more proteasomes are associated with cytokeratin filaments 
during the G2 phase [51]. Proteasomes also have been observed in association with actin 
filaments [40] and actin-myosin complexes [41]. It is not clear how much o this early results 
may be due to fixation artifacts and how much they actually reflect real proteasome 
characteristics. 

A fraction of proteasomes in mammalian cells is associated with cellular membranes in 
particular with the the outer surface of the endoplasmic reticulum (ER). Electron microscopy 
determined that 14% of cytoplasmic proteasomes in rat hepatocytes is associated with the ER 
[42] while cellular subfractionation methods estimate that only 1% of proteasomes is bound 
to the ER in crustacean muscles [43]). Most of 20S proteasomes and 26S proteasomes in 
yeast are associated with the ER and the nuclear envelope as shown by the localization of 
functional GFP-hybrids of 26S proteasome subunits [44]. In contrast the use of three different 
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antibodies detecting 26S proteasome subunits in yeast has shown that they are predominantly 
nuclear [60]. The reason for the discrepancy between these results is unclear. Proteasomes 
associated with the ER may be preferentially involved in the process known as ERAD (ER-
associated degradation) which consists in the selective retrograde export of structurally 
abnormal or misfolded proteins from the ER into the cytosol as well as constitutive turnover 
of several proteins associated with their ubiquitination and proteasome-dependent 
degradation [45-47] (see Chapter 13).  

Detailed fractionation of the ER has shown that proteasomes associate mostly with the 
smooth ER and with the cis-Golgi while they do not associate with the rough ER [52]. ER-
associated proteasomes are enriched with the interferon-γ-inducible subunits [48]. It is at the 
ER that immunoproteasomes come in close contact with the TAP transporter which transports 
peptides generated by proteasomes into the ER lumen where they associate with class I MHC 
molecules [24]. PI31 a specific protein initially purified as a proteasome inhibitor also 
localizes to the outer surface of the ER where it interferes with the assembly of active 
immunoproteasomes [24]. 

Proteasomes associate only with the cytoplasmic face of ER and other cellular 
membranes and are not found within the lumen of membranaceous organelles. However after 
starvation or after inhibition of lysosomal enzymes they are found within the lumen of the 
lysosomes probably as a consequence of nonselective autophagy or chaperone-mediated 
transport [49]. Since proteasomes are inactive in the low pH found in lysosomes it is likely 
that proteasomes themselves are degraded within lysosomes. Recently a subpopulation of 
proteasomes have been identified which is associated with the outer surface of the 
endosomes. This association may be mediated by the proteasome-interacting protein Ecm29 
([50] see Chapter 9). 
 

 

Figure 1. Localization of UPS-dependent proteolysis at the proteolytic center. Despite the ubiquitous 
presence of UPS components throughout the cell at least some proteolysis is localized to a perinuclear 
area around the centrosome called the proteolytic center (PC). PC is enriched in proteasomes and some 
other components of the UPS. Substrates arrive to the PC via a microtubule dependent transport. 
Inhibition of the proteasome or its overwhelming with an excess of misfolded proteins leads to a 
situation where more substrates arrive at the PC than are degraded or otherwise removed from the PC 
inducing their aggregation around the centrosome in form of a structure often referred to as the 
‘aggresome’.  
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There are indications that UPS-dependent proteolysis is particularly enhanced in the 
perinuclear region around the centrosome called therefore the proteolytic center of the cell 
which is enriched in proteasomes and some components of the UPS. Proteasome substrates 
are targeted to this proteolytic center via microtubule-assisted transport from the cell 
periphery. When cells are treated with proteasome inhibitors or when there is an excessive 
protein misfolding more substrates arrive to the proteolytic center than are degraded or 
otherwise cleared from that area leading to aggregation of the substrate protein at the 
proteolytic center in form of organized structures called ‘aggresomes’ (Figure 1). The process 
of aggresome formation and its consequences are described in detail in Chapter 12 [51-57]. 

 
 

NUCLEAR PROTEASOMES 
 
Albeit in neuronal cells nuclear proteasomes constitute probably the largest pool of this 

multicatalytic complex it is unlikely that it remains permanently trapped within the nucleus as 
suggested by studies with a GFP-proteasome subunit fusion protein [56]. A hypothetical 
situation of excessive proteasome recruitment within neuronal nuclei is depicted on Figure 2. 
It is more likely that in neurons proteasomes recirculate continuously between the nucleus 
and the cytosol. Moreover the model of nuclear trapping of proteasomes is contradicted by 
data from yeast where the nucleus is the birthplace of mature proteasomes since they are 
imported there in form of precursor complexes from the cytosol [58]. Once in the nucleus 
they assemble with the aid of the nuclear Blm3 chaperone [59] which is homologous to the 
PA200 activator from mammalian cells [60]. Several subunits of 20S proteasomes have 
nuclear localization signals associated with clusters of acidic amino acids that control their 
nuclear import. Combination of clusters with positive and negative charges may serve to 
regulate the translocation of proteasomes from the cytoplasm to the nucleus and tyrosine 
phosphorylation of same subunits has been suggested to play additional role in the nucleo-
cytoplasmic transfer of proteasomes [61,62].  

Changes in proteasome localization during the cell cycle are not relevant for neuronal 
cells; however they are relevant for the glial cells [63]. In HeLa and PtK2 cells there was an 
increased nuclear localization of proteasomes as the cells progressed through the cell cycle 
approaching mitosis [64]. In the nucleus the proteasomes are localized in the euchromatin 
regions as well as at the periphery of the heterochromatin and nucleoli [65]. A subpopulation 
of nuclear proteasomes is associated with discrete nuclear subdomains called PML 
(promyelocytic leukemia) bodies (a.k.a. ND10 bodies or POD domains nuclear bodies) 
[66,67]. One group of researchers has characterized a nuclear body rich in proteasomes and 
other elements of the UPS called the clastosome. Despite the fact that clastosomes do contain 
the PML protein, their characteristics are different from classical PML bodies [42]. For 
example while upon proteasome inhibition ubiquitinated proteins accumulate at PML bodies 
they are actually dispersed from the clastosomes. In some instances proteasomes have been 
detected also within nucleoli [68]. However, a detailed proteomic analysis of nucleoli has not 
supported this conclusion [69]. Recently it has been reported that a variant of survivin is 
specifically degraded in the nucleoli by the UPS [70]. Therefore the possible nucleolar 
localization of proteasomes remains open for discussion. The association of proteasomes with 
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different elements of the nuclear matrix is generally loose since they can be easily extracted 
[71] however during the progression of the cell cycle in HeLa cells increased levels of 
proteasomes remain bound much more tightly [72].  

When the cells enter mitosis 20S proteasomes accumulate around the condensing 
chromosomes which remain devoid of labeling throughout cell division. In late anaphase 20S 
proteasomes colocalize with α-tubulin of the spindle fibers. In telophase and early interphase 
of the daughter cells intensive staining of proteasomes persists in the nuclei [73]. Detergent 
extraction of most soluble proteasomes from mitotic cells reveal tight association of 
proteasomes with the spindle poles especially during prometaphase and metaphase and with 
the midbody during telophase [79]. The observed spatial and temporal distribution pattern of 
proteasomes during mitosis is highly reminiscent of the behavior of their important mitotic 
substrates cyclins [74].  
 

 

Figure 2. Model of nuclear trapping of proteasomes. A study with GFP-labeled proteasome subunit 
integraded into functional proteasomes has suggested that proteasomes are synthesized in the cytosol 
and then translocated to the nucleus where they are trapped until the nuclear envelope breakdown 
during mitosis which allows their release to the cytoplasm. While such scenario is possible in rapidly 
dividing cells grown in vitro it is unlikely in postmitotic neurons. It would have lead to a depletion of 
cytoplasmic proteasomes and an excessive accumulation of proteasomes in the nuclei. Studies in yeast 
suggest that the final steps of proteasome assembly take place in the nucleus before mature proteasomes 
are exported to the cytoplasm. Nevertheless, in many neurons a nuclear localization of proteasomes is 
prevailing. 

 
ARE THERE EXTRACELLULAR PROTEASOMES? 

 
Proteasomes and the entire ubiquitination pathway function inside of the cells in the 

nucleus and cytosol. Even when they degrade or interact with proteins on the ER, other 
compartments of the secretory pathway and on the plasma membrane, they do it exclusively 
on the cytosolic side. Nevertheless, there are several reports on proteasomes being found in 
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the extracellular space. It is likely that proteasomes found in the extracellular space are 
released there as the result of cellular lysis and breakdown. Indeed plasma levels of 
proteasome antigens increase abruptly in necrotizing cancers when they are massively 
released to the extracellular space from dying cells. Levels of circulating proteasomes may be 
even used in such conditions for diagnostic and prognostic purposes. It is likely that in 
ischemic brain proteasomes are released from damaged neurons leaking to the neuropilus 
however no studies were performed to clarify this issue. Free proteasomes in body fluids may 
contribute to the pathogenesis of certain autoimmune disorders characterized by the presence 
of antiproteasome antibodies such as systemic lupus erythematosus or rheumatoid arthritis 
(see Chapter 35). Levels of circulating proteasomes are markedly elevated in patients with 
systemic autoimmune diseases apparently correlating with disease activity and reflecting the 
magnitude of cellular damage [75]. 

It is more difficult to explain other findings, such as association of proteasomal antigens 
with the surface of T, B and NK cells producing a characteristic pattern of antigens 
depending on the CD classification [76] or the EGF-dependent association of proteasome 
with plasma membrane in A-431 cells [77]. Moreover there are reports that specific 
proteasome subpopulations are secreted into the media of cultured cells [78]. In case of the 
ascidian sperm not only proteasome is secreted during fertilization but there is also evidence 
for an extracellular ubiquitination event followed by a proteasome-dependent degradation of 
a component of the vitelline coat [79]. Secretion of proteasomes or proteasome-like particles 
may be also achieved by some tumor cells such as the C6 astrocytoma. It has been reported 
that this secreted proteasome is crucial to the destruction of the type IV collagen found in the 
basement membrane, being therefore important for the initiation of tumor-associated 
angiogenesis [80,81]. On the other hand it has been reported that NK cells accumulate 
proteasomes in form of mucoid masses in the cytosol which may be secreted during their 
cytotoxic action against tumor cells [82]. It is difficult to envision how proteasomes enter in 
that case the secretory pathway since normally they are absent from the lumen of the ER, 
Golgi and the endosome system.  

 
 

CONCLUSIONS 
 
Current evidence suggests that cellular proteasomes form several intracellular pools 

which are in a state of dynamic equilibrium. Generally in neuronal cells most proteasomes are 
nuclear; however abundant cytosolic and membrane-associated proteasome pools exist as 
well. While the general architecture of proteasomes within each pool is the same they can 
often associate with different regulators and interactors specific to the individual 
compartments. Upon several stimuli proteasome pools can be rapidly relocated between 
subcellular compartments what is likely an adaptive mechanism. There are no experimental 
data available regarding changes in intracellular localization of proteasomes in neuronal cells 
nevertheless there are no reasons to believe that in neurons proteasomal populations are more 
static than in other cell types. Relocation of proteasomes upon different insults (e.g. hypoxia, 
oxidative damage, proteasome inhibition) may form part of an important adaptive mechanism 
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in neuronal cells. Mobilization of subcellular pools of proteasomes or – on the contary – 
blockage of such mobilization may be future targets for the development of new drugs.  
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ABSTRACT 
 

The regulated degradation of a majority of cellular proteins is catalyzed by the 
ubiquitin-proteasome system (UPS). The catalytic engine at the center of the UPS is the 
proteasome, a large multi-subunit self-compartmentalized protease. The UPS is engaged 
in a variety of functions critical to protein quality control, including surveillance and 
elimination of misfolded proteins that are irreparably damaged and potentially toxic. 
Unfortunately, when the capacity of the UPS is exceeded, misfolded protein substrates 
accumulate and tend to self associate, a characteristic hallmark of a growing class of 
aggregation diseases such as Alzheimer’s and Parkinson’s. These aggregates are 
subsequently assembled through an active and regulated process to form aggresomes. 
Aggresomes are dynamic structures, formed in response to an overload of improperly 
folded proteins. Assembly of aggresomes occurs at the centrosome, a juxtanuclear 
structure with roles historically limited to microtubule organization as it relates to cellular 
division and directional motor protein-dependent transport within the cell. Moreover, 
studies characterizing aggresome formation have demonstrated that the centrosome 
serves as a site for the recruitment and concentration of UPS components, including the 
proteasome, its regulators and a host of other proteins involved in protein quality control. 
Therefore, in addition to other cellular activities, the centrosome may play a central role 
in protein quality control, spatially regulating critical processes in protein folding, 
degradation, and aggregation. 

                                                        
∗ Correspondence concerning this article should be addressed to Dr. W. Christian Wigley, PhD; Reata 

Pharmaceuticals, Inc., 1950 Stemmons Freeway, Suite 5001, Dallas, TX, USA, 75207, Phone: 972-865-2209, 
Fax: 214-550-2714, E-mail: chris.wigley@reatapharma.com. 



Patrick H. Thibodeau, Michael J. Corboy and W. Christian Wigley 242 

Keywords: aggregation, aggresome, centrosome, proteasome, protein misfolding, quality 
control, UPS. 
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ABC, ATP-binding cassette; ADRP, autosomal dominant retinitis pigmentosa; AR, 

androgen receptor; CDK, cyclin-dependent kinase; CFTR, cystic fibrosis transmembrane 
conductance regulator; ERAD, ER-associated degradation; FAD, familial Alzheimer’s 
disease; FALS, familial amyotrophic lateral sclerosis; Htn, huntingtin; IF, intermediate 
filaments; IFN-γ, interferon gamma; MHC, major histocompatibility complex; MTOC, 
microtubule organizing center; NFκB, nuclear factor κB; POD, promyelocytic leukemia 
oncogenic domain; PS1, presenilin 1, SBMA, spinobulbar muscular atrophy; SOD-1, 
superoxide dismutase 1; TAP, transporter for antigen presentation; UPS, ubiquitin-
proteasome system. 

 
 

INTRODUCTION 
 
The ubiquitin-proteasome system (UPS) is the primary mechanism for the regulated 

elimination and recycling of cellular proteins in eukaryotes. For example, a critical role of the 
proteasome is the removal of potentially toxic misfolded and damaged proteins. When the 
degradation capacity of the UPS is surpassed, the misfolded substrates accumulate in the cell 
as distinct centrosomal inclusions of aggregated protein [1,2] that have been termed 
aggresomes [3]. Aggresome formation is not an arbitrary, indiscriminate event, but is instead 
part of a highly organized and regulated process, which both delivers the inclusions and 
concentrates the degradation machinery at a specific site. Aggresome formation was first 
described for the cystic fibrosis transmembrane conductance regulator (CFTR), a complex 
multidomain membrane protein whose mutation results in development of cystic fibrosis. 
Since, aggresomes have been shown to form from misfolding and aggregation of an 
increasingly diverse spectrum of cytoplasmic, transmembrane and secretory proteins, 
suggesting a general feature of the cell’s attempts to deal with these potentially toxic species. 
In this regard, a number of studies indicate that the formation of aggresomes may in some 
instances serve a protective role, confining toxic conformers when degradation lags. 
Additionally, a growing body of evidence suggests that a number of viruses may have 
evolved to take advantage of the process of aggresome formation, thereby facilitating the 
assembly of new viral particles in infected cells. This chapter gives an overview of the 
process of protein folding and quality control (with particular emphasis on membrane protein 
folding), the proteasome’s role in the degradation of misfolded proteins, the formation of 
aggresomes when degradation fails, and potential implications of aggresome formation for 
other cellular processes. 
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PROTEIN FOLDING 
 
The central dogma of modern molecular biology, formalized first by Crick in the late 

1950s, is that the information necessary for biological activities via proteins is encoded by 
DNA in units known as genes which are transcribed into mRNA molecules and subsequently 
translated into their respective functional protein components [4]. The properties by which 
the coding information is transmitted from DNA to RNA and then to protein are well 
understood. DNA is transcribed by RNA polymerases, into RNA and modified by a series of 
enzymes to make mRNA [5-7]. These mRNA molecules are then translated into protein 
sequence by the ribosome, a large RNA-protein complex. This transfer of information form 
DNA to RNA to polypeptide chain is known as the first genetic code. The nascent 
polypeptide chain is the first non-nucleotide product. The individual amino acids in this 
polymer are linked via peptide bonds and the specific combination and order of this sequence 
dictates both the final structure and function of the fully folded protein [8].  

However, this linear polypeptide chain does not generally have intrinsic protein function. 
Protein function is usually attained only after the proper formation of the specific three-
dimensional protein structure, provided by the linear amino acid sequence [9]. This process 
has been termed, at least anecdotally, the second-half of genetic code, is not well understood, 
and is largely determined by the physical and chemical composition and order of the 
polypeptide chain.  

Several principles have emerged with growing number of available folding studies, 
structures and sequences. First, the folding process is regulated. Sampling all possible 
conformations available to a small polypeptide chain of amino acids is not possible in the 
timescale that most proteins fold. This paradox, describing the differences between the time 
needed to sample all possible physical states and the timeframe within which most proteins 
fold, has been termed the ‘Levinthal Paradox’ after Cyrus Levinthal who first formalized this 
discrepancy [10]. Second, protein structure and function is provided by the sequence of the 
linear polypeptide chain. Studies by Anfinsen, utilizing purified RNase demonstrated that 
proteins could spontaneously refold away from all other cellular components, demonstrating 
that the information for the structure and activity of a protein is contained in the polypeptide 
chain [11]. Third, the vast majority of protein sequence does not contribute directly to protein 
function. Rather, the majority of amino acids in a protein contribute indirectly to function 
through the folding and stabilization of complex three-dimensional structures. Finally, it is 
the interaction between amino acids that drives the formation of appropriate three-
dimensional structure. Viewed very simply, a protein structure is a three-dimensional jigsaw 
puzzle whose final assembly is dependent on the shapes of all of the individual pieces as they 
relate to one another.  

 
 
PHYSICAL BASIS OF PROTEIN FOLDING AND STRUCTURE 
 
A variety of parameters drive the formation of these compact, folded structures. Though 

a conceptual description of these processes exists, a first principle understanding of the 
physical processes associated with protein folding is not understood (i.e. prediction of high-
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resolution protein structure, based solely on this first principle understanding of protein 
folding determinants and sequence is not possible across all families of proteins). However, 
the basic physical processes underlying protein folding have been described and include 
interactions within the polypeptide chain and between the polypeptide chain and its 
environment. 

The most significant physical process that drives protein folding is the desolvation of 
hydrophobic amino acids by the hydrophobic effect. Amino acid hydrophobicity generally 
correlates with decreased surface accessibility and exclusion from the solvent environment 
[12,13]. Hydrophobic amino acids form the core of most globular proteins, which are 
normally tightly packed and solvent excluded, and it is the three-dimensional assembly of 
these sequences that largely drive the formation of the appropriate protein structure. 
Thermodynamic studies have demonstrated that the solvation of these core hydrophobic 
residues by protein denaturation and amino acid exposure correlates well with solvent 
partitioning studies of free amino acids, suggesting that the partitioning away from aqueous 
solvent is a major determinant in protein folding [14,15]. 

Electrostatic interactions also contribute to protein folding and stabilization of the native 
state. Formal charge-charge interactions between residues, such as salt bridging interactions, 
can stabilize specific protein structures and conformations. These interactions generally 
involve surface exposed residues and may contribute to native state stability. It is unlikely, 
however, that these electrostatic interactions are the predominant force driving for folding 
[16,17]. 

Hydrogen bonding is also critical to protein folding and structure. Formation and 
stabilization of secondary structure elements is highly dependant upon neighboring-residue 
hydrogen bonds. While these interactions are weak individually, the contribution of hydrogen 
bonding in a protein structure is not insignificant due to the large quantity of hydrogen bonds 
in a given structure [14].  

van der Waals interactions and dipole interactions contribute to protein folding and 
stability, although individual interactions contribute only marginally energetically. Dipoles 
may be generated by small groups of amino acids or generated by the formation of secondary 
structure. Both have been shown to impact protein structure and function. Similarly, van der 
Waals interactions, while small individually, contribute significantly due to the large number 
of these interactions in any given protein [14].  

 
 

THERMODYNAMIC AND KINETIC  
REGULATION OF PROTEIN FOLDING 

 
The physical and chemical forces acting on the polypeptide chain may exert their effects 

by regulating the thermodynamic properties of the polypeptide chain or by controlling the 
kinetic properties of the folding process or some combination of both [18]. The simplest 
folding pathways are two-state with the free energy of the native state being 5-10 kcal/mol 
more stable than that of the denatured state (Figure 1) [19]. However, deviations from a 
simple, two-state model have been reported for a number of proteins [18,20]. 
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Figure 1. Thermodynamic regulation of protein folding. The protein folding process is generally 
spontaneous, with the native, or folded state, being between 5-10 kcal/mol more stable than the 
denatured state. A hypothetical reaction coordinate is shown with a spontaneous three-state reaction 
shown in black with a hypothetical mutation that destabilizes the native state shown in red. Such a 
mutation would be predicted to cause the reaction to arrest in the intermediate state. 

 

Figure 2. Kinetic regulation of protein folding. The kinetic properties of the folding process are also 
critical to the proper folding of a nascent polypeptide. A hypothetical reaction coordinate is shown. The 
thermodynamic properties of the wild-type, black, and mutant, red, proteins are identical. The kinetic 
barrier between the intermediate and native states is increased by the hypothetical mutation. Such a 
mutation may alter the folding pathway by slowing the formation of the native state structure from the 
intermediate thereby facilitating the formation of off-pathway structures that are often most easily 
accessible from these intermediate states. A simple kinetic scheme is inset describing this relationship 
between on- and off-pathway reactions. D, I and N, represent the denatured, intermediate, and native 
states, respectively; Op represents non-productive, off-pathway reactions.  

The main resistance to folding is an entropic penalty associated with the constraint of the 
polypeptide chain [21]. The combination of physical forces, specified by the polypeptide 
sequence, drives the folding process and stabilizes the native state. Stability altering 
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mutations, are often found in, but not exclusive to, the protein core and can be associated 
with changes in hydrophobic or electrostatic interactions [17,22]. 

The effects of the chemical and physical forces may be exerted on the kinetics of these 
reactions as well. While many mutations directly impact the relative stabilities of one or more 
of the structural states of a protein, others appear to have little effect on the stability of the 
structural states, but instead directly impact the kinetics of the folding process (Figure 2). As 
protein folding reactions are often a series of complex, competing reactions, whereby the rate 
of a productive reaction has evolved to out-compete the rate of a non-productive reaction, 
alterations in the kinetics of these processes can have adverse effects on the ability of the 
polypeptide to attain the native state. Mutations may have little impact on the final structure 
of the native state, but instead impact the fraction of protein that is able to reach this state by 
‘kinetically trapping’ these proteins in intermediate, non-native states. Previous studies have 
demonstrated that these partially folded protein structures are prone to aggregation via off-
pathway reactions [23]. Kinetic changes in the interactions between the folding polypeptide 
and the quality control machinery have also been implicated as a mechanism by which the 
cell recognizes improperly or partially folded protein structures, facilitating their degradation 
[24]. 

 
 

PROTEIN CONFORMATION AND PHYSIOLOGY 
 
Independent of the mechanism by which mutations affect the protein folding process, the 

loss of properly folded protein via alterations to the folding pathways is increasingly being 
recognized as a major source in disease. A growing number of human diseases are now 
recognized as being caused by either the improper folding of a protein or a change in the 
conformational state of a folded protein [25-28]. 
 

Table 1. Protein Misfolding Diseases – Loss of Function 
 

Disease Protein involved 
Cystic fibrosis CFTR 
Cancer p53, BRCA 
Cataracts crystallins 
Fabry's disease α-galactosidase 
Hypercholesterolemia ABCG5 
Leprechaunism insulin receptor 
Long QT HERG 
Maple syrup urine disease α-ketoacid dehydrogenase complex 
Marfan syndrome fibrillin 
Retinitis pigmentosa rhodopsin 
Scurvy collagen 
Tay-Sachs disease β-hexosaminidase 
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In many cases, the simple loss of functional protein is associated with the disease state 
(Table 1) [25]. The loss of functional protein may be the result of gross misfolding or a 
decreased steady state level of protein due to perturbation of protein stability. Such mutations 
are usually genetically recessive, although dominant negative phenotypes are possible if the 
associated proteins form oligomers.  

In addition to classic loss-of-function mutations, gain-of-function mutations associated 
with altered protein conformation are being recognized as associated both with disease (Table 
2) [26,27,29-32]. A large number of neurodegenerative and systemic diseases are associated 
with altered protein conformation, although the exact physiological role of these protein 
conformations are not known. One of the classic hallmarks of this class of gain-of-function 
diseases is the presence of amyloid protein structure. Amyloid structures are highly stable, β-
rich structures which are capable of nucleating the conversion of native protein structure into 
amyloid structure. This nucleating and self-propagating capability underlies the gain-of-
function like phenotype associated with the dominant genetic nature of these diseases. 
 

Table 2. Protein Misfolding Diseases – Gain of Toxic Function 
 

Disease Protein involved 
Alzheimer’s disease β-amyloid  
Amyotrophic lateral sclerosis superoxide dismutase 1 
Creutzfeldt-Jacob ‘mad cow’ prion protein 
Diabetes (type II) islet amyloid polypeptide 

(amylin) 
Familial amyloid polyneuropathy transthyretin 
Finnish hereditary systemic amyloidosis gelsolin 
Hemodialysis-related amyloidosis lysozyme 
Huntington’s disease huntingtin 
Parkinson's disease α-synuclein 

 
Another class of proteins, the prion proteins, is involved in both disease and non-disease 

related cellular function and undergoes similar nucleated structural conversion. This 
conversion of globular proteins from a native state conformation to a prion conformation has 
been directly implicated in several human and animal diseases, most notably variant-
Creutzfeldt-Jakob (mad cow) disease and scrapie, as well as a variety of normal physiological 
processes. Similar structural conversion has been shown to be biologically important in a 
variety of organisms, providing mechanisms for evolutionary adaptation to changing 
environmental conditions [33,34]. In yeast and fungi, conversion of normal protein structure 
to the prion state induces changes in physiological traits allowing for non-Mendelian, 
heritable adaptation under stressful environmental conditions which are propagated after 
cellular division. 
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MODULATING FOLDING AND MISFOLDING  
AS A THERAPY FOR DISEASE 

 
A variety of therapies has been devised for diseases associated with protein folding and 

conformation, although few have been developed to the point of clinical use. Therapeutic 
strategies developed to overcome the loss-of-function type mutations are simple: facilitate the 
proper folding and maturation of the disease associated polypeptide. One such example is a 
therapy for patients of the hereditary disease, Fabry’s disease [35,36]. Mutation of the α-gal 
gene results in destabilization of the protein which causes a lysosomal storage and metabolic 
disorder that significantly reduces the patients’ quality of life. The destabilized α-gal protein 
fails to leave the ER and, as a result, cannot participate in lysosomal metabolic processes. 
Administration of a high-affinity inhibitor of α-gal restores this folding and trafficking by 
stabilizing the native state structure in the ER and promoting protein trafficking. Protein half-
life is significantly longer than the bioavailability of the drug, allowing for the dis-inhibition 
of the native, lysosomally resident α-gal protein. Similar strategies, utilizing high affinity 
inhibitors, are being developed for a number of other protein folding diseases [37-40]. 

Treatment of the gain-of-function neurodegenerative diseases is more difficult. While 
aberrant protein structures are correlated with disease, it is not known whether these 
structures are causative of, a simple by-product of, or a protection from the disease state [41-
43]. As such, interference with these processes may not be directly beneficial and additional 
work to identify the role these protein conformations play in disease is necessary before 
effective therapeutic strategies can be safely developed. Recent studies have shown that these 
amyloid structures are dynamic and that protein deposits are cleared, often in a proteasome-
dependent manner from tissues, suggesting that a therapeutic approach to modulating these 
processes may be possible [44,45]. 

 
 

THE UBIQUITIN-PROTEASOME SYSTEM 
 
In eukaryotic organisms, the vast majority of cellular proteins are degraded by the 

ubiquitin-proteasome pathway (see Chapter 3). This system is functionally coupled to a wide 
variety of cellular processes, including the generation of antigenic peptides for immune 
surveillance, regulation of protein levels of various short-lived regulatory proteins and 
transcription factors, and prevention of accumulation of misfolded mutant and damaged 
proteins [46-49]. Degradation by the 26S particle [50] (Chapter 7 and 8), generally requires 
binding and hydrolysis of ATP in a tightly regulated and coupled series of concerted steps. In 
most cases, targeting of substrate requires the covalent conjugation of ubiquitin to the target 
[47,48]. Ubiquitination is accomplished through the sequential activity of three classes of 
enzymes, which catalyze, in turn, activation (E1), conjugation (E2) of ubiquitin, followed by 
its ligation (E3) to substrate proteins [51]. Additional ubiquitin molecules are added by a 
similar set of sequential processive conjugation reactions to ubiquitin itself. The resulting 
polyubiquitin chain serves as a marker for degradation by the 26S proteasome. The 
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polyubiquitinated substrates are then recognized by the 26S proteasome, de-ubiquitinated, 
unfolded and degraded [47,48]. 

The 26S proteasome is a 2.5-mDa multi-subunit molecular machine comprised by two 
major subcomplexes, the 20S proteasome and PA700 (or 19S). The cylindrical 20S 
proteasome, constituting the catalytic core of the protease, represents a paradigm of self-
compartmentalization (Chapter 6) [52,53]. The 20S particle is a 700-kDa cylinder composed 
of four stacked heptameric rings, two outer α rings and two inner β rings, totaling 28 subunits 
[54,55]. The eukaryotic proteasome consists of two copies each of seven different α subunits 
and seven different β subunits that form heterooligomeric rings [(α1-α7)(β1-β7)(β1-β7)(α1-
α7)]. The proteolytic activities of the 20S core are catalyzed by three of the β subunits (β1, 
β2, and β5). Each catalyzes a distinct proteolytic reaction. These catalytic activities have been 
termed chymotrypsin-like, trypsin-like, and peptidylglutamyl peptide hydrolytic activities 
based on the side chain specificities they target for hydrolysis [56,57]. The overall 20S 
architecture sequesters the catalytic sites within the hollow central cavity of the protease core. 
Access to the interior of the cylinder is restricted by narrow openings at either end of the 
cylinder, limiting substrates to short peptides and unfolded proteins [55,58-60]. As such, in 
most cases, the proteasome is necessarily coupled to other accessory complexes that mediate 
recognition, binding, and unfolding of target proteins. In mammalian cells, these roles are 
fulfilled by PA700 [47,48] and another regulatory complex, PA28 [61]. 

PA700 (19S) is a 700-kDa complex composed of 18-20 subunits that binds to one or both 
ends of the 20S core particle, forming the 26S complex [52,62,63]. Binding of PA700 to 20S 
activates the proteasome [50,63]. PA700 affords specificity for ubiquitinated substrates to the 
proteasome, mediated by its polyubiquitin binding [64,65] and cleavage [66,67] activities. 
PA700 also possesses multiple ATPase activities [68], likely enhancing degradation of 
ubiquitinated proteins by actively unfolding substrates and facilitating their translocation into 
the central cavity of the protease [50,52,69,70]. Interestingly, isolated PA700 can function in 
vitro in a manner similar to molecular chaperones [71-73]. This activity possibly reflects the 
complex’s ability to recognize misfolded proteins as part of the 26S particle in vivo. Unlike 
the 20S particle, for which crystallographic structures have been solved from several 
organisms [55,74,75], little is known about the detailed three-dimensional structure of 
PA700. However, the relative arrangement of subunits and some of their functions have been 
identified [47], including the ‘base’, which is composed of six separate AAA ATPase 
subunits that may function to unfold substrate proteins [47,76]. 

A second regulatory complex, PA28, also associates with the 20S proteasome in vivo 
[61,77] (see Chapter 9). PA28 (11S) is a 180-kDa multisubunit heterocomplex containing 
two polypeptides arranged in a single hexameric/heptameric ring [78-81]. PA28 binds to and 
activates the proteasome by opening the access pore of the core particle [82]. However, rather 
than increasing the processing of ubiquitinated substrates [61,77], PA28 functions to increase 
proteasomal processing of small peptides [83,84]. Moreover, PA28α, PA28β, as well as 
subunits of the transporter for antigen presentation (TAP) are upregulated by the 
immunostimulatory cytokine interferon-γ (IFN-γ) [46,85,86]. Together, these observations 
suggest a potential role for PA28 in modulating the processing of substrates presentation as 
antigens (Chapter 34). 
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PROTEASOME FUNCTION 
 
Proteasome-mediated protein degradation is essential for a wide array of critical cellular 

processes, including immune surveillance, regulation, and quality control [47,48]. The 
continual turnover of proteins by the proteasome provides a rich source of antigenic peptides 
for presentation on major histocompatibility complex (MHC) class I molecules. Upon 
cleavage by the proteasome, the resulting 8-10 residue oligopeptides are subsequently 
translocated into the ER by TAP, where they are loaded onto newly synthesized MHC-1 
molecules, and delivered to the cell surface [46]. Under normal conditions, all the antigens 
presented by MHC-I molecules are derived from cellular proteins and are viewed as self by 
the immune surveillance system. However, in virally infected cells, the display of antigens 
derived from the degradation of proteins of viral origin marks the cell for destruction by 
cytotoxic T cells [46]. As mentioned earlier, IFN-γ stimulation enhances antigen presentation 
by increasing expression of PA28 subunits and TAP [46,47,85,86]. Furthermore, IFN-γ 
promotes formation of a proteasome variant called the immunoproteasome. This is the result 
of IFNγ stimulated expression of an alternate set of catalytic β-subunits (LMP2, LMP7, and 
MECL-1) that are preferentially incorporated into newly assembled 20S particles [46,47]. 
Although the overall degradation activity remains unchanged, immunoproteasomes exhibit 
altered cleavage site specificities that lead to the generation of a different ensemble of 
oligopeptides, perhaps with more favorable for antigenic profiles (Chapter 14 and 34). 

In addition to its role in immune surveillance, the proteasome also controls the levels of 
short-lived cell-cycle regulatory proteins. Progression through the cell cycle in eukaryotes is 
governed by variations in the activity of cyclin-dependent kinases (Cdks) [87]. Because Cdks 
themselves are quite stable, their periodic oscillations in activity are instead achieved by 
cyclical changes in the levels of positive (cyclins) and negative (Cdk inhibitors) regulatory 
factors. Specific cyclins accumulate at different times to activate Cdks, which then mediate 
passage through various cell-cycle checkpoints. Upon checkpoint passage, the cyclins are 
selectively ubiquitinated and rapidly degraded by the proteasome, thus inactivating the 
particular Cdk [87]. By contrast, Cdk inhibitors bind to and maintain the kinase in an inactive 
conformation, even in the presence of the activator cyclin [87]. In this case, targeted 
ubiquitination and degradation of the inhibitor by the proteasome relieves inhibition, 
allowing cyclin-mediated activation and cell-cycle progression to occur. 

The UPS also regulates the levels of numerous transcription factors, tumor suppressors, 
and oncoproteins. Perhaps the most well characterized example is nuclear factor κB (NFκB), 
which is regulated by the proteasome at multiple levels. NFκB denotes a family of inducible 
transcription factors with relevant roles in immunity, inflammation, stress response, and 
development [88]. The best-known form is NFκB-1, a heterodimer of p50 and p65 (RelA). In 
resting cells, the p50/p65 dimer is maintained in an inactive complex in the cytosol through 
interaction with the inhibitory protein IκBα. Upon stimulation by any of a number of intra- 
and extracellular signals, IκBα becomes phosphorylated, ubiquitinated, and consequently 
degraded by the proteasome [88]. IκBα degradation liberates active p50/p65 dimers, which 
then translocate to the nucleus and activate expression of target genes. In another level of 
proteasome-mediated regulation, the p50 subunit itself is produced by the proteasome. Via 
limited co-translational proteolysis of the p50 precursor p105, proteasomal activity releases 
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the N-terminal p50 moiety and the C-terminal remainder is degraded [89-91]. p50 generation 
from p105 is the first instance where a protein was shown to be discretely, rather than 
processively processed from either terminus by the ubiquitin-proteasome pathway without 
being completely destroyed. This processing related degradation event is believed to be 
mediated by a previously unknown endoproteolytic activity, which was only recently 
formally demonstrated for the proteasome [92]. The yeast NFκB relatives SPT23 and MGA2 
are similarly processed by the proteasome via limited proteolysis [93,94]. Thus, the 
proteasome regulates NFκB-1 activity at two levels, both by controlling the amounts of the 
p50 subunit and the levels of the IκBα inhibitor. The proteasome also regulates (through 
more traditional degradation) the levels of several transcription factors (e.g., the E2F family) 
[95], cellular (but not viral) forms of oncoproteins (Myc, Fos and Jun) [96-99], and tumor 
suppressors (p53 and PTEN) [100,101]. 

Finally, the proteasome is the primary protease involved in protein quality control, and, 
in this regard, is responsible for the degradation of misfolded and damaged proteins [52]. The 
role of UPS in the selective removal of damaged cytosolic and nuclear proteins has long been 
appreciated. In addition, it has recently become apparent that the cytosolic proteasome is also 
responsible for the majority of quality control degradation in the secretory pathway 
[102,103]. Given that the proteasome’s role in the surveillance of protein folding and 
misfolding is at the heart of aggresome formation, this function will be discussed in greater 
detail below. In addition, while the aggresome formation process is essentially the same 
regardless of the substrate, initial studies characterizing this structure focused primarily on a 
polytopic integral membrane protein the cystic fibrosis transmembrane conductance regulator 
(CFTR) [2], and, as such, the remaining discussion will focus primarily on the fate of 
misfolded membrane proteins, with particular emphasis on CFTR [50]. 

 
 
QUALITY CONTROL OF MEMBRANE PROTEIN FOLDING 

 
The cystic fibrosis transmembrane conductance regulator, a member of the ATP-Binding 

Cassette (ABC) transporter supergene family, is one of the best-characterized systems for 
studying integral membrane protein folding and quality control. CFTR is a complex multi-
domain integral membrane protein composed of two cytosolic nucleotide-binding domains, 
two transmembrane domains, and a PKA-sensitive regulatory domain [104]. In addition to its 
role in chloride conductance [105-107], CFTR regulates the activity of several other critical 
transport systems in the apical membrane of epithelial cells [108,109,110], including 
bicarbonate secretion mediated by members of the SLC26 family of anion exchangers [111]. 
Disease-causing mutations in CFTR lead to loss of one or more of these activities attributable 
to a variety of molecular mechanisms, the most common of which is defective folding [112]. 
Several mutations, including the common ΔF508 mutation, result in misfolded CFTR 
proteins that are unable to properly traffic to their appropriate location in the apical 
membrane. Even for wild-type CFTR, folding and trafficking are inefficient, with only an 
estimated 30% of the wild type molecules ever achieving mature form in cultured cells 
[113,114,115] . Thus, most of the immature wild type (~70%) and nearly all of the immature 
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ΔF508 CFTR never reach the membrane but are instead detained by the ER quality control 
system and degraded. 

Initial events delineating the folding and maturation of integral membrane proteins like 
CFTR occur in the ER. A particularly sensitive feature of ER quality control is its ability to 
ensure that prior to their being allowed to progress through the secretory pathway to their 
ultimate sub-cellular destination, nascent proteins adopt their specific native conformation. In 
general, correctly folded, processed and assembled proteins are transported, whereas 
terminally misfolded proteins and persistently unassembled subunits are retained and after 
retrograde translocation into the cytosol subsequently degraded by the proteasome [116,117]. 
ER-associated degradation (ERAD) describes the process by which cytosolic proteasomes 
gain access to and degrade misfolded membrane proteins [102,118,119]. 

ERAD is a multi-step process that is initiated by the recognition and retention of 
misfolded proteins in the ER (Chapter 13). Proteins recognized as improperly folded are 
targeted, in turn, for ubiquitination, dislocation from the membrane, deglycosylation, and 
finally de-ubiquitination and degradation by the 26S proteasome. Ultimate degradation of ER 
polypeptides destined for elimination was historically believed to occur within the ER itself. 
However, placing these critical and often inefficient folding reactions in such close proximity 
to (sequestered within the same organelle) and in competition with the proteolytic machinery 
presented a conceptual dilemma. Early clues from studies of the yeast ubiquitin conjugating 
enzyme Ubc6p strongly suggested the cytosolic ubiquitin proteasome system was involved in 
the elimination of mutant sec61-2, an integral membrane component of the ER protein 
translocation machinery [111]. Although the molecular mechanisms of several individual 
steps are still not well understood, CFTR has served as an informative model system for the 
elucidation of ERAD [120-123]. Consistent with earlier observations and evidence from 
several studies of CFTR degradation [122,124,125], the current model for dislocation of 
misfolded proteins from the ER involves retrograde transport of ubiquitinated substrates 
through the Sec61 translocon channel [126-128], [122]. However, the channel itself and the 
substrate ubiquitination machinery (e.g. Ubc6p and Ubc7p) are not sufficient for 
translocation. Additional components of the system include the lumenal chaperone BiP and 
Sec63p, a BiP interacting protein [111]. The extent to which extraction and degradation are 
linked is unclear. For example, in yeast, lumenal ERAD substrates such as carboxypeptidase 
Y appear to be completely extracted to the cytosol prior to initiation of degradation [129]. By 
contrast, studies suggest that for transmembrane ERAD substrates like CFTR, dislocation and 
proteolysis, while not explicitly coupled, are more tightly coordinated [130]. Synchronized 
extraction and degradation would be logically expected to inhibit the cytosolic accumulation 
of solvent exposed aggregation-prone hydrophobic transmembrane regions.  

The undesired exposure of normally buried hydrophobic regions is typically the initial 
manifestation of a misfolded protein, whether soluble or transmembrane [131,132]. Left 
unattended, these exposed hydrophobic patches tend to self-associate, thus driving 
aggregation of the nonnative proteins resulting in the deposition of insoluble inclusions. 
Because such improperly folded structures are potentially toxic [25], cellular compartments 
have evolved quality control mechanisms to inhibit their misfolding and either repair or 
eliminate terminally misfolded proteins once formed. Molecular chaperones (e.g., Hsp70, 
Hsp90, BiP; see also Chapter 10 and 19) as well as regulatory components of the proteasome 



Aggresome Formation 253

(e.g., PA700) rely on binding to the same or similar determinants on misfolded proteins, in 
most cases, to the surface-exposed hydrophobic regions [133,134]. Cytosolic Hsp70 is a 
nucleotide-regulated chaperone with specificity for short hydrophobic sequences of un- or 
partially-folded substrates. Hsp70 impacts the folding of nascent polypeptides as it goes 
through co-chaperone (HDJ1, BAG1) mediated substrate binding and release cycles. Hsp90 
functions in concert with Hsp70 and, in an ATP-hydrolysis dependent manner, recognizes 
and interacts with a broad spectrum of substrates [121]. More recently, it has been suggested 
that later folding intermediates might represent the common feature of Hsp90 substrate 
recognition. 

The ultimate fate of misfolded proteins (repair versus elimination) has been proposed to 
be dependant on the outcome of a kinetic competition between binding by molecular 
chaperones, leading to refolding, and binding by regulatory components of the proteasome, 
leading to degradation. Moreover, and in an added level of complexity, there appears to be 
significant cross-talk between the two systems. In addition to its role in preventing 
aggregation and promoting folding, the cytosolic molecular chaperone Hsp70 is also required 
for the ubiquitination and degradation of several proteins [135]. Likewise, as mentioned 
above, the proteasome regulatory complex PA700 exhibits chaperone-like activity in vitro 
[136]. In any case, when neither the salvage nor disposal systems are capable of dealing with 
the misfolded protein, the typical result is aggregation. 

Evidence from both in vivo and in vitro biochemical studies have demonstrated that 
misfolded CFTR is prone to aggregation. Pharmacologic inhibition of the proteasome in 
cultured cells expressing ΔF508 CFTR leads to the formation of high molecular weight, 
detergent-insoluble complexes of ubiquitinated CFTR molecules [3,120]. In the absence of 
degradation machinery, CFTR forms similar complexes when expressed in a cell-free model 
of ERAD [125]. As visualized in cultured cells by immunocytochemistry, the misfolded 
CFTR that cannot be degraded accumulates as a large juxtanuclear inclusion localized to the 
centrosome and colocalized with proteasomal components of the UPS and relevant molecular 
chaperones [2,3]. The formation of these inclusions is consistent with an ER extraction 
process in which withdrawl from the membrane and degradation are not explicitly coupled 
[125,137]. Unless exquisitely coordinated with proteasomal activity, inhibition of the 
proteasome by pharmacological inhibitors such as lactacystin would not necessarily be 
expected to impair dislocation of the ubiquitinated protein. When extraction of CFTR is not 
quickly followed by or linked to proteolysis, exposure of the large hydrophobic 
transmembrane domains apparently drives the protein into a nonnative conformation that is 
recognized by packaging machinery and/or rapidly forms insoluble aggregates. These 
characteristic centrosomal inclusions of misfolded protein, enriched with quality control 
machinery, constitute the aggresome [3]. 

 
 

THE AGGRESOME 
 
The two studies credited with originally describing aggresomes of misfolded CFTR [2,3] 

were not the first reported indications of the structure. Earlier, Vidair et al. observed an 
increase in the aggregation of insoluble, misfolded protein at or near the centrosome in 
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cultured cells subjected to heat shock [138]. Also, Wojcik and coworkers found that in HeLa 
cells treated with proteasome inhibitors, pronounced juxtanuclear aggregates formed that 
were rich in ubiquitin and proteasomes [1,139]. Furthermore, treatment of cells with the 
microtubule-disrupting drug nocodazole blocked the juxtanuclear localization, resulting in 
cytoplasmic dispersal of the aggregates [1]. Similar observations were subsequently made in 
several additional cell types [140]. Wojcik concluded that the bulk of ubiquitin-dependent 
proteolysis occurs at a site termed the ‘proteolysis center’, and suggested that they represent 
an active cellular mechanism to concentrate the proteasome and its substrates at the same 
intracellular location [1,139]. 

Founded upon these early observations, a series of subsequent reports have painted a 
clearer picture of aggresome location, composition, structure, and possible function(s). The 
juxtanuclear aggresome is surrounded by the ER and adjacent to the Golgi, yet distinct from 
both organelles. Indeed, aggresome-like inclusions likely have been seen for years upon 
overexpression of heterologous proteins but were perhaps mistakenly classified as Golgi 
localization due to the limitations of light microscopy and the proximity of the structure to 
that organelle. Aggresomes are in fact located at the microtubule organizing center (MTOC) 
surrounding the centrioles, as evidenced by colocalization with the centrosomal marker γ-
tubulin and ultrastructural analysis [2,3]. At the core of aggresomes is a concentrated mass of 
aggregated protein that is usually (but not always) ubiquitinated, surrounded by intermediate 
filaments, and enriched in quality control and degradation components. In addition to 
components of the UPS [141], including 20S proteasomes, the proteasomal activators PA700 
and PA28 [2,139], and ubiquitin [1-3,139], a growing list of molecular chaperones have been 
described as components of the aggresome. These include Hsp70 [2], Hsp90 [2], the Hsp40 
homologues Hdj1 and Hdj2, and the TCP-1 chaperonin [142]. The aggresome is also 
surrounded by the intermediate filament (IF) vimentin [3]. Normally, type III IFs like 
vimentin form extended networks throughout the cytoplasm, but coincident with aggresome 
formation, vimentin collapses to form a cage as the aggregates accumulate at the MTOC. 

 
 

MECHANISM OF AGGRESOME FORMATION 
 
The single large juxtanuclear aggresome (Figure 3) is actually formed by microtubule-

dependent trafficking and assembly of multiple smaller, peripheral aggregates. Garcia-Mata 
et al. studied the dynamics of aggresome formation using an aggregation-prone 250-amino 
acid fragment of p115 fused to GFP (GFP-250). Time-lapse analysis in living cells showed 
that small aggregates of GFP-250 first form at the cell periphery and then travel to the 
MTOC, where they merge to form a single large inclusion [142]. Formation of the initial 
peripheral aggregates is highly specific, as different misfolded proteins coexpressed in the 
same cell aggregate into discrete homogeneous foci that are only later united by coincident 
trafficking to the MTOC [143]. As mentioned above, initial studies demonstrated that 
disruption of microtubules with nocodazole blocked aggresome formation, resulting in the 
persistent dispersal of small punctate aggregates [1-3]. More specifically, trafficking of 
aggregates to the MTOC exploits minus-end directed transport mediated by the 
dynein/dynactin motor complex, as overexpression of the dynactin inhibitor p50/dynamitin 
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specifically inhibits aggregate trafficking to the MTOC [142]. Consistent with such a role in 
aggresome formation, cytoplasmic dynein has been shown to redistribute to aggresomes of 
misfolded ΔF508 CFTR [144]. The precise manner by which proteins destined for aggresome 
inclusion are recognized by the transport complex remains unknown. However, recent 
evidence suggests that specific ‘aggresome determinants’ exist in proteins that form 
aggresomes [145], distinguishing these aggregation-prone polypeptides from closely related 
sequences that lack this property. It is possible that these same determinants represent a 
transport signature that is recognized by the microtubule motor machinery or adapter proteins 
associated with retrograde trafficking of aggresomal cargo. 

Beyond UPS and microtubule machinery, a number of other proteins have been 
demonstrated to mediate the formation of aggresomes, further expanding our understanding 
of the key players in this general response to inadequate proteasomal activity. For example, 
Ataxin 3 (AT3) is a polyglutamine containing protein with ubiquitin binding and hydrolytic 
activity, which has been implicated in polyglutamine expansion-mediated neurodegeneration. 
RNAi knockdown studies have demonstrated a critical role for AT3 in the formation and 
maintenance of ΔF508 CFTR aggresomes. Moreover, this function is dependent upon the 
ability of AT3 to bind and catalyze the removal of polyubiquitin [146]. Similarly, RNAi has 
been used to reveal a role for valosin-containing protein (VCP) in aggresome formation, 
perhaps mediated by its interaction with proteasome substrates prior to their degradation 
[147]. 
 

 

Figure 3. Aggresome formation at the centrosome. Transiently transfected Hela cells expressing GFP 
fused to human huntingtin exon 1 containing polyglutamine expansion (Htn 103Q), (gift of Dr. E. 
Signer) were stained with rabbit polyclonal anti pericentrin, a centrosomal marker protein (gift of Dr. S. 
Doxsey) followed by rhodamine-labeled goat anti-rabbit IgG and imaged by fluorescence microscopy. 
Arrows indicate juxtanuclear aggresomes formed at the centrosome in expressing cells. The scale bar 
indicates size in μm. 

In addition to ΔF508 CFTR, an increasing spectrum of proteins have been found to form 
aggresomes when their degradation is impaired. As with ΔF508 CFTR, in a number of 
medically relevant cases disease-causing mutations increase aggresome formation. In 
particular, many proteins implicated in a variety of neurodegenerative conditions have been 
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shown to form centrosomal aggregates under various conditions [148-154]. For example, the 
membrane protein presenilin 1 (PS1) forms aggresomes in cultured cells in the absence of 
proteasome activity, and formation is amplified by the early-onset familial Alzheimer’s 
disease (FAD) mutation A246E [3]. Similar results were seen with the P23H mutant form of 
rhodopsin, which is associated with autosomal dominant retinitis pigmentosa (ADRP) 
[155,156], with peripheral myelin protein 22 (PMP22), an inefficiently folded Schwann cell 
glycoprotein associated with a number of heritable peripheral neuropathies [157], and with a 
polyglutamine expansion in the androgen receptor (AR) associated with spinobulbar 
muscular atrophy (SBMA) [158]. These structures have also been shown to form from the 
aggregation of misfolded soluble proteins, as well as from extracted membrane proteins. In 
addition to the ‘synthetic’ GFP-250 substrate discussed above [142] aggresome formation has 
also been shown for secreted (surfactant protein C) [159], cytosolic (huntingtin exon I, Htn) 
[160], mitochondrial (superoxide dismutase 1, SOD-1) [161], and cytoskeletal/filamentous 
(cytokeratin) [162] proteins. Interestingly, Htn proteins with pathological polyglutamine 
repeats (Htn-51Q or Htn-83Q) form aggresomes (Figure 3), but the non-pathological repeat 
(Htn-25Q) does not [163]. Similarly, mutations in SOD-1 associated with familial 
amyotrophic lateral sclerosis (FALS) have been reported to give rise to aggresomes, while 
wild type SOD-1 does not [164]. 

 
 

FUNCTIONAL SIGNIFICANCE OF AGGRESOMES 
 
Centrosomal association of quality control components such as the UPS and chaperones 

is not strictly a function of aggresome formation, but also a general feature of resting cells 
[2,165-168]. 20S proteasomes, PA700, PA28, ubiquitin, Hsp70, and Hsp90 have all been 
shown by immunocytochemistry and biochemistry to co-localize and co-purify with 
centrosomes in several different cultured cell lines under basal conditions. In addition, 
purified centrosome-associated proteasomes are active in degrading ubiquitinated proteins 
and proteasome-specific peptide substrates, and demonstrate the same ATP-dependence and 
inhibitor profile as soluble proteasomes [165]. When combined with overexpression of 
mutant CFTR, pharmacological inhibition of the proteasome results in striking recruitment of 
cytosolic proteasome components to the centrosomal inclusions [2]. This recruitment is 
accompanied by appreciable expansion of the centrosome and redistribution of proteasomes, 
γ-tubulin, and chaperones to an insoluble fraction. Therefore, it appears the centrosomal 
proteolysis centers normally function to concentrate and recruit components of the ubiquitin-
proteasome and chaperone systems to balance protein folding and degradation [1,2,139,165] 
(Figure 4). Thus, aggresomes likely represent the endpoint of a normal cellular function gone 
awry resulting from UPS failure when the burden of misfolded protein cannot be adequately 
handled. 

Such centrosomal proteolysis centers also play a crucial role in antigen processing and, 
ironically, productive viral assembly. The MTOC is one of the major sites of proteasomal 
degradation of viral proteins for antigen presentation, along with nuclear promyelocytic 
leukemia oncogenic domains (PML bodies or PODs) [169-171]. Consistent with this, PML 
bodies are also enriched with components of the ubiquitin-proteasome system, especially 
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PA28 and immunoproteasomes [169,172]. Increased delivery of viral proteins to the MTOC 
enhances their processing into MHC-I linked antigens, as seen with a human pappiloma virus 
16 (HPV-16) E7-γ-tubulin fusion protein [173]. In addition, inflammatory stimulation 
increases transient aggregation of ubiquitinated proteins at the MTOC [174], suggesting a 
regulated delivery system to concentrate viral proteins at the site of their processing. 
However, this delivery system appears to have been corrupted in some cases for production 
of viruses rather than degradation. So-called viral factories are high concentrations of viral 
proteins centered at the MTOC to facilitate viral assembly, which require minus-end directed 
micotubular trafficking [175-177]. Consistent with such a function for the centrosomal 
region, Mre11, a component of the Mre11/Rad50/Nbs1 DNA repair complex, is sequestered 
as a centrosomal aggregate in response to expression of the adenovirus 5 (Ad5) E4orf3 gene 
product. This is thought to directly result in inactivation of the cellular repair complex during 
Ad5 infection [178], further emphasizing the importance of this intracellular region to the 
replication cycle of viral particles. The similarity between these juxtanuclear assembly 
centers and aggresomes suggests viral factories represent the subversion of a normal cellular 
process designed to deliver viral antigens to the MTOC for antigen processing. 
 

 

Figure 4. Schematic of aggresome formation in a eukaryotic cell. The nucleus (gray) and centrosome 
(black circle) are as indicated. Black lines represent microtubules radiating from the microtubule 
organizing center to the cell periphery. The schematic is drawn to highlight several important questions 
regarding the aggresome described herein and elsewhere: 1. How is the substrate (depicted in red) 
recognized and what proteins are involved? 2. How is the substrate targeted for centrosomal 
localization? 3. Does trafficking to the centrosome serve to simply deposit aggregated substrates, or 
also to concentrate them, thereby increasing their exposure/susceptibility to the centrosome-associated 
proteasomes? 4. Is assembly into vimentin-surrounded juxtanuclear centrosomal inclusions an active, 
protein-mediated process, or simply a cellular response to aggregation? 5. What signals arise from the 
processes occurring at this location, how are they interpreted, and what are their targets?  
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CONCLUSIONS 
 
Deposition of misfolded protein into aggresome-like cytoplasmic inclusions is a common 

cytopathological feature in a number of neurodegenerative diseases. The majority of cases are 
idiopathic, but a number of familial cases can be linked to toxic gain of function mutations 
[179-181], which have also been shown to increase aggresome formation in cultured cells, 
e.g., Htn and SOD-1 [182,183]. Protein aggregation in general, and aggresome formation in 
particular, impairs function of the UPS, as has been demonstrated with ΔF508 CFTR, a 
pathological-repeat length Htn variant [184], and paired helical filaments of the microtubule 
binding protein Tau [185]. This inhibition suggests a possible mechanism directly linking 
aggregation to cell death due to the central role of the ubiquitin-proteasome pathway in cell 
regulation. However, current research has not reached a consensus on whether these 
inclusions are a cause or a consequence of the pathology. In fact, several lines of recent 
evidence suggest that aggresome formation may even be a protective response. In this regard, 
blocking aggresome formation exacerbates the toxicity of aggregated AR [186]. Also, 
aggresomes formed by α-synuclein and synphilin-1 have been reported to not directly result 
in induction of apoptosis [187]. Moreover, in another culture model relevant to Parkinson’s 
disease, dopamine was shown to enhance aggregate formation without decreasing cell 
viability, providing further evidence for aggresome-mediated cytoprotection [188], although 
this point remains the focus of ongoing debate [189]. The aggresome may even play an 
unexpected physiologic role in regulating the function of certain proteins such as iNOS [190]. 
Thus, conditions used to describe and unravel mechanistic and functional aspects of 
aggresome formation, where overt centrosomal aggregation is observed may mask more 
subtle and yet more relevant roles for this unique structure. Clearly, additional work will be 
required to convincingly address these and other significant questions regarding aggresome 
biology. 
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ABSTRACT 
 

Proteins co-translationally inserted into the endoplasmic reticulum (ER) of neuronal 
cells must undergo proper folding, association and posttranslational modifications in 
order to assure their function in the different segments of the secretory pathway, plasma 
membrane and extracellualar space. A quality control (QC) system assures that only 
properly folded and assembled proteins exit the ER, while misfolded and aberrant 
proteins are degraded by a process known as ER-associated degradation (ERAD). The 
most studied form of ERAD relies on the activity of the cytosolic ubiquitin-proteasome 
system (UPS) and requires recognition and extraction (a.k.a. retrotranslocation or 
dislocation) of misfolded proteins prior to their degradation. Nevertheless, ample 
evidence exists for UPS-independent cytosolic and lumenal ERAD as well. ER and 
cytoplasmic chaperones assist in the retrotranslocation process, which is mediated 
through the Sec61 translocone or derlin-associated channels. Emerging substrates are 
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ubiquitinated on the cytosolic face of the ER by a limited number of specialized E2s and 
E3s. Studies in yeast have implied in ERAD a cytosolic AAA ATP-ase called VCP 
(valosin-containing protein; Cdc48, p97, TER94) in association with the Ufd1-Npl4 
dimer. Inefficient ERAD and/or increased load with misfolded proteins induce ER stress, 
which in turn activates a transcriptional response known as UPR (unfolded protein 
response). UPR involves transient attenuation of translation followed by increased 
synthesis of ER chaperones, components of ERAD and other proteins involved in 
relieving ER stress. However, persistent ER stress leads to the initiation of apoptosis. 
Inefficient ERAD contributes to the formation of cytoplasmic inclusions characteristic of 
neurodegenerative disorders, while acute ER stress is often associated with neuronal cell 
loss during cerebral ischemia. VCP is mutated in a hereditary dominant disorder known 
as inclusion body myopathy, Paget’s disease of the bone and frontotemporal dementia 
(IBMPFD). 
 

Keywords: ERAD (ER-associated degradation), ER (endoplasmic reticulum) stress, unfolded 
protein response, ubiquitin proteasome system, protein misfolding disease, VCP (valosin 
containing protein). 
 
 

ABBREVIATIONS 
 
ALS, amyotrophic lateral sclerosis; AMFR, autocrine motility factor receptor; AR-JP, 

autosomal recessive juvenile parkinsonism; ATF3, activating transcription factor 3; ATF4, 
activating transcription factor 4 ATF6, activating transcription factor 6; BiP, binding Ig 
protein; CBF, CCAAT-binding factor; CFTR, cystic fibrosis transmembrane regulator; 
CHOP,C/EBP homologous transcription factor; cLD , core lumenal domain; CMV, 
cytomegalovirus; CNS, central nervous system; CPY, carboxypeptidase Y; EDEM, ER-
degradation enhancing alpha-mannosidase-like protein; eIF2, eukaryotic translation initiation 
factor 2; ERAD, endoplasmic reticulum associated proteins degradation; ERSE, ER stress 
element; FENIB, Familial Encephalopathy with Neuroserpin Inclusion Bodies; GRP78, 
glucose regulated protein 78 (or BiP); HMG-CoA, 3-Hydroxy-3-Methylglutaryl Coenzyme 
A; Hsp70, heat shock protein 70; IBMPFD, inclusion body myopathy, Paget’s disease of the 
bone and frontotemporal dementia; IP3, inositol-3,4,5-trisphosphate; Ire1, inositol requiring 
enzyme 1; JNK, cJun NH2-terminal kinase pathway; Met-tRNAi, initiator methionyl-transfer 
RNA; MHC, major histocompatibility complex; Pael, parkin-associated endothelin receptor-
like; PD, Parkinson’s disease; PDI, protein disulfide isomerase; PERK, double stranded 
RNA-activated protein kinase-like ER kinase; PNGase, peptide N-glycanase; PolyQ, 
polyglutamine; QC, quality control; S1P (or S2P), site 1 (or 2) protease; UPR, unfolded 
protein response; UPRE, UPR element; UPS, ubiquitin-proteasome system; VCP, valosin-
containing protein (p97, Cdc48, TER94); XBP1, X-box-binding protein-1.  
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INTRODUCTION 
 
The endoplasmic reticulum (ER) is an extensive intracellular membrane system. It is 

important for a number of cellular functions including translocation of secretory proteins 
across the membrane, insertion of membrane proteins, lipid synthesis, calcium storage and 
signaling, and separation of nucleoplasm from cytoplasm (reviewed in [1-3]). The ER is 
responsible for the structural maturation of the roughly one-quarter of the proteome that 
traverses the secretory pathway [4,5]. Its structure varies depending on cell type. The ER 
lumen is similar to the extracellular space: it has high calcium concentrations, is more 
oxidizing than the cytosol [6,7], and contains a specialized set of chaperones and enzymes. 
The structural maturation of many proteins synthesized in the ER is slow and inefficient [6], 
probably because they require several post-translational modifications: folding is often 
accompanied by and dependent on signal sequence cleavage, N-linked glycosylation, 
disulphide-bond formation and reshuffling, addition of glycosylphosphatidylinositol anchors, 
and insertion of membrane proteins in the lipid bilayer. These events are occurring more 
slowly by orders of magnitude than the typical conformational changes that accompany 
folding. Coordinating these covalent modifications is a challenging task for the folding 
machinery in the ER. Correspondingly, the ER provides an environment optimized to face 
these challenges, including high concentrations of general chaperones as well as a range of 
strategies specifically tailored to aid folding of secretory proteins.  

Besides providing a unique folding environment, the ER has a crucial quality-control 
(QC) role [6,7]. When folding or assembly intermediates expose hydrophobic surfaces, 
unpaired cysteines or immature glycans, ER resident chaperones or oxidoreductases interact 
with them, and as a consequence they are retained in the ER or retrieved from the Golgi 
complex [6,8]. By forming multimolecular complexes [9], folding factors in the ER may 
provide matrices that couple retention to folding and assembly. Immature proteins may also 
form aggregates that are excluded from vesicles exiting from the ER [1,6]. All proteins are 
subjected to a QC that monitors their architectural design through ubiquitous folding sensors 
and facilitate export of individual proteins or classes of proteins [1,6,7]. Although some 
proteins can be rerouted to and degraded in the endolysosomal compartment, the ER is the 
main test bench where molecules destined for the extracellular space are scrutinized for their 
potential toxicity. The reasons for having a quality-control system in the ER are easy to 
understand where protein folding and function are concerned, especially in multicellular 
organisms where development relies on the fidelity of protein secretion. QC can also regulate 
the transport or the activity of certain proteins during differentiation or in response to stress 
or metabolic requirements [10].  

ER is widely distributed within neurons, being present in the perikarya, dendrites and 
dendritic spines, axons and presynaptic nerve terminals, and in growth cones. ER regulates 
functional and structural changes in nerve cell circuits in both the developing and adult 
nervous systems [11-16]. ER is continuous with the outer nuclear membrane and is often 
associated intimately with plasma membrane and mitochondria, which suggests functional 
coupling between these structures [17]  

Two domains, rough ER, which contains ribosomes and is responsible for protein 
synthesis, and smooth ER, which has a particularly important role in Ca2+ signaling, can be 



Cezary Wójcik and Mario Di Napoli 274 

distinguished [18]. Rough ER is very abundant in neurons where it forms the characteristic 
tigroid (Nissl bodies) in the perikarya. Several millions of proteins are synthesized and co-
translationally inserted into the ER of each neuron per minute, where they need to fold, 
assemble and undergo modification by trimming and addition of oligosaccharides in a 
crowded, oxidative environment where protein concentrations reach 100 mg/mL [19]. 
Homeostasis within the ER is important for proper protein folding and stresses including 
perturbations in Ca2+ homeostasis, elevated secretory protein synthesis, expression of 
misfolded or mutant proteins, nutrient or glucose reduction and overload of cellular 
cholesterol can lead to an accumulation of unfolded proteins or protein aggregates [20]. 

Both N-glycosylation and disulphide-bond formation play a crucial role in the folding of 
secretory and membrane proteins in the ER. The glycan moieties bind the lectin chaperones 
calnexin and calreticulin, whose role in glycoprotein folding has been extensively reviewed 
[21]. Both calnexin and calreticulin form a complex with ERp57, an ER oxidoreductase, 
coupling folding assistance to disulphide-bond formation. The impressive number of 
oxidoreductases in the ER suggests that catalysis and regulation of disulphide-bond 
formation is crucial for folding. Energywise, in most cases, the contribution of a disulphide 
bond is hardly more than that of a single hydrogen bond, yet, without disulphide bonds, 
native conformations are not obtained. Disulphide bonds cannot force a folding protein into a 
given conformation: in the sampling of conformations during folding in the ER, native and 
non-native disulphide cross-links are transiently formed. Continuous activity of 
oxidoreductases probably ensures that these covalent links remain flexible until folding is 
completed. Secreted proteins enter the ER with reduced cysteines and leave it with oxidized 
cystines. The requirement for oxidative equivalents is fulfilled by Ero1 proteins, which 
transfer electrons from protein disulphide isomerase (PDI) to oxygen through a series of 
specific interchange reactions [22,23]. Additional electron transport pathways exist, and 
involve proteins such as Erv2p from yeast, although their role under normal conditions 
remains to be determined [23]. The redox gradient between the ER and the cytosol seems to 
be important for intercompartmental signalling, particularly in the integrated response to 
oxidative stress, in which adaptive responses emanating from different compartments are 
coordinated [24]. Redox reactions with opposite electron fluxes must take place in the ER to 
mediate formation, isomerization and reduction of disulphides [22,23]. The wealth of redox 
assistants allows these fluxes to be separate, and channels electron transport through specific 
protein–protein interactions. The main role of glutathione in redox homeostasis in the ER 
seems to be that of buffering the oxidative power of Ero1 [22,23]. Because disulphide bonds 
are so important for folding, we may conclude from the number of ER-resident 
oxidoreductases that secretory proteins need more help, possibly because they are often larger 
than cytosolic ones [25]. Perhaps secretory proteins, which are designed to act extracellularly 
and often must carry their biological messages over long distances, need more protection 
from denaturing forces outside the cell (see Chapter 19). This is an issue that glycans are 
likely to contribute to as well.  

Additionally, a sophisticated quality-control system exists in the ER, which retains and 
retrieve proteins that have not yet reached their native state [6]. Protein misfolding is a 
common occurrence and an amazing QC mechanism prevents misfolded or otherwise 
abnormal proteins from leaving the ER and wreaking havoc in further elements of the 
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secretory pathway, the cell membrane or in the extracellular space [6,26]. ER-associated 
degradation (ERAD) [27] and unfolded protein response (UPR) [28] are two distinct 
mechanisms used by the ER in response to the presence of misfolded proteins. Misfolded 
proteins are recognized by multiple resident ER chaperones: if the misfolded proteins fail to 
refold properly, they are degraded, usually after retrotranslocation to the cytosol where they 
undergo degradation mediated by the ubiquitin-proteasome system (UPS) [6,10,29-32]. 
Besides its QC function, ERAD is also exploited in the regulated degradation of properly 
folded proteins, such as 3-Hydroxy-3-Methylglutaryl Coenzyme A (HMG-CoA) reductase 
and inositol-3,4,5-trisphosphate (IP3) receptors [33,34]. Studies in yeast have identified 
Cdc48p, whose mammalian homolog is valosin-containing protein (VCP), as a crucial 
component of ERAD, involved in retrotranslocation of emerging substrates and their delivery 
to the proteasome [35,36].  

Failure to dispose misfolded proteins or an increased load with misfolded proteins within 
the ER (such as occurring during oxidative damage associated with ischemia and reperfusion 
injury) leads to an integrated cellular response, which involves translational attenuation, 
decreasing the input of new proteins, followed by a transcriptional reaction known together 
as UPR [37-40]. UPR allows for an increase in the capacity for protein folding, reduction in 
newly translated proteins entering into the ER, increase in the degradation of misfolded 
proteins leading to a concerted upregulation of multiple proteins, including components of 
ERAD, which counteract at different levels the ER dysfunction caused by protein misfolding. 
Thus, UPR is an adaptive mechanism which promotes survival, but if it else has failed, the 
UPR signals for cell apoptosis to preserve the surrounding eukaryotic cells [19,41]. These 
two systems are intimately linked: UPR induction increases ERAD capacity, loss of ERAD 
leads to constitutive UPR induction, and simultaneous loss of ERAD and the UPR greatly 
decreases cell viability.  

 
 

ER-ASSOCIATED DEGRADATION (ERAD) 
 
It was originally assumed, that ERAD is carried on by protease(s) present in the ER or 

cis-Golgi compartments. Since components of the UPS are absent from the lumen of the ER 
[42] the discovery that UPS actually mediates ERAD was surprising [43-45]. It implicated 
that ERAD substrates must be recognized, retrotranslocated to the cytosol and then 
ubiquitinated before they can be degraded by the proteasomes. However, the exact features 
that are being monitored and how substrates are delivered to the retrotranslocation machinery 
remain important open questions for most substrates. Skyrocketing popularity of the UPS 
research has created the false and widespread impression that all ERAD in mammalian cells 
is UPS-dependent [32], what is far from being true. As might be expected by the diversity of 
proteins that fold in the ER, recent studies argue that ERAD encompasses a number of 
different systems, each responsible for the degradation of subsets of proteins that share 
common physical properties. This is perhaps most clearly shown in yeast, where there are at 
least two distinct surveillance mechanisms for identifying terminally misfolded ER proteins. 
The first, designated ERAD-L, inspects for proteins that contain misfolded lumenal (soluble 
or membrane-tethered) domains such as CPY*, a mutant form of the endogenous CPY 
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protein that is incapable of folding. The second, termed ERAD-C, detects misfolded cytosolic 
domains of transmembrane proteins [46]. Although both of these pathways ultimately 
converge on the UPS, they depend on different sets of ER-associated components to detect 
and deliver misfolded species to the cytosol. In the case of ERAD-C (but not ERAD-L), 
degradation is typically dependent on a specific subset of cytosolic chaperones including 
Hsp70 and Hsp40 members [47]. Numerous proteins undergo nonproteasomal degradation in 
which both deglycosylation and proteolysis take place in the ER lumen [26,31,48-52]. 
Moreover, proteasome inhibition does not completely block the degradation of even the best 
characterized ERAD substrates such as CPY*, CFTR or α1-antitrypsin [44,48,51,53,54].  

A second common erroneous generalization is that the activity of VCP/Cdc48 is 
indispensable for ERAD [32], while in the cell multiple mechanistically different ERAD 
pathways can exist as indicated on Figure 1. Nevertheless, the UPS-mediated ERAD is the 
best studied and has drawn the most attention, since it is involved in the degradation of 
several important substrates. The exact character of the non-proteasomal pathways remain 
elusive. A fascinating problem is how molecules that have not been given the time to fold 
(and therefore are unfolded) are discriminated from those that have failed to fold after many 
attempts (misfolded), and must therefore be disposed of. One way of timing glycoprotein QC 
involves the sequential processing of N-glycans and in particular mannose trimming in the 
ER [30]. It remains to be seen how substrates are eventually targeted to the retrotranslocation 
channels, how these are opened, and to what extent proteins must be unfolded to negotiate 
dislocation [22,30]. 
 

 

Figure 1. Multiple pathways of ERAD. While most emphasis has been recently granted to the UPS-
dependent form of ER-associated degradation (ERAD), it actually encompasses multiple 
mechanistically different pathways, many of them poorly understood. 

 
THE MODEL OF UPS-DEPENDENT ERAD 

 
The key players of the UPS-dependent ERAD have been usually first identified and best 

characterized in yeast and include ER chaperones (such as BiP, calnexin, calreticulin, 
protein-disulphide isomerase), cytosolic chaperones (such as Hsp70 and Hsp90), ER-
associated E3s (gp78, HRD1 and TEB4) and E2s (Ubc1, 6 and 7), 26S proteasome and the 
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complex of Cdc48p (VCP in mammals) with Npl4p and Ufd1p [6,10,29-31]. Their 
subcellular localization and interplay in the degradation of a prototypical ERAD substrate are 
depicted in Figure 2.  
 

 

Figure 2. The current model of UPS-dependent ERAD. Misfolded proteins are bound in the ER lumen 
by chaperones such as BiP, calnexin, calreticulin or protein disulfide isomerase (PDI) in numerous 
refolding attempts; when those fail, misfolded proteins are handled over to the retrotranslocation 
channel with the assistance of the lectin EDEM. The retrotranslocation channel made by Sec61 and/or 
derlin-1 allows the passage of the unfolded polypeptide chain to the cytosolic face of the ER, where N-
linked oligosaccharides are removed by the action of peptide N-glycanase (PNGase) and ubiquitination 
takes place, mediated by the E1-E2-E3 cascade of enzymes. VCP-Ufd1-Npl4 binds the emerging 
polypeptide chain both prior and after ubiquitination, brings additional factors such as Rad23 and 
associated E4 enzyme (Ufd2) and finally deliver the substrate to 26S proteasomes for degradation. 

Most ERAD substrates are glycoproteins, which interact with two lectin-like chaperones, 
calnexin and calreticulin, calreticulin is soluble in the ER lumen, while calnexin is attached to 
the inner leaflet of the ER membrane. Misfolded glycoproteins interact with those lectins 
only when they are monoglucosylated. Removal of glucose by glucosidase II is followed by 
their release from these chaperones, while subsequent glucosylation mediated by 
glycoprotein glucosyltransferase allows their binding. Alternating rounds of glucosylation 
and deglucosylation and therefore of binding and release constitutes the ‘calnexin/calreticulin 
cycle’ which allows many attempts of refolding. Properly folded proteins leave the cycle with 
an oligosaccharide harboring nine mannose residues, exit from the ER and undergo mannose 
trimming and attachement of complex oligosaccharides mediated by Golgi enzymes.  

Failure to fold properly in a certain amount of time leads to an irreversible cleavage of 
mannose residues by ER mannosidases creating truncated monoglycosylated glycans resistant 
to the glucosidase II action [6,26] Such proteins interact with a lectin called EDEM (ER-



Cezary Wójcik and Mario Di Napoli 278 

degradation enhancing alpha-mannosidase-like protein), which has mannosidase fold without 
the enzymatic activity [55,56,56]. It is not clear how EDEM handles over the doomed 
proteins to the retrotranslocation channel, but its role in ERAD is well established since 
overexpression of EDEM accelerates ERAD, while downregulation by RNAi prevents it 
[57,58]. It is thought that ERAD substrates which are not glycoproteins are retained and 
targeted for degradation by a less studied mechanism involving other ER chaperones, such as 
PDI. Retrotranslocation of most misfolded proteins is mediated by the Sec61 translocone, as 
evidenced by co-immunoprecipitation experiments and by yeast Sec61 mutants, which are 
defective in retro-translocation [59,60]. However, tail-anchored ER proteins such as Ubc6 do 
not require Sec61 or another known ERAD components for their degradation by the UPS 
[61]. A different protein called derlin1 was postulated to form an alternative 
retrotranslocation channel in mammalian cells [62,63]. Finally, such channel may be formed 
by the Doa10 ubiquitin ligase in yeast and its mammalian homolog TEB4 [64,65]. 

The fate of ERAD substrates depends on the location of bulk of the polypeptide chain 
with respect to the ER membrane. Distinct machinery is required for the degradation in yeast 
of a multispanning membrane protein versus a soluble luminal protein [64]. Soluble luminal 
and membrane attached ERAD substrates require ER chaperones and derlin-1 for efficient 
degradation, while ERAD substrates with bulky cytosolic domains do not require them, 
requiring cytosolic chaperones instead [66]. The location of a misfolded domain is often more 
important that the location of the bulk of the protein. Misfolding within a cytosolic domain 
triggers the cytosolic variant of ERAD, while misfolding within the luminal domain recruits 
the luminal ERAD machinery [46]. All ERAD pathways seem to converge once the 
polypeptides emerge through the retrotranslocation channel, since in both cases Cdc48Npl4/Ufd1 

is required. Numerous evidences exist to support the notion that Cdc48Npl4/Ufd1 extracts and 
delivers the substrates to the proteasome prior and/or after ubiquitination [67]. Yeast mutants 
in Ccd48, Ufd1 or Npl4 are defective in ERAD and accumulate poly-Ub substrates in 
association with the ER [68-72]. However, even in yeast some ERAD substrates are 
efficiently extracted and degraded without Cdc48 [73]. Moreover, proteasomes are capable to 
directly extract proteins from the ER membrane, since yeast mutants expressing functionally 
attenuated proteasomes are defective in the degradation of transmembrane segments of ER 
proteins whose N-terminal cytosolic domains are degraded normally [74]. In yeast most 
proteasomes are associated with the ER [75] where they directly associated with Sec61 
translocones [76], and even more proteasomes are recruited to ER membranes after induction 
of ER stress [77]. In addition to that, specialized receptors exist on the ER membrane which 
are able to recruit proteasomes, such as HERP/Mif1 [77,78] and VIMP [62,63]. 

The emerging ER proteins destined for proteasomal degradation undergo ubiquitination 
on the cytosolic face of the ER. While ubiquitin activation is mediated by the same E1 
required for the ubiquitination of all substrates, several E2s and E3s are specialized in 
ubiquitinating ERAD substrates. First ERAD-specific E2s identified in yeast were Ubc6p and 
Ubc7p: Ubc6p is directly anchored to the ER membrane, while Ubc7p is recruited by an 
adaptor membrane protein Cue1p [79,80]. Both have mammalian homologs, which are 
involved in ERAD as well [81]. More recently other E2s have also been involved in ERAD 
of different substrates, including Ubc1p and Ubc4p/Ubc5p [69,82,83]. Several E3s have been 
reported to participate in ERAD, including HRD1, gp78, TEB4, SCFFbx2/Fbs1, parkin and 
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CHIP. HRD1 is an ER-resident RING-finger protein implicated in the degradation of 
unfolded ERAD substrates and HMG-CoA reductase [84]. HRD1 is induced after cerebral 
ischemia and its offer expression protects neuronal cells from apoptosis induced by hypoxia 
[84,85]. Another ER-resident RING finger E3 is gp78, which was initially characterized as an 
autocrine tumor motility factor receptor [86,87]. TEB4 is a multispanning membrane protein 
similar to yeast Doa10, harboring a RING finger, which is involved in degradation of 
transmembrane proteins apparently not requiring the participation of the Sec61 translocone 
[65,88]. Finally, an E3 involved in ERAD with great importance for neuroscientists is parkin, 
which is mutated in autosomal recessive juvenile parkinsonism (AR-JP). Parkin is 
characterized by an ubiquitin-like domain at its N-terminus and two RING finger motifs and 
an IBR motif (in between RING fingers) at its C-terminus. It is upregulated by conditions 
causing ER stress, while its overexpression protects cells from ER stress, demonstrating its 
involvement in ERAD [89]. A putative G protein-coupled transmembrane polypeptide, 
named Pael (parkin-associated endothelin receptor-like) receptor is ubiquitinated by parkin. 
Failure of its ubiquitination leads to ER stress, UPR and cell death. Pael-R is highly 
expressed in the dopaminergic neurons in the substantia nigra and it accumulates in the brain 
of AR-JP patients [90,91]. Parkin-mediated degradation of Pael-R is assisted by CHIP, 
another E3 interacting with cytososlic chaperones, which can also degrade ERAD substrates 
dislocated to the cytosol [92,93]. N-linked oligosaccharides attached to retrotranslocated 
substrates are removed by peptide N-glucanase either co-retrotranslocationally or after 
retrotranslocation [26]. While it is possible that PNGase activity may also reside in the ER 
lumen, the best characterized PNGase is cytosolic and it associates with other proteins 
involved in ERAD [94]. The complex of PNGase with the ubiquitin-binding protein Rad23 
has been recently postulated to regulate glycoprotein turnover [95]. Nevertheless, many 
proteins appear to escape PNGase activity since there are E3s which are specialized in the 
recognition of cytosolic proteins bearing N-linked glycans. In contrast to those four 
monomeric E3s, the E3s recognizing N-lnked glycans are of the multisubunit SCF family, 
with two different F-box proteins called Fbs1 and Fbs2 [96-98]. A single substrate can be 
ubiquitinated by different E3s, as is the case of the prototypical ERAD substrate αTCR, 
which may be ubiquitinated by HRD1, gp78 or the SCFFbx2/Fbs1 complex [86,97-99]. It has 
been recently demonstrated that Pael-R, which is a substrate of parkin, and whose 
accumulation is thought to promote apoptosis in parkin-deficient neurons, can be 
ubiquitinated and targeted for degradation by HRD1 [100]. 

Many emerging ERAD substrates may be only oligoubiquitinated and therefore their full 
ubiquitination requires the activity of a ubiquitin chain elongation factor or E4 which is 
encoded by the Ufd2 gene in yeast and has two homologs in the human genome, UFD2A and 
UFD2B [101]. UFD2A is expressed predominantly in neuronal tissues where it interacts with 
VCP [102]. It is cleaved by caspases during apoptosis [103], while both Ufd2 homologs are 
often deleted in neuroblastoma and are subject to mutations in other brain tumours [104]. It is 
widely accepted that polypeptide chains emerging from the retrotranslocone or otherwise 
destined for degradation interact with VCP associated either with the Ufd1-Npl4 complex or 
with one of the Ubx family of proteins [32]. VCP associates with the emerging substrate by a 
dual recognition mechanism, involving binding to the polyubiquitin chain as well as binding 
to misfolded, hydrophobic regions of the emerging polypeptide [67]. VCP also binds several 
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other proteins involved in the retrotranslocation process including PNGase, Rad23 and the 
26S proteasome itself [94,102,105]. In the widely accepted model, VCP is proposed to 
provide a pulling force for the emerging substrates through hydrolysis of ATP, then a 
framework for sequential interaction with multiple proteins, which ends up with handling of 
the substrate over to the 26S proteasome [32,68,106]. One of the proteins interacting with 
VCP is Rad23, which is itself a putative adaptor molecule interacting with ubiquitin chains 
through its ubiquitin-associated motifs (UBA) and with the Ufd2 and the proteasome through 
a ubiquitin-like element (UBL) [107,108]. Whatever factors are involved in the handling of 
the substrate over to the proteasome, it is the final degradation station for many ERAD 
substrates. When proteasome is pharmacologically inhibited, ERAD substrates accumulate, 
some of them within the ER lumen, while others in the cytosol in form of aggresomes. It is 
not clear, what determines where an ERAD substrate will accumulate upon proteasome 
inhibition, since for example two closely related components of the TCR complex 
accumulate in different compartments upon proteasome inhibition: δCD3 accumulates in the 
ER, while αTCR accumulates in the cytosol [109]. 

 
 

IS VCP INVOLVED IN MAMMALIAN ERAD? 
 
The awesome power of yeast genetics unveiled a lot about ERAD mechanisms in S. 

cerevisiae [30]. It has been accepted without major objections that mammalian ERAD works 
in a very similar way. Results obtained with Cdc48 are often extrapolated to VCP, despite the 
fact that mammalian VCP fails to rescue yeast Cdc48 mutations [110]. Other important 
difference between mammalian and yeast ERAD is that yeast lack glycoprotein 
glucosylatransferase, suggesting that the deglucosylation-glucosylation cycle may not exist in 
this organism [26]. The only direct evidence about a role of VCPUfd1/Npl4 in mammalian 
ERAD arises from an in vitro model of permeabilized cells developed by the laboratory of 
Tom Rapoport, where the US11 protein of the cytomegalovirus (CMV) induces 
retrotranslocation of MHC class I heavy chains to the cytosol [62,67,68]. Contrary to the 
yeast model, impairment of the VCP ATP-ase activity reduces the size of polyubiquitin 
chains synthesized on the MHC class I heavy chains [68] indicating that the main role of 
VCP may consist in the recruitment of the E4 to elongate short polyubiquitin chains [108]. 
The direct role of VCP in mammalian ERAD may be thus limited to this function. A recent 
paper has unveiled that US11 induces UPR, which in turn hyperactivates ERAD [111], 
therefore Rapoport’s model system represents a pathological condition rather than 
physiological ERAD in mammalian cells. Moreover, Römisch has recently suggested that 
Rapoport’s observations do not correspond to retrotranslocation of heavy chain but to its 
disaggregation on the cytoplasmic face of the ER, reflecting the well known 
chaperone/segregase activity of VCP [27]. It has been known for some time that proteasomes 
associate with the ER [75,112] and that such association is increased by ER stress [77], 
however it has been recently shown that 26S proteasomes bind directly to Sec61 complexes 
competing with ribosomes [76]. In the case of such direct binding, which in vitro does not 
seem to require VCP, it is difficult to envision a model which will accommodate this bulky 
molecule as well as why such association would be actually required. In the case of most 
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ERAD substrates, the ER-associated E3s alone can build up enough polyubiquitin that no 
further E4 activity would be required similar to most cytosolic substrates. If this hypothesis is 
correct, most ERAD substrates would not require VCP function, while the US11-mediated 
MHC class I degradation is an example of a rare condition which requires the E4 activity for 
efficient degradation [68]. While yeast Ccd48, Ufd1, and Npl4 mutants are defective in 
ERAD and accumulate polyubiquitinated substrates in association with the ER [68-72], other 
substrates are extracted from the ER and degraded without those factors [73,74]. Cholera 
toxin is known to exploit mammalian retrotranslocation machinery and as such has been used 
to study ERAD [29]. While one group reported indirect evidence that VCP is required for 
retrotranslocation of cholera toxin [113], it has been subsequently demonstrated that it 
reaches the cytosol without the participation of VCP [114]. Finally, it needs to be kept in 
mind that VCP itself has the property to bind polyubiquitin chains, which is increased by its 
association with Ufd1-Npl4, which also bind polyubiquitin [67,68,115]. Since those proteins 
are abundant, they are likely to be pulled down in any assays where polyubiquitinated 
proteins are present. VCP interacts with numerous proteins [35,36], however it is hard to 
judge which interactions are physiological and which ones are artificial. Moreover, since 
VCP displays chaperone activity it may bind basically any protein in a misfolded state, 
whenever it exposes hydrophobic patches [70].  
 

 

Figure 3. VCP is required for proper ER structure and function. Electron micrographs showing 
prominent ultrastructural changes in cells submitted to RNAi of VCP (B) compared to control cells (A). 
Depletion of VCP is associated with cell vacuolation evidenced by distension of ER cisternae (arrows), 
which is associated with the triggering of unfolded protein response. This effect of the depletion of 
VCP does not seem to be caused by a massive accumulation of ERAD substrates, since the lumen of the 
distended cisternae is electron-lucent and does not show aggregates of misfolded proteins. 

A recent argument in favor of the Rapoport’s model consisted on an RNAi experiment, 
where a 60% decrease in VCP levels prevents the downregulation of ER-localized IP3 
receptors upon binding IP3. However, in contrast to the QC substrates those receptors are 
properly folded proteins degraded in a regulated fashion and therefore do not represent 
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typical ERAD [34]. RNAi of VCP leading to a 90% decrease in its levels induces swelling of 
ER cisternae (Figure 3) associated with induction of ER stress and accumulation of cytosolic 
UPS substrates, however it fails to inhibit the degradation of some lumenal and 
transmembrane ERAD substrates (Wójcik et al., unpublished observations). Another 
argument in favor of the involvement of VCP in ERAD comes from a study where 
overexpression of the IBMPFD mutant VCP leads to accumulation of bulk polyubiquitinated 
proteins as well as of a co-transfected ERAD substrate ΔF508CFTR [116]. Unfortunately, it 
is not clear whether this is an effect specific to ERAD substrates or whether it reflects a 
global impairment of the UPS, which could be measured by a co-transfection of IBMPFD 
mutant VCP with a cytosolic UPS substrate. It is therefore clear that much work must be still 
done in order to establish what is the exact role of VCP in mammalian ERAD. 

 
 

THE STRUCTURE AND FUNCTION OF VCP 
 
VCP is an abundant and highly conserved hexameric protein of the AAA family of ATP-

ases, also known as p97 in Xenopus [117-119], Cdc48p in yeast [120,121] and TER94 in 
Drosophila [122]. The distruption of the VCP gene in yeast, Drosophila or mouse is lethal 
[120,122,123], while depletion of VCP by RNAi in human cells leads to apoptosis [124]. 
VCP has been involved in the UPS-mediated degradation of different proteins, probably as a 
’shuttle’ factor which delivers polyubiquitinated proteins to the proteasome 
[32,105,108,125,126]. It has two adjacent AAA domains D1 and D2, which form a 
hexameric ring, while the N-terminal domains are free to interact with numerous proteins. 
Crystal structure of VCP has been solved leading to the proposal of alternative hypotheses on 
how ATP hydrolysis drives the conformational changes [127-129]. D2 domain contribute 
most ATP-ase activity, thus mutants within this domain have a dominant negative phenotype 
[130,131]. VCP interacts with numerous proteins within the cytosol and the nuclei [35,36]. It 
is a factor mediating NSF-independent fusion between membranes of the ER [132], mitotic 
Golgi fragments [119], low density microsomes [133] and fragments of the nuclear envelope 
[134]. VCP releases the t-SNARE syntaxin 5 from a complex with p47 and VCIP135 [135]. 
Surprisingly, overexpression of a dominant-negative VCP mutant does not affect any 
membrane fusion events in vivo [131]. VCP has been also implicated in mitotic spindle 
disassembly [124,136], replication and nucleotide excision repair [137,138], UPS-dependent 
degradation of cytosolic proteins [105,124,125,139], ERAD [126] and regulated ubiquitin-
dependent processing [140,141]. It has the ability to separate substrate proteins from 
complexes with other proteins (‘segregase’ activity) [72]. Not only VCP itself binds 
polyubiquitin chains but it also associates with the Ufd1-Npl4 dimer, whose components bind 
poly-Ub, therefore the VCPUfd1/Npl4 complex binds polyubiquitin with higher affinity 
[67,115,125,142]. According to some reports after proteasome inhibition VCP is localized to 
aggresomes [124,143-145]. RNAi of VCP induces the formation of multiple dispersed 
cytosolic ubiquitin-positive aggregates rather than single aggresomes [124,145,146]. When 
cells are submitted to RNAi of VCP and then treated with proteasome inhibitors the 
formation of aggresomes is prevented [124], indicating that VCP participates in the 
microtubule-dependent transport of dispersed aggregates towards the cell center paralleling 
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its involvement in chromosome congression [136]. This finding was recently confirmed by a 
dominant-negative approach [147]. VCP interacts with histone deacetylase-6 [148], which 
also has been implicated in aggresome formation [149,150]. It has anti-apoptotic and 
prosurvival properties, since RNAi of VCP in HeLa cells induces apoptosis [124]. Moreover, 
the VCP homolog in C. elegans called MAC-1 also prevents apoptosis in the nematode. It 
interacts with the caspase CED3, the apoptotic activator CED4 and the anti-apoptotic 
molecule CED9, a homolog of Bcl-2 [151]. Surprisingly RNAi of VCP inhibits cell death 
induced by ER stressors such as thapsigargin and BFA [152]. Overexpression of Ter94 in 
Drosophila cells enhanced cell death induced by aggregates of polyQ proteins [153]. 
Contradictory results about the role of VCP in apoptosis can be reconciled if VCP is 
considered a central signaling molecule regulating ER structure and function. It is frequently 
forgotten that the function of VCP in protein degradation is often independent from Ufd1-
Npl4 and relies on the interaction with other proteins such as p47 and UBX [124,154,155]. 
While the role of yeast Cdc48 in ERAD is well established, implication of mammalian VCP 
in ERAD is based mostly upon reconstitution experiments, with dominant negative VCP 
mutants inhibiting ERAD of a model substrate in a permeabilized cell [29,62,67,68]. Several 
different protein kinases may phosphorylate VCP, what probably has a regulatory function 
[156-158]. It has been demonstrated recently that VCP is a downstream target of Akt 
signaling necessary for its antiapoptotic action, however it has not been shown how the 
phosphorylation event affects if at all VCP activity and/or interactions with other proteins 
[159]. VCP is also regulated by oxidative stress, where oxidative modification of one of the 
cystein residues strengthens the interaction with Ufd1-Npl4 dimer and decreases its ATP-ase 
activity [160]. 

 
 

UNFOLDED PROTEIN RESPONSE (UPR) 
 
To maintain the efficiency of quality-control mechanisms in diverse physiological 

conditions, living cells have evolved regulatory circuits that monitor the levels of available 
chaperones. This is true for both the cytosol and the ER, and compartment-specific responses 
clearly exist that selectively restore optimal levels of the desired folding factors. ER stress 
can be triggered by increased protein misfolding within the ER caused for example by 
increased protein synthesis, heavy metals, oxidative damage or mutation of a substrate 
protein, or by decreased clearance of misfolded proteins from the ER, caused by impaired 
degradation or mutation of proteins involved in ERAD. UPR is often induced by different 
drugs, including thapsigargin, which induces calcium efflux from the ER, reducing agents, 
which disrupt disulfide bridges in the ER proteins, tunicamycin, which prevents protein N-
linked glycosylation and brefeldin A, which induces the influx of Golgi enzyme sinto the ER 
and prevents the clearance of newly synthesized proteins by disrupting the secretory pathway 
thus selectively targeting the ER folding machinery [20,37]. The accumulation of aberrant 
proteins in the cytosol triggers the heat-shock response, resulting in de novo synthesis of 
Hsp70 and other cytosolic chaperones [161]; when the load of misfolded proteins in the ER 
exceeds the buffering capacity of ER chaperones UPR is triggered through the depletion of 
free BiP [19,37-41] (Figure 4).  
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BiP, also know as glucose regulated protein 78 (GRP78), is a member of the Hsp70 
family residing within the ER lumen that binds transiently to newly synthesized proteins. BiP 
has an N-terminal ATPase and a C-terminal substrate binding domain. In the ADP-bound 
form BiP has high affinity for protein substrates. Substrates bound to BiP are locked in their 
conformation and stimulate the ATPase activity of BiP [162,163]. Exchange of ADP with 
ATP releases the substrate from BiP [162], which then progresses on its folding pathway. 
Subsequent ATP-hydrolysis returns BiP into the ADP, high affinity state. Thus, by cycling 
through the BiP ADP–ATP cycle a folding polypeptide chain consumes ATP. ATP is 
imported into the ER via antiport with ADP and AMP [164]. 
 

 

Figure 4. The current model of unfolded protein response. Misfolded proteins within the ER lumen 
sequester the BiP chaperone leading to the activation of PEK/PERK, Ire1 and ATF6. PERK 
phosphorylates eIF2α, which leads to transcriptional attenuation and induction of the ATF3 
transcription factor. Ire1 induces cytosolic splicing of the XBP1 mRNA, leading to the production of 
the active XBP1 transcription factor. ATF6 migrates to the Golgi, where a cytosolic transcriptional 
activation domain is cut off and released. ATF6, ATF3 and XBP1 all induce transcription of ER 
chaperones, ERAD components and other factors counteracting ER stress. However, if ER stress 
persists, ultimately caspase-4 (caspase-12 in mice) is activated leading to ER-stress-induced apoptosis. 

Whatever is the mechanism inducing ER stress, misfolded proteins recruit ER 
chaperones, including BiP, which under normal conditions is bound to luminal domains of 
three different transmembrane ER proteins: Ire1 (inositol requiring enzyme 1), ATF6 
(Activating transcription factor 6) , and PEK/PERK (double stranded RNA-activated protein 
kinase-like ER kinase). When BiP is titrated by misfolded proteins, the intralumenal portions 
of those three proteins form homooligomers, what leads to their activation. BiP specifically 
binds Ire1 and that this interaction disappears under conditions of ER stress. Additionally, 
overexpression of BiP can suppress the induction of the UPR. This had suggested a titration 
model, in which BiP acts as a negative regulator of Ire1 and the accumulation of misfolded 
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forms leads indirectly to Ire1 activation by the sequestration of BiP by misfolded proteins. 
Upon the release of BiP, Ire1 dimerizes to activate its cytosolic ribonuclease domain, which 
cleaves a 26-nucleotide intron sequence from X-box DNA-binding protein (XBP1) mRNA 
[40]. The resulting XBP1 is a potent activator of UPR genes after it migrates to the nucleus 
and binds the upstream DNA UPR element (UPRE) [165]. Translation of the spliced XBP1 
message creates an active transcription factor that directly mediates transcription of UPR 
targets including ER chaperones, the ERAD machinery, and a range of other secretory 
proteins. The UPR genes regulating XBP1 are essential for protein folding, maturation and 
degradation. 

The elegant model of BiP titration has been recently challenged, when mutational 
analysis found that deletion of the region of Ire1 responsible for BiP binding did not impair 
the regulation of Ire1 in the response to unfolded protein [166]. The crystal structure of the 
conserved core lumenal domain (cLD) of yeast Ire1 reveals a deep hydrophobic groove 
reminiscent of the binding pocket in the major histocompatibility complexes (MHCs) that is 
responsible for peptide recognition. That Ire1 may directly bind misfolded polypeptides is an 
appealing idea [167]. By directly recognizing misfolded forms, the initiation of Ire1 induction 
could occur prior to the full titration of BiP, which, given BiP’s extremely high abundance in 
the ER, might occur only after a catastrophic accumulation of misfolded proteins. 
Additionally, direct recognition of misfolded forms by Ire1 (and PERK in higher eukaryotes) 
could allow for a more shaded set of responses in which different misfolded forms could be 
preferentially recognized by the different sensors (BiP, Ire1, or PERK). Thus, in principle, the 
nature and timing of the UPR could be tailored to the specific class of misfolded forms that 
are prevalent in the ER. 

While Ire is the only ER stress sensor in yeast, higher eukaryotes have two Ire isoforms, 
α and β. Moreover, they utilize two other sensors, the ER transmembrane transcription factor 
ATF6 and the ER transmembrane kinase PERK. ATF6 was found in mammalian cells using 
yeast two-hybrid screens as another UPR transducer that promotes UPR responsive genes. 
Two forms of ATF6, ATF6α and ATF6β, both reside in the ER and can each travel to the 
Golgi upon release of BiP [20]. The 50 kDa cytosolic region of ATF6 α/β is cleaved by site-1 
protease (S1P) and site-2 protease (S2P) in the Golgi compartment [168]. This active 
cytosolic ATF6 domain migrates to the nucleus and binds to the ER stress response element 
(ERSE) with CCAAT-binding factor (CBF) to promote the transcription of ER-resident 
molecular chaperones and other assistant folding enzymes [1,165]. ATF6 may work in 
parallel with XBP1 to promote proteins needed to assist in the folding of unfolded proteins in 
the ER [169]. Since the timing of activation for either the XBP1 pathway or the ATF6 
pathway is unclear, it is unknown if these pathways are redundant or are used for a UPR 
gradient response. Further study of these pathways is required to better understand their role 
in mammalian cells. 

PEK/PERK contains a lumenal sensor that is highly related to that of Ire1, suggesting 
that either can be readily activated by BiP release [37]. Oligomerization of PEK/PERK, leads 
to its autophosphorylation and activation of its eIF2α kinase activity, providing the first line 
of defense against overload with unfolded proteins. PERK activity transiently attenuates 
protein synthesis through phosphorylation of cytosolic α-subunit of eukaryotic translation 
initiation factor 2 (eIF2α), leading to a generalized repression of translation [170,171] 
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associated with a selective translation of mRNAs bearing upstream open reading frames 
(ORFs). When eIF2α is phosphorylated, it can no longer exchange GDP for GTP in the eIF2-
GDP-eIF2α complex, which prevents initiation events on almost all cellular mRNAs within 
the cell [20,37]. Since eIFα is required to bring the initiator methionyl-transfer RNA (Met-
tRNAi) to the 40S ribosome, the absence of free eIF2 will prevent the 40S and 60S ribosomal 
subunits from forming the 80S initiation complex for translation [20,37]. However, selective 
mRNAs can be preferentially translated with eIF2α phosphorylated, provided that there are 
upstream ORFs within the 5’ untranslated region of the mRNA [20]. Activation of the kinase 
by the presence of misfolded proteins results in a generalized inhibition of translation as well 
as the upregulation of a specific transcription factor, activating transcription factor 4 (ATF4), 
which has this additional upstream ORF. ATF4 activates genes involved in amino acid 
metabolism and transport, oxidative-reduction reactions and ER stress-induced apoptosis 
[40]. ATF4 has been shown to bind to a C/EBP-ATF composite site and regulate CHOP 
(C/EBP homologous transcription factor) transcription [38]. CHOP is implicated in both 
growth arrest and cellular apoptosis; with prolonged UPR activation ATF4 can induce 
expression of CHOP leading to caspase-3 activation and cell death [38].  

Oligomerization of Ire1 and its autophosphorylation activates its endonuclease activity, 
mediating a unique cytosolic splicing of the mRNA coding for the XBP1 transcription factor 
[165]. Spliced XBP1 mRNA is translated into the active XBP1. Release of BiP from ATF6 
allows its transfer to the Golgi, where it is cleaved by S1P and S2P. This leads to the release 
of a free cytosolic portion of ATF6, which is a transcription factor, relocating to the nucleus 
[172,173]. XBP1, ATF6, and ATF4 all induce a concerted transcription of multiple genes 
coding various ER chaperones, components of ERAD, and elements of the secretory pathway 
[174,175]. 

ATF6 drives the transcriptional upregulation of many ER-resident proteins and folding 
assistants. Ire1 activates XBP1, which in turn induces transcription of factors that facilitate 
ERAD. The two-step activation of XBP1 (transcriptionally induced by ATF6 and post-
transcriptionally regulated by Ire1) guarantees the proper timing of the UPR; attempts to fold 
proteins precede the decision to degrade them25. If the response fails to clear the ER, 
apoptosis is induced through several pathways [1,20,37]. This link has important 
consequences for the pathogenesis of degenerative disorders. 

Thus, UPR is an adaptative response allowing the cell to cope with ER stress: however, 
when UPR is persistent, it leads to apoptosis via transcriptional induction of 
CHOP/GADD153, TRAF-mediated activation of cJUN N-terminal kinase (JNK), and/or the 
activation of caspase-4 (caspase 12 in mice) [19,41]. Under prolonged UPR, ER calcium 
homeostasis is significantly disrupted, leading to activation of caspase-12. Caspase-
4/Caspase-12 is an ER-associated effector of caspase activity that leas to cellular apoptosis 
though the activation of caspases 9 and 3 [40]. For example, in GM1-gangliosidosis, GM1-
ganglioside accumulates in the ER and leads to loss of ER calcium. This depletion signals 
activation of UPR in these cells resulting, in prolonged activation of UPR genes and UPR 
signalled apoptosis [176].  

ERAD constitutively counteracts ER stress, eliminating misfolded proteins from the ER. 
Nevertheless, when the load of misfolded proteins is increased, UPR is required to increase 
ERAD activity [82,177]. Inhibition of proteasomes induce UPR, as measured by XBP1 
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splicing and BiP induction (Wojcik et al., manuscript in preparation). Pharmacological 
inhibition of the UPS upregulates multiple genes involved in UPR [178], either by 
accumulation of ERAD substrates and/or through stabilization of the active nuclear ATF6 
[179]. However, in some systems, it also suppresses XBP1 splicing [180], inhibits PERK, and 
stabilizes the GADD34 phosphatase, thus preventing eIF2α phosphorylation [181]. 

 
 

CHANGES IN ERAD AND UPR  
ASSOCIATED WITH HUMAN DISEASE 

 
Because ERAD is a central element of the secretory pathway, it is not surprising that it 

has major implications for the generation of human diseases. Failure of ERAD, excessive 
ERAD and induction of UPR all play an important role in human pathology, including 
diseases such as cancer, stroke, cystic fibrosis or pulmonary emphysema [29,31,40,182,183]. 
In the case of many diseases, the roles of individual components of the ERAD pathway – 
including VCP – have began to be elucidated.  

The underlying disorders can be classified into two groups. The first group results from 
loss-of-function mutations in ERAD components that stabilize aberrant proteins, which in 
turn accumulate and damage the cell. Insufficient ERAD is also associated with various 
pathological conditions, which involve an accumulation of undegraded substrates. ERAD 
substrates encounter at least two bottlenecks: dislocation across the ER membrane and 
degradation by the proteasome [10]. A prominent example of this is Parkinson’s disease 
(PD). Many cases of familial PD are associated with Parkin mutations linking ERAD to the 
generation of this neurodegenerative disorder [184]. Parkin functions in a complex with 
CHIP as a ubiquitin ligase [93]. A number of putative substrates for this complex have been 
suggested. One of them is wild-type Pael-R, a membrane-spanning receptor protein that tends 
to aggregate in a misfolded form [185]. Overexpression of Pael-R leads to cell death, which 
can be prevented by coexpressing Parkin. The structure, interactions and topology determine 
which of those events is time-limiting. ERAD substrates which are able to exit the ER under 
conditions of impaired UPS function accumulate in the cytosol forming aggresomes, while 
ERAD substrates which are unable to exit the ER form aggregates within its lumen, 
producing Russell bodies [186,187]. While it is still a matter of dispute, whether aggresomes 
are deleterious or protective [187,188], deposits of aggregated proteins within the lumen of 
the ER may impair ER function, induce UPR and ultimately lead to cell death, as in the case 
of mutated uromodulin associated with polycystic kidney disease [189]. Some misfolded 
proteins which should be degraded by ERAD fail to be recognized by the QC system and are 
secreted, what leads to their extracellular accumulation, a situation known as amyloidosis. 
For example, only the most highly destabilized variants of transthyretin are degraded by 
ERAD while other misfolded variants are secreted with wild type efficiency, leading to 
amyloid deposits. Inducing and enhancing ERAD of such proteins would provide means of 
treating various amyloidosis [190]. 

The second group of disorders is caused by premature degradation of secretory or 
membrane proteins, preventing their deployment to distal compartments, Various genetic 
disorders are characterized by an excessive ERAD of an otherwise functional protein. Cystic 
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fibrosis (CF) is the most common genetic disorder in Caucasians, caused by the lack of 
expression of CFTR (CF conductance regulator) on the surface of epithelial cells [183]. 
CFTR is normally synthesized in the ER and transported to the cell surface, however a 
deletion of a Phe residue at position 508 induces retention of ΔF508CFTR in the ER and its 
degradation by the UPS [44,45]. If the mutant protein is allowed to reach the cell surface it is 
able to perform its physiological function. Proteasomal inhibitors that are effective in treating 
other diseases [191] lead to the accumulation of aggregated polyubiquitinated ∆F508CFTR in 
the cytoplasm and cannot rescue its surface expression [192]. When ubiquitination of 
∆F508CFTR is blocked by expressing an inactive version of the involved E2/E3 complex 
(UbcH5a/CHIP), ∆F508CFTR is not dislocated but retained within the ER [193]. However, 
∆F508CFTR is delivered to the cell surface upon exposure to chemical chaperones, which 
increase the levels of properly folded ∆F508CFTR and allow it to evade the QC system [54]. 
Patients with CF can thus benefit from an inhibition of ERAD at the level of 
retrotranslocation, but not at the level of degradation by proteasomes. 

A similar mechanism operates in the X-linked form of the Charcot-Marie-Tooth disease 
which is caused by mutations of connexin 32 [194], the leukodystrophy Pelizaeus-
Merzbacher disease [195], which is caused by mutations of the proteolipid protein by splice 
site mutations, duplications of the PLP1 gene or null alleles; in hereditary emphysema of the 
lungs, caused by mutations of α1-antitrypsin [196]; and in the recent identified autosomal 
dominant inclusion body (Collins’ bodies) dementia, FENIB (Familial Encephalopathy with 
Neuroserpin Inclusion Bodies) [197-199], characterized by eosinophilic neuronal inclusions 
of neuroserpin in the deeper layers of the cerebral cortex and the substantia nigra and is 
associated with a mutation, Ser49→Pro, in the neuroserpin gene [118]. 

Perfectly normal proteins can be aberrantly targeted for ERAD when they are bound to 
viral proteins. For example, the US11 protein of the CMV induces the degradation of MHC 
class I heavy chains thus preventing an efficient presentation of viral antigens to 
immunocompetent cells [200]. Instead of a viral protein it is an endogenous sterol-sensing 
protein called Insig-1 which induces a quick degradation of HMG-CoA reductase whenever 
cholesterol is abundant [201-203]. Inefficient degradation of HMG-CoA and thus increased 
production of endogenous cholesterol despite abundant external supply relates ERAD to 
heart disease. In addition to that homocysteine, a known risk factor in cardiovascular disease, 
induces the retention in the ER and consequent ERAD of several important factors which are 
normally secreted by endothelial cells such as the von Willebrand factor [204]. Increased 
blood levels of homocysteine lead to atherosclerosis and thrombosis, by a pathogenetic 
mechanisms which involve ER stress and UPR activation in endothelial cells [205-207]. 
Moreover, continuous ER stress leads to apoptosis of endothelial cells mediated by UPR 
activation [169]. Homocysteine induces apoptosis in endothelial cells by activating Ire1 
[169]. Homocysteine-induced cell death was suppressed with the overexpression of point 
mutants that inactivated the RNase domain of Ire1, suggesting that excessive homocysteine 
uncontrollably activates UPR though the false activation of XBP1. 

In acute pathological states of the brain, including stroke, neurotrauma and epileptic 
seizures, as well as in degenerative diseases, ER function is often affected in multiple ways 
[208]. These include oxidative stress, nitric oxide-induced inactivation of the ER calcium 
pump resulting in disturbances of ER calcium homeostasis and impairment of UPR and 
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ERAD. Furthermore, proteasomal function is impaired which causes secondary ER 
dysfunction. The only way to escape this potentially lethal cycle is to induce UPR and thus to 
activate new synthesis of the ER chaperone BiP to levels sufficient to refold unfolded 
proteins. ER dysfunction may induce a state of tolerance, impair cellular functions, or induce 
apoptosis, depending on the severity and duration and the cell type affected. In different 
neurodegenerative conditions associated with protein misfolding [including PD, Huntington’s 
disease (HD), Alzheimer’s disease, Prion-related disorders, amyotrophic lateral sclerosis 
(ALS) and others], irreversible alteration of ER homeostasis has been proposed to be a 
critical mediator of neuronal dysfunction. 

An increase of ERAD associated with UPR is found in PD [209] and in 
neurodegeneration resulting from accumulation of polyglutamine (polyQ) tract proteins 
[210]. Two different neurotoxins known to induce parkinsonism (6-hydroxydopamine and 1-
methyl- 4-phenylpyridinium) induce features of UPR in a dopaminergic cell line, including 
XBP1 splicing, eIF2α phosphorylation and induction of ER chaperones, the transcription 
factor CHOP/Gadd153 and elements of the UPS [209]. SOD1 proteins genetically linked to 
ALS may induce motoneuron dysfunction by alteration in the function of ER and Golgi 
[211]. Experimental brain hypoxia-ischemia triggers ER dysfunction and subsequent UPR 
accompanied by induction of the HRD1 Ub ligase [85]. Blocking the proapoptotic branch of 
UPR while enhancing the prosurvival response, including an enhancement in ERAD may be 
exploited as a new therapeutic strategy in stroke. Proteasome inhibitors are considered in the 
treatment of stroke to limit the damage caused by secondary inflammation. Proteasome 
inhibitors normally do not penetrate the blood-brain barrier, however they may penetrate the 
nervous tissue in the ischemic core and the penumbra leading to a potentially deleterious 
inhibition of ERAD and induction of UPR in neuronal cells [212].  

 
 

INVOLVEMENT OF VCP IN HUMAN DISEASE 
 
VCP plays an important role in the pathogenesis of neurodegenerative diseases. A 

mutation in the N-terminal domain of VCP creates a dominant trait referred to as inclusion 
body myopathy Paget’s disease of the bone and frontotemporal dementia (IBMPFD) [213-
215]. VCP has been observed in ubiquitin-positive intraneuronal inclusions found in common 
neurodegenerative diseases such as PD, HD, and ALS [130,143,146]. Such inclusions are 
often regarded as signs of ’intracellular indigestion’ that is associated with impaired UPS 
function and can be modeled by protein aggregates induced with proteasome inhibitors or 
‘aggresomes’ [188,192]. RNA interference experiments have demonstrated that VCP is 
required for aggresome formation [124], a finding which was recently supported by other 
authors who used a dominant negative approach [147]. Furthermore, VCP interacts with 
proteins containing polyQ expansions [130]. VCP also functionally regulates the activity of 
dorfin, an E3 ubiquitinating superoxide dismutase 1 (SOD1), which is mutated in familial 
forms of ALS [146]. Overexpression of VCP protects the cells against the formation of 
discrete cytoplasmic aggregates of misfolded proteins [216], while in another system it is 
associated with a worsening of the neurodegenerative phenotype [153].  
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While impaired VCP activity seems to be associated with neurodegeneration, 
overexpression and increased activity of VCP is associated with poor prognosis in several 
types of human cancer, including esophageal squamous cell carcinoma [217], non-small-cell 
lung carcinoma [218], pancreatic ductal adenocarcinoma [219], colorectal adenocarcinoma 
[220], gastric carcinoma [221], and hepatocellular carcinoma [222]. Poor prognosis in cancer 
is also associated with increased expression of the gp78 ER-anchored ubiquitin ligase 
[223,224], which directly interacts with VCP [225]. Gp78, originally identified as the 
autocrine motility factor receptor (AMFR), is a surface glycoprotein which induces 
transformation of NIH 3T3 fibroblasts [226]. It is likely that upregulation of gp78 and/or 
VCP increases the resistance of cancer cells to ER stress [227]. Therefore, development of 
potential inhibitors of VCP is of great interest for cancer therapy [228]. 

 
 

CONCLUSIONS AND PERSPECTIVES 
 
ER stress, UPR and ERAD are interconnected phenomena, which are extremely 

important in the physiology of neuronal cells and are directly connected to the ethipathology 
of multiple acute and chronic disorders of the CNS, ranging from stroke to PD. UPS is 
involved in ERAD and controls the UPR, however not all ERAD is UPS-mediated, while the 
effects of UPS on UPR are ambiguous: proteasome inhibition sometimes trigger UPR while 
sometimes prevents it. Therefore while it is tempting to use simplified models, UPR and 
ERAD are extremely complex processes. The signaling network associated with UPR 
involves numerous signaling nodes and it has begun to be clarified only recently. Misfolded 
ER proteins follow different pathways of ERAD requiring different sets of proteins. The use 
of yeast as a model organism to study ERAD has provided many insights on how ERAD 
functions, however the indiscriminate extrapolation of results obtained in yeast to mammalian 
systems is dangerous, since many differences do exist. Studies in yeast have established the 
Cdc48p ATPase in complex with Ufd1-Npl4 as a crucial molecule involved in ERAD, 
however the evidence for the involvement of its mammalian homolog, VCP, in ERAD is far 
less convincing. Mammalian ERAD and UPR seems to be much more complex than in yeast, 
since new pathways have evolved (eg. ATF6 is absent from yeast), old pathways have been 
duplicated (e.g. Ire1, Rad23 and Ufd2 have each two homologs in mammals) while other 
pathways have acquired new and different functions (eg. this may be the fate of VCP). 
However, there is no doubt that VCP participates in many aspects of UPS function, as well 
as, regulates ER structure and function, both aspects not necessarily connected with ERAD. 
More importantly, VCP seems to be directly involved in the pathogenesis of several 
neurological disorders. There is no doubt that the next few years will bring a burst of new 
discoveries about the different aspects of ER stress, UPR and ERAD and in particular about 
their role in human disease. These data pretend to reinforce the notion that irreversible 
alteration of ER function has deleterious effects to the cell and the organism. But, as initially 
described in yeast models, the UPR is a prosurvival pathway and its beneficial effect can be 
also translated into pathological conditions. Pharmacological targeting of different 
components of the UPR/ER stress pathway may have therapeutic application for the 
treatment of many neurological disorders. 
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ABSTRACT 
 

The proteasome is an intracellular multisubunit protease. It plays an important role in 
a myriad of intracellular processes and in removing misfolded proteins by degradation. 
Protein misfolding and aggregation are common to most neurodegenerative diseases, 
suggesting that abnormalities of protein homeostasis contribute to pathogenesis. Recent 
cell-based and genetic studies suggest that perturbations in the proteasome degradation 
mechanisms contribute to neurodegenerative disease processes Although, significant 
progress has been made in the understanding of substrate recognition and proteolysis, 
very little is known on the intermediate steps of transportation of misfolded protein into 
the proteolytic proteasome chamber and their effects on proteasome proteolytic activity. 
Mathematical models can help to understand proteasome dysfunction in 
neurodegenerative diseases. Using the in silico informatics work done on the specificity 
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and kinetics of the proteasome molecules, different non-exclusive models of proteasome 
dysfunction can be predicted. If the influx and cleavage rate are impaired a low 
degradation rate is predicted, while if the cleavage rate is limiting, such as for substrates 
containing polyglutamine tracks, the degradation rate increases at the decrease of the 
influx rate. From these standpoints, misfolded protein accumulation in neurodegenerative 
disease could be due to a low cleavage capacity of catalytic subunits toward specific 
substrates, such as polyglutamine rich sequence proteins, with a consequent direct 
‘clogging’ of proteasomes by undegraded longer fragments. An alternative hypothesis 
suggests an impaired transport into the proteolytic chamber, mainly due to a reduced 
capacity of proteasome 19S gating subunits to attach substrate recruitment fragments. 
ATP deficiency and steric modification of the substrates are envisaged as potential 
mechanisms generating such impairment. These theoretical studies, although in their 
early stages, have already revealed an unanticipated complexity of the dysfunction of 
proteolytic activity in neurodegenerative diseases at the level of substrate recruitment 
mechanism as well as at the level of the catalytic cycle itself. 
 

Keywords: proteasome, protein degradation, protein folding, mathematical mode, 
neurodegeneration. 
 
 

ABBREVIATIONS 
 
A, alanine; AAA, ATPases Associated with diverse cellular Activities; α-Syn, α-

synuclein; Aβ, β-amyloid AD, Alzheimer disease; D, aspartic acid; degrons, destabilizing 
amino acid sequences; E, glutamic acid; G, Glycine ; GFP, green fluorescent protein; HD, 
Huntington’s disease; Htt, huntingtin; Hsp, heat shock protein; IBs, cytoplasmatic inclusion 
bodies; IFN-γ, interferon γ; I, isoleucin; L, leucin; L-model, Luciani’s model; MHC, major 
histocompatibility complex; P, proline; PA700, proteasome activator MW 700; Pael-R, 
parkin associated endothelin-receptor-like receptor, PD, Parkinson disease; PolyQ, 
polyglutamine; PrP, prion protein; PS1, presenilin 1; RC, regulatory complex; RING, real 
interesting new gene; SCA, spinocerebellar ataxia; SMM, stabilized matrix method; TAP, 
transporter associated with antigen presentation; TNF-α, tumor necrosis factor α; Ub, 
ubiquitin; Ub–UBB+1, Ubiquitinated UBB+1; UBB+1, frame-shifted ubiquitin B protein; UPS, 
ubiquitin-proteasome system.  

 
 

THE PROTEASOME 
 
The proteasome is an intracellular multisubunit neutral protease that catalyzes selective 

proteolytic protein degradation (Figure 1). It constitutes the effector arm of the ubiquitin– 
proteasome system (UPS), which first tags proteins, usually by ubiquitin (Ub) chain 
conjugation, and then delivers them to the proteasome, where they are cleaved to peptides. 
Proteasomes are ATP-dependent proteases. The 26S proteasome complex consists of a 20S 
proteolytic core and typically a 19S cap. The 19S complex is a 17-subunit machine, itself 
composed of two subcomplexes: the base, thought to be responsible for the denaturation of  
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Figure 1. The 26S proteasome. Proteasomes are large complexes that carry out crucial roles in many 
cellular pathways by degrading proteins in the cytosol and nucleus of eukaryotic cells to enforce quality 
control and to regulate many cellular processes. The catalytic heart of these complexes, the 20S 
proteasome (yellow), has been highly conserved from yeast to humans, with simpler versions also 
found in some archaea and prokaryotes. The 20S proteasome is a barrel-shaped assembly of 28 protein 
subunits that possesses three distinct proteolytic active sites with different specificities. Together, the 
three active sites, present in the two central rings of β subunits, hydrolyze almost all peptide bonds, 
having trouble only with those bonds that follow glycine (G) and proline (P). The potentially 
catastrophic elimination of inappropriate substrates is prevented by sequestration of active sites within 
the hollow structure of the 20S proteasome. Substrates access the central catalytic chamber through 
axial ports in the end rings of subunits, although in the absence of activators these channels are closed 
and proteasome activity is repressed. Proteasomes are activated by protein complexes that bind to the 
end rings of subunits (blue). The best known activator is PA700 [proteasome activator MW 700, also 
known as 19S or regulatory complex (RC)], which has been highly conserved from yeast to humans and 
binds to the 20S proteasome to form the 26S proteasome. PA700 is the only proteasome activator that is 
known to stimulate degradation of protein substrates, which it generally recognizes by a poly-Ub 
modification and which it processes by an ATP-dependent mechanism. Thus, PA700 is thought to 
mediate most of the biological effects of the proteasome by facilitating substrate degradation. This 
biological role is well established, and PA700 and 26S proteasomes have been reviewed extensively 
elsewhere see Chapter 9. Image credit: U.S. Department of Energy Genomics: GTL Program, 
http://doegenomestolife.org 

the substrate via the action of six ATPase subunits, and the lid, which sits over the base and is 
believed to recognize polyubiquitinated proteasome substrates and remove the poly-Ub tag 
via the action of an inherent isopeptidases. The cylindrical 20S proteolytic complex 
comprises four rings, each containing seven subunits. The two inner rings possess three 
catalytic sites each, which are characterized by their individual preference for cleavage after 
specific amino acid residues, and degrade the substrate into short peptides. This inner 
proteolytic chamber is accessible only through two openings at each end of the 20S cylinder, 
each of which is gated by one of the 19S complexes. These complexes include at least 18 
distinct proteins, of which six are ATPases [1]. In eukaryotes each of the six is distinct and in 
yeast all are essential [2]. Hexameric ATPase rings, members of the very diverse AAA 



Fabio Luciani, Morten Nielsen, Can Kesmir et al. 310 

(ATPases Associated with diverse cellular Activities) ATPase family, have the general 
capacity to change the conformation of their substrates [3], fuelled by a cycle of ATP 
binding, hydrolysis and release. These general considerations imply that the ATPases of the 
proteasome are the key mediators of substrate unfolding and insertion, an inference with 
experimental support [4]. In addition to 19S and 20S core constituents, many proteins 
associate transiently with the 26S proteasome, further increasing the complexity of this 
macromolecular system. More details on proteasome structure and functions are reviewed in 
Chapters 6 and 7 and the reader is urged to consult these chapters. Hydrolytic cleavage of 
peptide bonds takes place in the 20S core. Within that closed space, destruction is relatively 
independent of substrate sequence. Access is through a narrow pore (<15Å) positioned 
axially at either end of the barrel-shaped chamber [5]. Entry thus demands tag recognition, 
unfolding and insertion. Unfolding is essential, as folded proteins are too bulky to traverse 
the entryway.  

Recognition and unfolding of protein substrates and their translocation into the 20S core 
complex is mediated by regulatory protein complexes such as 11S and 19S, which, in vivo, 
may associate with one or both ends of the 20S core [1] (see Chapter 8). The function of the 
eukaryotic proteasome to serve as supplier of epitopes presented by the MHC class I has 
greatly intensified experimental work aimed at elucidating the structural and kinetic basis for 
the high selectivity with which the proteasome cuts out antigenic peptides from precursor 
proteins [6]. 

It has long been known that small peptides can serve as substrates for the purified 20S 
proteasome but that, in general in vivo, full-length proteins must be polyubiquitinated, 
recognized by the 19S regulatory complex, deubiquitinated and unfolded in an ATP-
dependent manner before translocation into the proteolytic 20S chamber [7]. Significant 
progress has been made in understanding substrate recognition and proteolysis but the 
intermediate processes of unfolding and insertion have substantially eluded investigation. 
Experiments have shown that access to the 20S cylinder is gated and thus regulated by a key 
protein within the 19S complex, namely the Rpt2 subunit [8]. X-ray crystallographic analysis 
of yeast 20S proteasome revealed that the amino termini of the 20S α subunits are juxtaposed 
to block entry into the 20S cylinder. Deletion of several amino-terminal residues of the α3 
subunit results in a disordered axial gate, which allows the free entry of protein substrates 
into the proteolytic chamber [9]. Because substrate proteins must enter the 20S chamber 
through either end of the cylinder via these gates, these studies suggest that one role of the 
19S regulatory complex is to regulate the opening of the proteolytic chamber. In fact, a co-
crystalisation study of wild-type yeast 20S with the 19S regulatory complex from 
Trypanosome showed that the amino termini of three α subunits were dislocated outwardly, 
thus opening a channel into the 20S complex [9]. These constitutively open channel 20S 
mutants have proven useful in the investigation of substrate entry/product release. 
Crystallographic study of the yeast 20S proteasome revealed small openings in the side walls 
of the proteolytic chamber through which peptide products were hypothesized to pass [9]. 
After entry into the proteolytic chamber, protein substrates are cleaved to yield oligopeptides 
that range from 3 to 24 residues [10,11]. The length of the peptides produced has been 
hypothesized to reflect the length of time that the substrate is present in the proteolytic 
chamber (i.e. the longer the retention of substrate, the shorter the peptide produced) [11]. 
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Support for this model came from an analysis of the peptide length generated by the open 
channel 20S mutants. Substrate access to the channel is greatly increased relative to wild-type 
20S, and conceivably peptide product release is increased. It is plausible that peptide length 
of products generated by the open channel 20S mutant would be on average longer due to the 
shorter time spent within the proteolytic chamber [11]. This indeed proved to be the case, in 
that the median length of peptides produced by the open channel 20S mutant was 40% longer 
than those generated by wild-type 20S. These findings also support the idea that product 
release proceeds through the gated axial channel rather than the side wall openings observed 
in the crystallographic analysis. 

Two forms of proteasome exist: the ‘immunoproteasome’, which is expressed in cells 
stimulated by interferon γ (IFN-γ) or tumor necrosis factor α (TNF-α), and is commonly 
found in primary and secondary lymphoid organs, and the ‘constitutive proteasome’, which is 
expressed in healthy normal tissues and in particular in immune-privileged organs such as the 
brain [12-14]. The activity of the proteasome during inflammation is altered via induction of 
the regulatory units and replacement of the constitutive active subunits (β-1[δ,Y], β-2[MC14, 
LMP9, Z] and β-5[MB1, X]) by their immuno (β-1i[LMP2], β−2i[MECL-1] and β-
5i[LMP7]) counterparts in newly synthesized proteasomes [15,16]. During an antiviral or 
antibacterial immune response, immunoproteasomes largely replace constitutive proteasomes 
[17]. This replacement has a positive effect on major histocompatibility complex (MHC) 
class I restricted antigen presentation, as has been demonstrated in several systems [6,14,17-
22]. This argument is reviewed in Chapter 34. Finally, intermediate, hybrid chimeric forms of 
the proteasomes have also been detected [23,24] where alternate caps in addition to the 19S 
can be form in a small subpopulation of proteasomes. The physiological role of these 
alternative caps is not completely clear. They may have a special function during the immune 
response and facilitating the exit of peptide-products from the 20S. The reader can consult 
Chapter 9 for an updated review on this topic.  

 
 

THE SPECIFICITY OF THE PROTEASOME 
 
The specificity of the proteasome is often studied by in vitro proteasome digest 

experiments, where whole proteins are digested by the proteasome. Toes et al. [25] have 
performed such proteasome digest experiments to characterize the differences between 
immunoproteasome and constitutive proteasome specificity. It has been suggested that the 
amino acid on the N-terminal of the cleaved bond (P1 position according to nomenclature 
suggested by Berger and Schechter, [26]) is the most important one determining cleavage 
[27], although the flanking region may also be important [28-30]. The data from Toes et al. 
[25] permit to estimate which amino acids are differentially preferred by the two forms of the 
proteasome, estimating the frequency by which the different amino acids are used for 
cleavage by the two proteasomes. It is found that the immunoproteasome cleaves after 
leucine (L) and isoleucine (I) residues with a significantly higher frequency than the 
constitutive proteasome. Fifteen and 5 of the 56 cleavages sites used only by the 
immunoproteasome are L and I, respectively. For the constitutive proteasome the 
corresponding values are 2, and 1 sites, respectively, out of the total of 73 sites. The 
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immunoproteasome, on the other hand, cleaves less frequent after aspartic acid (D) and 
glutamic acid (E) residues compared to the constitutive proteasome. Out of 56 sites used 
solely by the immunoproteasome only one site is E (D is never used). For the constitutive 
proteasome these values are 9 and 7 for D and E, respectively. Comparing the amino acid 
usage of the two proteasomes to the average amino acid distribution in the enolase protein, 
only the immunoproteasome has an amino acid preference significantly different from the 
background [31]. This suggests that the constitutive proteasome uses semi-specific and 
degenerate sequence signals to cleave a protein. The cleavage by the immunoproteasome is 
restricted to fewer amino acids, and thus, the immunoproteasome is more specific than the 
constitutive proteasome [31]. Moreover, the cleavage sites preferred by the 
immunoproteasome fit much better with the human MHC class I binding motifs than the sites 
preferred by the constitutive proteasome [31]. 

 
 

PREDICTING PROTEASOME SPECIFICITY 
 
Degradation of intracellular proteins by the proteasome is crucial for many cellular 

processes. Full inhibition of the proteasome activity results in cell death within 48 hours, 
although the resistance to proteasome inhibition differs in cellular subtypes [32]. Deficiencies 
in the proteasomal activity can cause pathology (see e.g., below the section on the role of 
proteasome in neurodegenerative diseases). Moreover, the proteasomes shape the immune 
response of higher vertebrates as reviewed in Chapter 34. Successful prediction of the 
proteasome cleavage site specificity is necessary to understand the pathology associated with 
protein degradation and immunity. For example, predictions could help to find which regions 
of the pathogen genomes are most immunogenic and these regions can be used in designing 
optimal vaccines. Similarly, predictions can be used to identify cytotoxic peptides in 
neurodegenerative diseases. However, the enzymatic specificity of the proteasome is very 
complex and thus the prediction of proteasomal specificity is a difficult task. 

Several proteasomal cleavage prediction methods have been published. The first method, 
FragPredict, was developed by Holzhutter et al. [33] and is publicly available as a part of 
MAPPP service (www.mpiib-berlin.mpg.de/MAPPP/). It combines proteasomal cleavage 
prediction with MHC and TAP binding prediction. FragPredict consists of two algorithms. 
The first algorithm uses a statistical analysis of cleavage-enhancing and -inhibiting amino 
acid motifs to predict potential proteasomal cleavage sites [33]. The second algorithm, which 
uses the results of the first algorithm as an input, predicts which fragments are most likely to 
be generated. This model takes the time-dependent degradation into account based on a 
kinetic model of the 20S proteasome [34]. At the moment, FragPredict is the only method 
that can predict fragments, rather than only possible cleavage sites.  

PAProC (www.paproc.de) is a prediction method for cleavages by human as well as 
wild-type and mutant yeast proteasomes. The influences of different amino acids at different 
positions are determined by using a stochastic hill-climbing algorithm [35] based on 
experimentally in vitro verified cleavage and non-cleavage sites [36].  

Recently Tenzer et al. [37] have published a method for predicting which peptides can be 
presented by the MHC class I pathway. In this work they characterize the cleavage specificity 
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of the proteasome in terms of a stabilized matrix method (SMM) defining the specificity of 
the constitutive and immunoproteasome separately. This method is available at www.mhc-
pathway.net.  

All these methods make use of limited in vitro data for characterizing the specificity of 
the proteasome. Moreover, both FragPredict and the matrix based methods by Tenzer et al. 
[37] are linear methods, and may not capture the nonlinear features of the specificity of the 
proteasome. Another prediction method called NetChop [38,39] has two important 
extensions: first, the prediction system is trained on multilayered artificial neural networks. 
This allows the method to incorporate higher order sequence correlations in the prediction 
scheme, making it potentially more powerful than both PAProC and the matrix based 
methods, which use a linear method to predict proteasome cleavage. Second, the method 
exists in two versions. One version is trained to predict proteasomal cleavage on in vitro 
digest data, similarly to the other previous methods, and the other is using naturally processed 
MHC class I ligands. The latter version should predict the combined specificity of both forms 
of proteasomes because some of trained ligands are generated by immunoproteasomes and 
some by the constitutive proteasome. Details on NetChop method are given elsewhere 
[38,39].  

In large scale benchmark calculations the predictive performance of the different 
methods are compared [37,39]. According to these tests, at the moment, NetChop and SMM 
methods provide most reliable predictions of proteasomal cleavage.  
 

Table 1. Cleavage characteristics of human constitutive proteasomes  
 

Position Positive effect on cleavage Negative effect on cleavage 
P1 Phenyalanine, Leucine, 

Tyrosine 
Proline, Glycine, Threonine, Asparagine, 
Lysine 

P2 Glutamine, Tyrosine, Valine Proline, Aspartic acid 
P3 Valine Glycine, Glutamine 
P4 Proline, Threonine Lysine, Aspartic acid 
P2’ Histidine Lysine, Serine, Arginine, Glutamic acid, 

Proline 
The position names are according to the nomenclature suggested by Berger and Schechter, 1970 [26]. 
The cleavage occurs between the P1 and the P1′ position. The residues on the N-terminal flanking 
region of the cleavage cite are called P1, P2, P3, P4, ..., while the C-terminal side is referred to as P1′, 
P2′, ...  

 
Besides providing useful predictions of the proteasomal cleavage, a prediction method 

can also help us in learning more about the biology of the proteasome. For example, sequence 
features used by a prediction method to discriminate possible cleavage sites from unlikely 
ones can be extracted. In an attempt to do this a very small neural network trained on the 
human constitutive proteasome data was analyzed. Cleavage and inhibiting amino acids 
found in this analysis are summarized in Table 1. In the P1 position large hydrophobic 
residues promote cleavage prediction by the network. Proline at P1 and P2 is strictly 
cleavage-inhibiting, whereas at P4 it is cleavage-promoting, as suggested earlier [40,41]. 
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Glycine seems to be cleavage-inhibiting when present at positions P1 and P3. The P2′ 
position may have as much influence as P2; charged residues at P2′ are cleavage-inhibiting. 
In the P1′ position both experimental results and theoretical studies suggest a preference for 
small, β-turn promoting amino acids for cleavage [27,35]; however, this could not be 
detected in the weight analysis. For rare amino acids like tryptophan and cysteine, it was not 
possible to draw any conclusions since these amino acids have a very low frequency in the 
data used. Interestingly, these characteristics are very similar to the ones suggested earlier for 
the yeast proteasome [35]. 

 
 

MODELS OF PROTEASOME KINETICS 
 
Although significant progress has been made in understanding substrate recognition and 

proteolysis by proteasomes (see above), very little is known about the intermediate steps of 
transportation into the proteolytic chamber of the proteasome. Few models have been 
proposed addressing the question of the kinetics of fragments during protein degradation. 
Many of them investigate the degradation of short fluorogenic peptides and do not consider 
the role of substrate length and of the gate functioning, as well as the effect of interaction 
with other residues present in the proteasome chamber [42-45]. These issues are very 
important in studying the role of proteasome in neurodegenerative diseases. To our 
knowledge only two theoretical models have addressed the effect of these quantities. 
Holzhuetter and colleagues suggested a linear kinetics model to investigate the effect of 
substrate orientation and length [34], where the transport rate within the 20S particle is an 
exponential function of the substrate length. This model showed that the degradation follows 
a C- to N- term rule. Recent data have however shown that degradation can proceed also in 
the N to C direction, as well as, endoproteolytic cleavages are possible therefore undermining 
the reliability of this model [46,47]. Moreover, the degradation process is described as a 
length dependent process: the longer substrates are degraded at a lower rate. A quantitative 
comparison between degradation of substrates by constitutive and immunoproteasome 
suggested that constitutive and immunoproteasome have the same cleavage specificities, but 
the immunoproteasome is able to cleave more efficiently the substrate molecules [34,42]. 
Recently, experimental data provided clear evidence that the gate functioning, and most 
importantly, the finite volume within the chamber can strongly affect the degradation kinetics 
[8,48,49]. These issues have been investigated by Luciani et al. [50]. This general model 
(referred to as L-model from now on) describes the degradation of proteins without a 
particular sequence. Influx, efflux and cleavage are the major processes included in this 
model and depending on the length of the fragment. The model is based on several 
assumptions that are summarized below (see also Table 2): (i) the protein enters into the 
proteasome with an influx rate a0 as a long string of amino acids; (ii) the influx is limited by 
the maximum number of amino acids that proteasome chamber has space for [5,46,51] and by 
the opening of the gate [8]; (iii) the amino acid composition of the protein does not influence 
the influx rate in the model; (iv) the cleavage can occur, with rate c , at both N- and C-
termini: the probability of the cleavage is modelled as a Gaussian function, where on average 
a cleavage would occur at every 3-4 amino acids; (v) the efflux of the fragments from the 
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proteasome is modelled as a declining function with the fragment length. Very short 
fragments leave the proteasome fast, and for intermediate length fragments (~25 amino acids) 
the efflux rate starts decreasing. Long fragments have a negligible rate of efflux, and thus 
they remain in the proteasome for further degradation. L-model obeys to Michaelis-Menten 
kinetics, as suggested by in vitro proteasomal degradation experiments [10,52-59]. Further 
details and mathematical computations are given in Luciani et al [50]. 
 

Table 2. Parameters of the Luciani model (L-model) 
 

Parameter Definition Description 

0a  
Influx rate Substrates are transported into the 20S with a given rate 

c  Cleavage rate Substrate are cleaved with a given rate c on average each 4 
amino acids. 

0e  
Max Efflux rate Fragments exit the proteasome with a length dependent 

mechanism. 
L  Substrate length Long fragments residue longer in the core particle. 
V  Volume 20S The proteasome 20S core particle can accommodate until 

1000 aa 
aa indicates aminoacids. 

 
 

MOSFOLDED PROTEINS AS KEY EFFECTORS IN 

NEURODEGENERATIVE DISEASES 
 
A broad array of human neurodegenerative diseases are characterized by the 

accumulation of extracellular and/or intracellular protein aggregates sharing strikingly similar 
histopathological features that may hold the key to their molecular pathogenesis [60,61]. This 
suggests an underlying role in the biophysical properties of protein stability, aggregation and 
degradation in the pathology of nervous system disease (Table 3) [62-64] (see also Chapter 
12). The pathological hallmark is the presence of insoluble intra- or extracellular inclusion 
bodies in affected regions of the brain. The major constituents of these inclusions are 
misfolded proteins. Their aggregation into proteinaceous inclusions is perhaps surprising 
given that there are cellular processes present designed to prevent such events. Moreover, 
what is also puzzling is the observation that these inclusions are found almost exclusively 
within certain subgroups of neurons in specific regions of the brain regardless of the 
widespread tissue distribution of the core proteins [65]: aggresome like structures in 
prionopathies [66,67], neurofibrillary tangles and plaques in Alzheimer disease (AD) and 
tauopathies, Lewy bodies in Parkinson disease (PD) and related synucleinopathies [68-70], 
cytoplasmic and nuclear inclusion bodies in polyglutamine (PoliQ) expansion diseases such 
as Huntington’s disease (HD) and spinocerebellar ataxia (SCA) [71-74]. Aggresome like 
structures that clumped protein aggregates surrounding nuclei, along dendrites and Ub-
immunoreactive nuclear inclusions are also formed after acute neurological lesions such as 
cerebral ischemia [75-79].  



Fabio Luciani, Morten Nielsen, Can Kesmir et al. 316 

The presence of insoluble proteinaceous deposits differ in their protein content but 
invariably contains components of the UPS [60]. Although the UPS involvement in the 
clearance of misfolded proteins is not completely known, it has led to the suggestion that a 
chronic imbalance between generation of misfolded proteins and processing may be the 
primary cause for the formation of protein deposits [61,80]. The classic causes for protein 
misfolding, which lead to a loss of function, are missense mutations, protein modifications or 
post-translational damage, or expansion of amino acid repeats as is observed in PolyQ 
disorders. 
 

Table 3. Neurological diseases caused by defects 
in protein folding, stability and aggregation 

 
Disease Aggregate type UPS components Location Characteristic pathology 

Plaques Ubiquitin 
Proteasome 

Extracellular Extracellular neuritic plaques  Alzheimer 
disease 

Tangles Ubiquitin 
Proteasome 

Cytoplasmic Neurofibrillary tangles of 
hyperphosphorylated tau 

Parkinson 
disease 

Lewy bodies Proteasome 
Ubiquitin Hsps 
E3–Parkin 
DUB– UCH-L1 

Cytoplasmic Intracellular Lewy bodies, 
Lewy neurites, fibrillar, α-
synuclein 

Multiple 
system atrophy 

Glial/ neuronal 
inclusions 

Ubiquitin Cytoplasmic Oligodendroglial inclusions 
immunostained with tau and 
ubiquitin 

Polyglutamine 
disease 

Inclusions Proteasome 
Ubiquitin 
Hsps 

Cytoplasmic Aggregates and fibrillar, 
huntingtin fragments 

   Nuclear neuronal inclusions 
Prion diseases Aggresome-like Ubiquitin 

Hsps 
Cytoplasmic Intracellular deposits, and 

occasional synaptic and 
axonal deposits 

   Extracellular Amyloid plaques 
Stroke Aggresome-like Ubiquitin 

Hsps 
Cytoplasmic/
nuclear 

Protein aggregates 
surrounding nuclei and along 
dendrites in postischemic 
neurons in the neuronal soma, 
dendrites, and axons. 
Ubiquinated proteins are 
associated with intracellular 
membranous structures in 
neuronal lysosomal vesicles 
and in late endosome-like 
organelles in the ischemic 
area 

DUB indicates deubiquitinating enzyme, UCH-L1, ubiquitin C-terminal hydrolases-L1, Hsp, heat shock 
protein. 
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These pathological hallmarks share certain biochemical features. First, they are 
characterized by the presence of aggregates of one major ‘core’ protein aberrantly 
polymerized or aggregated disease protein, either full-length protein or proteolytic fragments 
including cytoskeletal elements such as tau, tubulin-associated proteins and neurofilaments 
[81-84]. Second, they display amyloid-like properties, suggesting a similar fibrilar structure. 
Third, they harbour components of the UPS machinery: Ub chains, parkin, proteasome 
subunits [85-88], and heat shock protein (Hsp) chaperones such as Hsp70 and Hsp27 [89,90]. 
Finally, they often contain other proteins that, although not themselves intrinsically 
aggregation-prone, become recruited, concentrated, or trapped within the inclusions. The 
molecular forces driving their co-localization to inclusions and the potential role this plays in 
pathogenesis are still largely unknown. 

As protein misfolding poses a major threat to cell function and viability, molecular 
mechanisms must have evolved to prevent the accumulation of misfolded proteins and thus 
aggregate formation. Two protective strategies appear to be followed (see Chapter 12): (i) 
molecular chaperones are employed to stabilize nonnative protein conformations and to 
promote folding to the native state whenever possible [91]; (ii) misfolded proteins are 
removed by degradation, involving, for example, the UPS [65] or through basal autophagy 
[92-94]. Protein fate thus appears to be determined by a tight interplay of cellular protein-
folding and protein-degradation systems. 

Neurodegenerative diseases are typically manifested at an advanced age: it is suspected 
that the loss of efficiency in molecular and/or cellular clearance mechanisms increases with 
rising age, probably due to impaired antioxidative systems [95]. In this case, the UPS 
regulating the cellular breakdown of cellular misfolded proteins could play a role. These 
diseases are characterized by the accumulation of aberrant proteins either intracellularly or 
extracellularly in specific groups of cells that subsequently undergo death [96], although the 
precise association between protein accumulation and cell death remains incompletely 
understood with several differences between different disease processes. In some cases, 
misfolded protein accumulations may themselves be toxic or exert spatial constraints on cells 
that affect their ability to function normally. In other cases, the sequestering of proteins in 
aggregates may itself be a protective mechanism, and it is the overwhelming of pathways that 
consolidate aberrant proteins that is the toxic event. Taken together, the pathophysiology of 
neurodegenerative diseases provides a compelling demonstration of the importance of the 
regulated metabolism of misfolded proteins and provides direct evidence of the role of both 
molecular chaperones and the UPS in guarding against protein misfolding and its consequent 
toxicity [65,97,98] (see Chapter 19). 

 
 

PROTEIN AGGREGATION IN NEURODEGENERATION 
 
Recent studies suggest that up to 30% of all newly synthesized proteins never reach their 

native state [99]. As protein misfolding poses a major threat to cell function and viability, 
molecular mechanisms must have evolved to prevent the accumulation of misfolded proteins 
and thus aggregate formation. Accumulation of protein aggregates in cytoplasmatic inclusion 
bodies (IBs) is a nearly universal feature of sporadic and hereditary neurodegenerative 



Fabio Luciani, Morten Nielsen, Can Kesmir et al. 318 

disease [100] (Table 3). However, the cellular mechanisms by which these abnormal protein 
structures are linked to underlying cellular pathology have remained elusive. Although 
misfolded proteins are also considered to accumulate in neurons and glia as a result of 
physiological processes associated with ageing, protein overexpression and conformational 
rigidity has been shown to be particularly toxic to neurons under disease conditions. Many of 
the mutations that cause dominantly inherited neurodegenerative diseases have been 
demonstrated to dramatically increase the propensity of the mutant gene products to self-
associate into protein aggregates in vitro and in vivo [101,102], supporting the widely 
considered hypothesis that aggregation underlies the molecular pathogenesis of many 
neurodegenerative disorders [103]. Such mutations affect proteins, irrespective of their native 
function, and cause them to misfold. An example of this one is HD where the protein encoded 
by the huntingtin (Htt) gene contains a stretch of glutamine residues (or PolyQ repeat) subject 
to misreading and expansion. When the length of the PolyQ repeat in Htt reaches a critical 
threshold of approximately 35 residues, the protein becomes prone to misfolding and 
aggregation [73] and it probably obstructs the proteasomes as a partially degraded substrate, 
which could explain its deleterious effects on cellular function [104]. PolyQ proteins are 
incompletely degraded, even when directly targeted for proteasomal degradation, in vitro and 
in vivo [104]. The presence of the expanded PolyQ stretch associated with the proteasome 
could generate additional surfaces for molecular interaction with aggregation-prone proteins, 
thus promoting recruitment to the aggregates. Moreover, one would predict that kinetic 
trapping of PolyQ-containing proteins within the proteasome might interfere with 
degradation of other cellular substrates of the proteasome. 

In other diseases, protein misfolding occurs due to other mutations that induce 
misfolding and aggregation; for example, mutations in superoxide dismutase-1 lead to 
aggregation and neurotoxicity in amyotrophic lateral sclerosis [105-107]. Other mutations 
that result in neurodegenerative diseases are instructive in that they directly implicate the 
UPS in the pathogenesis of these diseases. For example, mutations in the gene encoding the 
protein parkin are associated with juvenile-onset PD [108; and Chapter 31]. Parkin is a RING 
finger-containing Ub ligase, and mutations in this Ub ligase cause accumulation of target 
proteins that ultimately result in the neurotoxicity and motor dysfunction associated with PD 
[108]. Repressor screens of neurodegeneration phenotypes in animal models have also linked 
the molecular chaperone machinery to neurodegeneration [65,97,98]. 

In cells, aggregated proteins are gathered into IB that often harbor components of the 
protein surveillance machinery: Ub chains, proteasome subunits, Hsp chaperones, and other 
proteins that, although not themselves intrinsically aggregation-prone, become recruited, 
concentrated, or trapped within the inclusions such as intermediate filaments, protein kinases, 
and transcription factors [96,103]. Misfolded and aggregated peptides appear to owe their 
toxicity to protein regions that become exposed on their surfaces while being buried in the 
interior of correctly folded native state structures. Surface exposure of large hydrophobic 
groups favors interactions of misfolded proteins with cell membranes with a subsequent loss 
of the regulation of intracellular ion balance and redox status [69,109,110]. 

Other proposed deleterious effects of misfolded proteins also include the pathological 
interplay with intracellular substrates [86], leading to the generation of reactive oxygen 
species with subsequent oxidative stress and cellular demise through classical apoptotic 
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pathways transcriptional dysregulation [111], disruption of microtubule-dependent axonal 
transport [112], perturbation of membrane permeability [113], and impaired function of the 
UPS [114,115].  

The UPS protects cells against the potentially toxic effects of protein aggregation by 
recognizing and selectively degrading misfolded and damaged proteins. Many studies have 
shown that proteasome inhibition, pharmacologically or genetically induced, increases 
aggregation or inclusion formation in cells and invertebrate models [73,115-123]. If during 
the course of disease the UPS becomes compromised for any reason, this would further 
reduce the global rate of protein degradation and foster a cellular environment that 
increasingly favors aggregation and inclusion formation. Because a build-up of aggregated 
protein in the cell may itself directly compromise the UPS [114], a vicious cycle of protein 
aggregation and proteasomal perturbation might ensue. In addition, at least some disease 
proteins appear to be degraded less efficiently than their normal counterparts — a property 
that also should increase their steady-state levels and favor aggregation [115,124-126]. An 
inducible mouse model of HD shows that inclusions may be cleared by the UPS once the Htt 
transgene was repressed [127], however usually aggregation is irreversible and proteasomes 
do not have access to the proteins embedded in IBs. In that case, autophagy provides the 
mechanism of clearance of aggregated proteins as first shown by Wójcik et al. [128] and 
recently confirmed in several models of neurodegenerative disorders [129]. The significance 
of this latter role is underscored by the discovery that loss-of-function mutations in genes 
encoding UPS components can cause neurodegenerative diseases in humans [130] and 
rodents [131,132] and enhance the cytotoxicity of aggregation-prone proteins linked to 
dominantly inherited neurodegenerative diseases [125,133].  

This strongly implicates the UPS in these disease-associated inclusions, either due to 
malfunction (of specific UPS components) or overload of the system (due to aggregation of 
unfolded/mutant proteins), resulting in subsequent cellular toxicity. Although defective UPS 
function is a robust and reproducible response to protein aggregation, the mechanism by 
which protein aggregation is linked to UPS impairment remains an open and compelling 
question. Inclusion formation is also, at least in part, a cellular response that serves to 
concentrate misfolded proteins and perhaps facilitate their degradation — in other words, a 
cell-driven process. The best example is the aggresome: an inclusion body described in many 
cell models that overexpress mutant proteins [96,120,134,135]. Aggresomes are cytoplasmic 
deposits of aggregated protein that form in a microtubule-dependent manner and localize to 
the microtubule organizing center. Aggresomes arise when the rate of abnormal protein 
production exceeds the cell’s capacity to handle it, including when the proteasome is 
compromised [96,120,134,135]. An unresolved issue is whether the cytoplasmic inclusions 
seen in human diseases — such as Lewy bodies, glial cytoplasmic inclusions and perinuclear 
PolyQ inclusions — are in fact aggresomes. 

 
 

MODELS OF PROTESOME DYSFUNCTION 
 
The demonstration that components of the UPS often are involved in neurodegeneration 

prompted to examine whether a general impairment of the proteolytic machinery may 
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contribute to the pathology. There is no doubt that proteasome inhibition enhances 
aggregation of mutant proteins in cells. However, it is less clear whether aggregates directly 
inhibit proteolytic activities of the proteasome in the disease state. The observation of severe 
UPS impairment in compartments lacking detectable aggregates or aggregation-prone 
protein, together with the lack of interference of protein aggregates on 26S proteasome 
function in vitro, suggests that UPS impairment is unlikely to be a consequence of direct 
clogging or choking of proteasomes by protein aggregates. The UPS controls the stability of 
most nuclear and cytoplasmic proteins and is therefore essential for virtually all aspects of 
cellular function. The UPS is impaired in the presence of aggregated proteins that become 
deposited into cytoplasmic IBs. However, production of protein aggregates specifically 
targeted to either the nucleus or cytosol leads to global impairment of UPS function in both 
cellular compartments and is independent of sequestration of aggregates into IBs. These data 
suggest a common proteotoxic mechanism for nuclear and cytoplasmic protein aggregates in 
the pathogenesis of neurodegenerative disease. Two possible models could account for the 
impairment of UPS function by protein aggregation and therefore explain the accumulation of 
misfolded ubiquinated substrates in neurodegenerative diseases (Figure 2). In Figure 2 the 
two kinetic schemes explaining the two possible models for the UPS impairing are shown. 
The first picture (Figure 2, Panel A) depicts the accumulation of proteasome substrate as the 
result of a filling up of the internal proteasome chamber due to slow degradation. The 
aggregated or aggregation-prone proteins directly inhibit or ‘choke’ the 26S proteasome—a 
situation that might result from their engagement by degradation-resistant [104,136] or hard-
to-unfold proteins: a reduced cleavage strength towards specific amino acid sequences keep 
the proteasome sequestrated with undegraded substrate and intermediate long fragments. A 
consequence of this dynamics is an impaired influx rate and a slower degradation process. 
Since proteasomal proteolysis is highly processive [137], aggregates could be the inhibitors 
of proteasomal degradation, as they are undegradable and slowly released. This ‘proteasome 
choking’ model predicts that in cells exhibiting near complete loss of UPS function, a 
substantial fraction of total cellular proteasomes should be associated with protein 
aggregates. Thus, aggregates could simply sequester proteasomes away from cellular sites 
where they are required, as suggested from the observation of proteasome subunits in IBs in 
brains from human [138] and animal models [80] of neurodegenerative disease. Recent 
studies suggest that even short, non-pathogenic (Q19) PolyQ tracts are inefficiently degraded 
[104] or completely indigestible [136] by proteasomes in vitro and in vivo, despite the 
presence of endogenous ubiquitylation. Kopito and co-workers observed failed UPS activity 
as suggested by increasing in GFP fluorescence when mutant proteins became aggregated in 
the cell [114] Similar results have been observed in cellular models of PD [122,123,139,140], 
prion diseases [120,141,142], and PolyQ diseases [114,115,117]. 
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Figure 2. Mechanisms of proteasome block: simple sketch of impaired 26S proteasome degradation of 
ubiquitinated substrate. Two possible scenarios are conjectured. Panel A. Inhibition of the 26S 
proteasome activity due to filling up with substrates and intermediates that have a reduced number of 
cleavage sites. Substrates are ubiquitinated and transported into the proteasome core via the binding 
with the 19S particle. Substrates are then cleaved by the proteasome according to the cleavage 
specificities. These are defined by the interaction between the amino acid sequence and the proteasome 
catalytic sites. PolyQ repeats strongly impair the cleavage activity with a concomitant reduction of the 
degradation rate. The internal volume will be progressively filled with long intermediates, which have a 
low efflux rate and undegraded substrate. Opening the gate favors the efflux of intermediate substrates, 
which then exit in a length dependent manner. Therefore, long intermediates have a low efflux rate. 
According to the model, the filling of the proteasome stops the influx of new substrate molecules, 
causing an accumulation of substrate outside the proteasome. Panel B: Inhibition of 26S proteasome 
activity due to impaired transport of substrates caused by amino acid sequence changes on the substrate 
that effect 19S binding. The interaction between substrate and proteasome regulating the influx of 
substrate is largely unknown. Energetic barrier between the amino acid sequence constituting the 
substrate and the structure of the 19S can be hypothesized. Here, for simplicity we depict an impaired 
transport of substrate. A limited influx of substrates results in an accumulation of non-degraded proteins 
outside the proteasome.  

These findings of proteasome inhibition have, so far, been observed in cell-culture 
models where the mutant protein is overexpressed. Whether this accurately mirrors the in 
vivo state, where expression levels of mutant protein are lower and the pathophysiological 
insult occurs over years rather than days, is unknown. Indeed, despite the existence of many 
mouse models with intraneuronal inclusions, no one has yet reported inhibition of proteasome 
activity by inclusions in vivo. There is even some negative evidence in animal models 
suggesting that the proteasome is not significantly impaired by inclusions [143]. Further 
studies of proteasome function in animal models, including inducible models, are required to 
answer whether direct compromise of proteasomal activity plays any role in pathogenesis. 

A second model, not mutually exclusive with the first, is that protein aggregates 
indirectly interfere with UPS function by sequestering or directly clogging proteasomes. It is 
possible that they could impair UPS function by influencing the proteasome activity or 
distribution of UPS modulators, inactivating or depleting a UPS activator (Figure, 2 Panel B), 
where aggregation would result due low influx of substrate into the 20S core particle. 
Proteasome substrates with a low affinity binding to 19S sites, which is responsible for the 
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influx and unfolding mechanisms have a strongly reduced transportation rates. Several 
indirect experimental studies suggest this point of view: (i) molecular misreading of a Ub 
gene leads to accumulation of an aberrant, frame-shifted Ub, (UBB+1) [144]. UBB+1 

accumulates in degenerating neurons of tauopathies, such as AD, progressive supranuclear 
palsy and Pick’s disease, and of PolyQ diseases (see Chapter 28). UBB+1 is the result of a GU 
dinucleotide deletion adjacent to the first GAGAG repeat in UBB mRNA. The frame shifted 
protein can be ubiquitinated at lysine 29 and 48. UBB+1 has lost its carboxy-terminal G and 
therefore the ability to form isopeptide bonds with lysine residues in target molecules. 
Ubiquitinated UBB+1 (Ub–UBB+1) is normally degraded by the UPS. However, a decrease in 
the activity of the proteasome results in accumulation of Ub–UBB+1 and, subsequently, a 
further inhibition of the proteasome. Strong proteasome inhibition induces apoptosis in 
neuronal cells. In short, UBB+1 is unable to ubiquitinate, is a target for the UPS and can 
inhibit the proteasome [145]. Furthermore, under oxidative stress, 26S proteasome tend to be 
partially unstable, while 20S increases its stability and amount in cells allowing it to degrade 
partially unfolded proteins without ubiquitination [146]. (ii) Proteins containing expanded 
PolyQ have been shown to interact with and inactivate PolyQ-containing transcription factors 
[147,148]; recent studies have suggested that this interaction can occur with an early, 
oligomeric form of PolyQ repeat and may depend more on the PolyQ conformation than on 
its aggregation state [149]. Smaller intermediate forms of protein aggregates are more toxic to 
cells than fibrillar forms [109,150]. Consistent with this, it has been argued that the formation 
of higher order aggregates and their subsequent coalescence into IBs may be cytoprotective 
[151,152]. Most disease-linked aggregated proteins accumulate in IBs that are 
characteristically restricted to either the nucleus or cytoplasm, and the effective toxicity 
associated with the presence of these IBs appears to be strongly influenced by the cellular 
compartment in which the aggregates accumulate [153,154]. Finally, it should be noted that 
nonnative pathogenic conformers of polyQ proteins could interact with and activate UPS 
inhibitors. For example, the presence of nonnative undegraded protein aggregates could 
initiate caspase activation; one recent study reported that caspase activation results in 
irreversible inhibition of proteasomes via cleavage of 19S regulatory particle subunits S5a, 
S6’, and S1 [155] (see Chapter 21). It is important to recognize that perturbations of the UPS 
could be subtle and still compromise neurons by rendering them more susceptible to other 
cellular stresses. This was evident in a cell model in which expanded PolyQ protein caused a 
decrease in proteasome activity only when the cells were treated with heat shock [156]. 

 
 

MODELS OF PROTESOME KINETICS IN  
NEURODEGENERATIVE DISORDERS 

 
Mathematical models of proteasome degradation provide a qualitative and quantitative 

analysis of the mechanism underlying the degradation process. Hypothesis suggested by 
experimental data can be tested and quantitative predictions can be achieved. In this chapter 
two possible scenarios explaining protein agglomerates have been proposed. A quantitative 
and complete mathematical analysis to test such scenarios requires very detailed modeling of 
the mechanisms behind the interactions between proteasome subunits and substrate 
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molecules. For instance, modeling the ATP-dependent activity of the 19S base and the 
mechanical transport of substrate molecules within the 20S core are suggestive and intriguing 
phenomena that can help the understanding of UPS blockage and the impaired activity 
observed in neurodegenerative associated protein degradation. Unfortunately to date, no such 
model has been proposed, the main reason being the very little information about these 
mechanisms, although experimental works in this field is constantly growing [157,158]. 

The L-model [50] offers a simple and appropriate mathematical design to test the two 
suggested hypothesis. Proteasome inhibition can be observed with a block of the catalytic 
subunits by specific molecules that prevent the cleavage activity (for a review see Chapters 
40). Nevertheless, the L-model shows that proteasome inhibition can be also achieved with 
impairment of the kinetics mechanisms underlying the degradation process. These 
mechanisms are not mutually exclusive, and can concertedly induce severe blockage of the 
proteasome activity.  

To test the first scenario explained previously and in Figure 2A, the degradation of an 
extended PolyQ substrate is considered. The most important determinant of the degradation 
kinetics of a given protein by 26S is its ubiquitination, however once ubiquitinated, the 
number of predicted cleavage sites within a protein can be used as a measure of resistance to 
degradation. NetChop method predicts that a Poly-A or PolyQ tract will be almost fully 
resistant to cleavage by the proteasome (results not shown, but can easily be obtained from 
NetChop server at www.cbs.dtu.dk/services/NetChop). 

After a preliminary phase in which the model proteasome fills up, a quasi steady state is 
reached, where few substrates may be simultaneously present within the proteasome 
chamber, and fragments of different length are released to the outside. Recently, by electron 
microscopy and tandem mass spectrometry it has been shown that the proteasome can store 
up to three GFP and two Cyt-C molecules simultaneously. Some of these molecules reside in 
a partially folded state within the antechambers of the 20S proteasome [48]. The degradation 
rate in the model is a function of the cleavage rate, c, the efflux rate, e0, and finally of the 
influx rate, a0. In a simplified toy model it is possible to analytically express the steady state 
degradation rate in terms of the influx efflux and cleavage rate parameters (See Luciani et al. 
[50] for more details) 
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where S is the substrate concentration, L is the substrate length and v is the fraction of 
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which is approached for very high substrate concentrations. These parameters regulate the 
fraction of proteasome volume filled and the number of fragments that are unleashed by the 
proteasome at any given time.  
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If the substrate is transported into the proteasome at a given rate a0, this rate is limited by 
the filling of the internal chambers with substrates and fragments produced, which are not yet 
removed. Figure 3 shows the fraction of proteasome core particle filled at a given time during 
the degradation of a 100 amino acid long substrate. The fraction of volume filled increases 
with the increase of the influx rate, and decreases with the increase of the cleavage rate c. 
Furthermore, the filling of the proteasome influences the degradation rate. The number of 
substrate molecules degraded per unit time should intuitively increase with increasing 
cleavage rate, c. The degradation rate is increased if the cleavage rate increases as well as 
predicted by the model (Figure 3, Panel B, and Equation 1). However, the model shows an 
additional complex kinetic. If the influx rate is very low, the proteasome is filled less than 
70% (Figure 3, Panel A). In this parameter regime the increase of the cleavage rate does not 
influence the degradation rate, which remains constant around 0.1 substrate molecules per 
unit time. The amount of substrates degraded is determined by the influx rate a0 and the 
substrate concentration outside. Figure 3 clearly shows that for low values of the influx rate 
the degradation is fairly independent on the cleavage rate c. Interestingly, increasing the 
influx rate does not necessarily means that the degradation rate increases. For limited 
cleavage rate (see Figure 3, Panel B), the number of substrate molecules degraded decreases 
with the increasing influx rate. The reason for this more complex behavior is probably the 
internal dynamics of undegraded substrates and intermediate long fragments. If the influx and 
cleavage rate of substrate is very low, the proteasome is almost empty and the substrates 
entering the proteasome are immediately degraded and fragments are ejected. Increasing the 
influx of substrate, for instance increasing the concentration of ubiquitinated substrate outside 
the core particle, the proteasome fills up much faster and if the cleavage activity is reduced 
(e.g. due to PolyQ repeats) many long intermediate fragments will be generated. The result is 
an almost full proteasome, and a low number of substrate molecules entering the proteasome 
chamber. A quasi steady state regime will be reached where proteasomes filled with long 
intermediate fragments strongly impair the degradation. This unexpected result might be 
experimentally explored: experiments with different substrate concentrations in a low 
cleavage regime could prove this theoretical expectation.  

The L-model can also be used for the investigation of the second scenario (see above, 
and Figure 2, Panel B) that considers a substrate with a limited influx such as the UBB+1, 
which is a target of proteasome degradation [144]. At low substrate concentration the 
proteasome degrades the UBB+1 and these molecules are removed from the cell. At high 
concentrations of UBB+1 in the system, the proteasome activity is blocked, and an 
accumulation of ubiquitinated UBB+1 molecules is observed [159]. The strong reduction of 
proteasome activity at high concentration can be explained by a weakened or impaired 
transport of UBB+1 within the proteasome particle, which can eventually reduce the gate 
opening effect. In our model an impaired influx can result in a low number of substrate 
molecules degraded per time unit (see Figure 3).  
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B  

Figure 3. Simulations of proteasome degradation with a Substrate of L=100 amino acids and 
substrate/proteasome ratio of 100. A: Fraction of the proteasome core particle (20S) filled vs. the 
cleavage rate c. Each curve represents a different value of the influx rate a0 (See also Table 2). The 
fraction of volume filled with substrate and intermediate fragments is a function of both the cleavage 
and the influx rate. Increasing the influx rate results in a higher fraction of volume filled. On the other 
hand, increasing the cleavage rate, for instance if the substrate contains a region having high density of 
cleavage sites, decrease the filling up of the internal volume. B: Degradation rate as a function of the 
cleavage rate c. Each curve represents a simulation for a different influx rate a0. The number of 
substrate molecules degraded per unit time is influenced by the cleavage rate c and the influx rate. 
Obviously, the degradation rate increases with the increasing cleavage rate c. However, when both the 
cleavage and the influx rate are very small, the behavior is non-intuitive: the degradation rate decreases 
with the increase of the influx rate a0. In this condition the volume is filled less than 60-70% (see A 
panel). Increasing the influx rate fills up the proteasome very fast augmenting the sequestration time of 
proteasomes by undegraded and partially processed fragments. Therefore, high influx and low cleavage 
rate result with impaired degradation kinetics. 
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As already pointed out, the internal dynamics of the proteasome chamber influences the 
degradation process, and for low cleavage rate the degradation process is of a non-trivial 
fashion. The net degradation rate is dependent on the internal kinetics as well as the gate 
opening mechanism.  

 
 

MODEL RESULTS 
 
Recent experimental data support the first scenario, i.e. an impaired UPS caused by the 

filling of the proteasome chamber by non degraded substrates. For instance, Homberg et al. 
[104] reported kinetically trapped PolyQ-containing substrates within the proteasome. 
Venkatraman et al. [136] showed that purified proteasomes in an open gate conformation 
were unable to cleave long substrates containing long glutamine repeats. These last results 
clearly evidence the fact that substrates may enter into the proteasome particle but then are 
poorly processed by the catalytic sites. Also proteasome cleavage prediction programs (e.g., 
NetChop, see results given in Table 4) suggest that PolyQ, polyG and polyA tracks to be 
resistant to the proteasomal cleavage.  
 

Table 4. Predicted cleavages sites on start of huntingtin (Htt) protein by Net Chop 
(www.cbs.dtu.dk/servers/NetChop) 

 

 Htt(Positions 1-80)  
MATLEKLMKAFESLKSFQQQQQQQQQQQQQQQQQQQQQQQPPPPPPPPPPPQLPQPPPQAQPLLPQPQPPPPPPPPPPGP

 
SS.SS..SS.S..S..S.SS................................S......SS...................  

An S indicates a predicted cleavage sites, and “.” denotes sites that are unlikely to be cleaved, ie. these 
sites generate regions that are resistant to proteasomal cleavage. 

 
Many aggregation prone proteins, such as modified Htt proteins or PolyG repeats, are 

characterised by an elongated version of the native protein. According to the L-model the 
transport of elongated molecules may require a longer time, and thus, these sequences reside 
longer in the core particle. Such a condition would lower the degradation rate further, and 
therefore, can contribute to protein accumulation and UPS sequestration (in fact polyG 
sequence greater than 35 amino acids unfold and are degraded by the proteasome at a very 
low rate [136]). 

Regarding the second scenario, it has been shown that stabilizing or destabilizing a 
folded domain within substrate proteins by altering the amino acid sequence, for example 
introducing a sequence containing only G and A residues, impairs proteasome activity due to 
an high energy requirement in the translocation of this substrate from the ATP ring of the 19S 
into the 20S [160].  

A major prediction of this model is the regulation of the degradation rate by the gate 
opening mechanism. The number of substrate molecules degraded per time unit increases 
when the proteasome gate is open. Evidence for such behaviour can be found in vitro and in 
vivo degradation with archeal 20S proteasome and the α3N mutant eukaryotic proteasome, 
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which are characterized by an open gate channel [8,158]. The archeal proteasome degrades 
PolyQ repeats in vivo and in vitro. This proteasome is characterized by an open gate 
conformation, and by the presence of 14 identical catalytic subunits [161]. According to the 
L-model, such a proteasome is kinetically equivalent to the model condition in which 
substrates are degraded at a high rate because of high cleavage rate c and high efflux rate, e0. 
Eukaryotic proteasomes, which are characterized by only six (three pairs of different 
specificity) catalytic subunits and often by a regulated gate with 19S or PA28 caps, may have 
a reduced degradation activity compared to the archeal forms. 

The accumulation of undegraded substrate in proximity of the UPS can be explained 
according to our kinetics model in which the degradation rate is influenced by the filling up 
of the proteolytic chamber within the 20S particle. A non-trivial scenario arises from the L-
model of proteasome degradation. The degradation rate can be substantially reduced with the 
increase of the influx of substrate within the proteasome. This unexpected result is a direct 
consequence of the filling of the proteasome, which is strongly dependent on both the influx 
and the efflux of substrates and intermediate fragments. In a scenario where cleavage is rate 
limiting, such as PolyQ rich substrates, this result should be experimentally investigated. 

In vitro experiments show that the rate of substrate transport and degradation is a length 
dependent process [10,50,162]. This can be tested also for PolyQ substrates, for example by 
monitoring fluorescence signals with different length of GFP-PolyQ reporters. Such 
experiments show conflicting results. Jana et al. found that the degradation rate is inversely 
related to the PolyQ length, i.e., if PolyQ stretch is longer, the degradation rate is slower 
[115]. On the other hand, Verhoef et al. found only a slight dependence of the degradation 
rate on the PolyQ length, and a fast degradation rate for substrates carrying an N-end rule 
degradation signal [163]. These conflicting results arise because these experiments do not 
address specifically the transport into the proteasome, but they monitor the complete process 
of protein agglomeration and proteasome sequestration and degradation.  

It has been shown that the accumulation of aggregation prone substrates such as Htt, 
UBB+1, and polyQ rich sequences, depends on the substrate length [163-166]. Aggregated 
substrates might not enter completely the proteasome causing impairment in the transport 
mechanism within the core particle. Models describing the biophysical length dependent 
mechanism of polyQ agglomeration have been also proposed [167,168], but a clear 
description of the process remains largely unknown.  

The kinetics model and the prediction algorithms described in this chapter allow the 
prediction of the specificity of the proteasomal cleavage and its kinetics. So, leaving the 
agglomeration process out of the picture for a moment, proteasomal cleavage prediction 
algorithms (e.g., NetChop) suggest that PolyQ degradation is not length dependent because 
five or more repeating glutamine residues produce a cleavage resistant region. However, 
combined with the proteasomal kinetics, i.e. the L-model, we predict that longer PolyQ 
sequences should be degraded slowly, because longer PolyQ sequences fill up the proteasome 
much faster and thus can easily block degradation. Other substrate length-dependent 
mechanisms might affect the UPS activity. For example, the lysine number at the 
ubiquitination site is known to affect the sequestration rate of UPS [169]. This is yet another 
issue that we cannot address using our model, because our model is a simple description of 
the transport mechanism within the proteasome. More experimental work is needed to 
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identify the explicit mechanisms underlying the interaction between 19S subunits and 
ubiquitinated substrates. Recent experiments [170] with post-translational modified Htt 
filaments extracted from IBs cause impairment of 26S but not of 20S proteasome 
degradation. Moreover, these mutant Htt filaments cause proteasome impairment only when 
extracted from IB. IBs do not modify degradation rates in both 20S and 26S proteasome 
systems. These data support the hypothesis that the interaction between 19S and modified 
substrates is a major limiting factor in the degradation of some neurodegenerative-associated 
substrates. According to the L-model these data might be well explained by a more ‘close-
gate configuration’ of the 26S with respect to the 20S proteasome as expected by a decreased 
Vmax in 26S activity [170] (see for more details [50]).  

In vitro experiments quantifying the intermediate products generated by proteasomal 
degradation could help to understand the specific mechanisms underlying the transport of 
aggregation prone substrate, and help to rule out many hypotheses, clarifying the future 
experimental directions. This information can allow us to discriminate between the effect of 
cleavage rate, transport rate, and agglomeration on the degradation of proteins playing a role 
in neurodegenerative diseases.  

 
 

CONCLUSIONS AND FUTURE PERSPECTIVES 
 
In this chapter, some published models for the kinetics of proteasome degradation and for 

the prediction of fragments generated are reviewed. In particular the model proposed by 
Luciani is discussed, and its applications in the context of neurodegenerative diseases are 
proposed. Cleavage prediction models provide a likelihood of the cleavage sites within a 
specific substrate, although they lack a precise and quantitative description of the kinetics of 
degradation. On the other hand, kinetics models provide a quantitative and qualitative study 
of the kinetics of the degradation despite the lack of a detailed description of the specificity 
of the cleavage mechanism. To understand better the complex behavior of the proteasome 
models integrating both aspects (specificity and kinetics) are required. Such models will be 
more conclusive in studying the effect of the proteasome in pathological cases. 

Here, using a kinetics model, we proposed at least two possible scenarios to explain 
proteasome dysfunction in neurodegenerative diseases. In the first scenario, the reduced 
substrate degradation is explained by a reduced catalytic activity towards the substrate 
molecule, and by the filling of the proteolytic chamber as demonstrated by this model. The 
second scenario explains the accumulation of the substrate by a very low transport to the 
cavity of the 20S, mostly because of an impaired interaction between the ubiquitinated 
substrate and the 19S cap. In summary we have demonstrated that the accumulation of a 
ubiquitinated substrate can be explained without an inhibition of proteasome, because the 
interaction between specific substrates and the proteasome structure can also slow down the 
degradation rate of proteasomes.  
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Predictions with mathematical models can be tested by manipulating the activity of the 
proteasome in vivo. This is a challenging task but will undoubtedly provide more insight into 
the pathogenesis of neurodegenerative diseases and in new therapeutic options. Currently, a 
more complex and realistic model is being investigated. A sequence specific cleavage 
mechanism has been introduced in the L-model. The cleavage specificities predicted by 
software, such as NetChop, are embedded in the kinetic model as rate of cleavage per site. As 
a result, cleavage kinetics is strongly related to the particular substrate considered. The 
degradation rate is a function of the substrate specificities and of the gate functioning. 
Preliminary results of this extended model show that a reduced cleavage activity, such as a 
PolyQ repeat substrates, strongly reduces the degradation rate. This new model seems to 
support the predicted scenario that a reduced cleavage rate into the proteolytic chamber 
results in an impaired degradation rate.  

A more detailed model describing the interaction between 19S subunit and substrate 
would be useful to address more difficult issue, e.g., quantification of the impairment of the 
UPS system when the ubiquitination is defective or when substrate-19S interaction is of low 
affinity. Moreover, such a model might be useful for a more quantitative and qualitative 
description of the transport of long substrates characterized by repetitive mutant amino acid 
sequences causing a block in the transport mechanism. One candidate is the modified ratchet-
kinetic model, which describes the function of the ATPase ring of the 19S. This ring provides 
the energy to attach to the substrate and pull it inside, resulting in a net force towards the 
proteasome core particle [160]. A ratchet is a mechanical device that restricts movement in 
one direction and allows movement in the opposite direction. Currently a quantitative 
description of the proteasome transportation mechanism is unavailable and further studies are 
required to elucidate the correlation between the transportation rate of substrates and the 
degradation rate (see Chapter 8). 

Therapeutic application of these future results can be envisaged. For instance, the 
deficiency of ATP as major cause of deficient transport for elongated and/or modified 
molecules can be tested quantitatively. Providing an ATP source to this impaired UPS could 
result in a reduction of substrate accumulation, and a potential therapeutic option in the 
treatment of neurodegenerative disease. 
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ABSTRACT 
 

The brain is a very complex structure. The complexity of the brain is necessary for it 
to carry out its varied functions, such as receiving and processing stimuli, learning and 
memory, effecting motor output, is critical to the survival of the organism. Gaining a 
complete understanding of the structure and function of the brain requires an 
understanding of its embryonic development. Many billions of neurons must differentiate 
into neurons and subsequently be wired up correctly and form functional synapses. These 
processes occur during neural development, which has a number of distinct stages: 
neurogenesis, axon guidance, arborisation and synaptogenesis that are multifaceted and 
tightly regulated. One mechanism for the regulation of intricate cellular processes, such 
as the cell cycle, synaptic plasticity and neural development, is through the control of 
protein levels via their synthesis and or degradation. The ubiquitin-proteasome system 
(UPS) is able to regulate protein levels by targeting specific proteins for proteasome-
mediated proteolysis or for their endocytosis and subsequent lysosomal-mediated 
proteolysis. Evidence is now accumulating that these mechanisms are critical for the 
correct development of the nervous system during its distinct stages. A number of E3 
ubiquitin ligases such as Neuralized, ligand of num-protein X, Sel-10 and mind bomb 
have been identified as being required for regulating lateral inhibition and neurogenesis 
via the ubiquitin-mediated internalisation of the Notch and Delta transmembrane proteins 
critical for the differentiation of neurons. Genetic screens in Drosophila have identified 
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components of the UPS such as bendless, a ubiquitin-conjugating enzyme (E2), non-stop, 
a ubiquitin-specific protease and ariadne-1 which interacts with a novel ubiquitin-
conjugating enzyme in the navigation of axons to their targets. Recently the UPS has 
been identified as mediating the chemotropic responses of Xenopus retinal growth cones 
to specific guidance cues such as netrin-1 and brain-derived neurotrophic factor, since 
proteasome inhibition blocks chemotropic responses to these cues and leads to increases 
in ubiquitin-protein complexes in growth cones. The UPS is also able to regulate axon 
guidance at the level of guidance cue receptors at the cell surface which may enable a 
growth cone to change its responsiveness to particular cues during it journey. For 
example, as growth cones cross the Drosophila midline the internalisation of the 
guidance cue receptor, roundabout, is controlled by commissureless interacting with 
DNedd4, an E3 ubiquitin ligase, resulting in the removal of Robo from the growth cone 
surface. Once they have reached their targets growth cones undergo morphological 
changes such as branch formation during arborisation and subsequently synaptogenesis. 
Recent studies suggest that the UPS is involved in branch retraction in mushroom body 
neurons during metamorphosis. Moreover, two E3 ligases, highwire, and the anaphase 
promoting complex (APC), a de-ubiquitinating enzyme fat facets, regulate 
synaptogenesis via a balance of ubiquitination and de-ubiquitination at the 
neuromuscular junction in Drosophila. These studies establish a fundamental role for the 
UPS in regulating the development of the nervous system via both ubiquitin-mediaded 
endocytosis and ubiquitin-mediated proteolysis. 
 

Keywords: Axons, Growth and development, Growth cones, Proteasome, endopeptidase 
complex, Synapses, Ubiquitins. 
 
 

ABBREVIATIONS 
 
Aei, After eight; APC, Anaphase promoting complex; Ari-1, Ariane; BDNF, Brain 

derived neurotrophic factor, Ben, Bendless; bHLH, Basic helix-loop-helix; BMP, Bone 
morphogenetic protein; Comm, Commissureless; CSL, CBF1, Su(H), Lag-1; DCC, Deleted 
in colorectal carcinoma; Des, Deadly seven; CBF1, C promoter binding factor DLK-1 (DAP 
(Death Associated Protein kinase) Like Kinase; DUB, Deubiquitinating enzyme; Dx, Deltex; 
E1, Ubiquitin activating enzyme; E2, ubiquitin-conjugating enzyme; E3, Ubiquitin ligase; 
Eno, Ectopic neurite outgrowth; Eph, Erythropoietin producing hepatocellular; Faf, Fat 
facets, Fraz, Frazzled; Gbb, Glass bottomed boat; Gmc, Ganglion mother cell; HECT, 
Homologous to E6-Associated Protein (E6AP) C-Terminus; Hiw, Highwire; IAP, Inhibitor of 
apoptosis proteins; Lac, Lactacystin; Lag1, lin-12- and glp-1; LnLL, N-Acetyl-Leu-Leu-
NorLeu-Al; LNX, Ligand of numb-protein X; LPA L-α-lysophosphatidic acid; Lqf, Liquid 
facets; MAPK, Mitogen activated protein kinase; MB, Mushroom body; Mib, Mind bomb; 
Med, Medea; Nedd4, Neuronally expressed developmentally down regulated gene 4; Neur, 
Neuralized; NHR, Neuralized homology repeat; NMJ, Neuromuscular junction; PAM, 
Protein associated with myc; PHR-1 PAM, highwire and rpm-1; PIC, Protease inhibitor 
cocktail; PNS, Peripheral nervous system; RBP-JK, Recombination signal sequence binding 
protein for Jk genes; RING, Really interesting new gene; Robo, Roundabout; SCF, Skp1 
Cullin, F-Box protein; Sema1a, Semaphorin 1a; Sema3A, Semaphorin 3A; SFRP1, Secreted 
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Frizzled-related protein 1; SMAD, Small mothers against decapentaplegic; Smurf1, Smad 
ubiquitin regulatory factor 1; Su(dx), Suppressor of deltex; Su(H), Suppressor of hairless; 
TGF-α, Transforming growth factor α; Ubc, Ubiquitin-conjugating enzyme; UBP, Ubiquitin-
specific protease; UPS, Ubiquitin-proteasome system; Wit, Wishful thinking; Wlds, 
Wallerian degeneration slow; WWE, Tryptophan- tryptophan-glutamate. 

 
 

INTRODUCTION 
 
The ubiquitin-proteasome system (UPS) came to light from studies on intracellular 

proteolysis requiring metabolic energy and was subsequently shown to be the major pathway 
of protein degradation in eukaryotic cells [1,2]. Since the importance of the UPS was 
identified almost twenty five years ago many key details regarding the mechanism of 
proteolysis have been resolved, along with an appreciation for the cellular contexts in which 
ubiquitin-mediated proteolysis plays a role reviewed in [2-4] and Chapter 3. At the same time 
Thomas and colleagues reported the Drosophila mutant bendless with defects in the giant 
fibre neuron and escape-jump response [5]. Cloning of the affected gene identified bendless 
as a ubiquitin-conjugating enzyme providing the first evidence that the UPS plays a role 
during the development of the nervous system [6,7]. However, given the unknown nature of 
potential ubiquitinated substrates of the bendless gene it was difficult to explain how such a 
gene could specifically affect axon growth and synaptogenesis. It is only recently that the 
UPS has received more attention by developmental neurobiologists via its functions in both 
ubiquitin-mediated proteolysis and ubiquitin-mediated regulation of cell surface receptors via 
endocytosis, both of which are necessary for the development of the nervous system, a very 
tightly regulated process. This chapter will introduce the different stages during the 
development of the nervous system from neurogenesis to synaptogenesis where roles for the 
UPS have been identified (summarized in Table 1). 

 
 

NEUROGENESIS 
 
During the process of neural development a large number of different types of neurons 

are formed. Neurogenesis is the stage of development when neuronal precursor cells 
proliferate to produce neurons. They derive from progenitor cells known as neuroblasts, 
which delaminate from neurogenic regions of the neurectoderm (reviewed in [8]). In insects 
each neuroblast proliferates and divides into a large cell (neuroblast) which continues to 
divide and a small cell known as a ganglion mother cell (gmc) that is able to divide one more 
time, the daughters of which differentiate as neurons. In Drosophila, for example, basic 
helix-loop-helix (bHLH) transcription factors such as the achaete scute complex are involved 
in the segregation of neuroblasts from other epidermal cells. The expression of these types of 
genes, known as proneural genes, results in the competence of cells to become neurons. A 
single cell within a cell cluster will delaminate as a neuroblast and continues to express the 
achaete scute complex, whereas the achaete scute complex will become down-regulated in 
the other cells of the cluster. Laser ablation of the neuroblast leads to another cell from the 
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cell cluster turning it into a neuroblast, suggesting that the other cells are no longer inhibited 
from forming neuroblasts. This process is called lateral inhibition [9]. Lateral inhibition has 
since been found to be conserved between invertebrates and vertebrates with the neuroblast 
able to inhibit other cells in the cluster from becoming neurons. Genetic screens in 
Drosophila led to the identification of the neurogenic genes which when mutated lead to 
more neurons [10]. Lateral inhibition is mediated largely by the Notch, Delta and Serrate 
families of transmembrane receptors. Cells which become neuroblasts have high levels of the 
cell surface Notch receptor, with neighbouring cells expressing the Notch ligand Delta, and 
thus inactivating Notch signalling and inhibiting the Notch expressing cell from becoming a 
neuroblast. A model has been proposed whereby the stochastic change in expression of 
Notch-Delta signalling in one cell of the proneural cluster signals it out to become the 
neuroblast. Notch controls gene expression via the enhancer of split complex. 
 

  

Figure 1. Regulation of Notch-Delta signalling by the ubiquitin-proteasome system. The Notch 
signalling pathway is regulated by at least four ubiquitin ligases and other components of the UPS. (1). 
Ligand of numb-protein X (LNX) ubiquitinates (Ub) and targets Numb for proteasome-mediated 
proteolysis. (2). Su(dx)/ itch has been proposed to ubiquitinate and regulate the cell surface levels of 
notch (N). (3). Neuralized (Neur) ubiquitinates Delta (D) promoting its endocytosis and subsequent 
degradation presumably in the lysosome compartment (4). Sel-10 in conjunction with an SCF (Skp1, 
Cullin and F box protein) complex ubiquitinates and targets the intracellular domain of Notch for 
proteasome-mediated proteolysis. CSL (CBF1/ RBK-Jk Su(H), Lag-1). 
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Table 1. Summary of ubiquitin-proteasome system components with roles in neural 
development 

 
Stage of neural 
development 

UPS component 
or gene 

Species Enzyme and target References 

Neurogenesis     
 LNX1 Drosophila E3, Ubiquitin ligase, Numb [11] 
 Su(dx)/ itch Drosophila E3, Ubiquitin ligase, Notch [12] 
 Neuralised Drosophila E3, Ubiquitin ligase, Delta [13-15] 
 Mind bomb Zebrafish E3, Ubiquitin ligase, Delta [16, 17] 
 Mind bomb 1 Mouse E3, Ubiquitin ligase, Delta [18] 
 Sel-10 Drosophila E3, Ubiquitin ligase, Notch [19, 20] 
 Cullin1 Xenopus E3, Ubiquitin ligase [21] 
 UCH-L1 Mouse Ubiquitin C-terminal 

Hydrolase L1 
[22] 

Neurite outgrowth     
 Lin-23 C. elegans E3, Ubiquitin ligase [23] 
 HR6B Rat N-end rule Ubiquitin-conjugating enzyme [24] 
 Smurf1 Mouse RhoA [25] 
Axon guidance     
 Ariadne Drosophila E2, Ubc D10 [26] 
 Bendless Drosophila E2, Ubc  [5-7] 
 Non-stop Drosophila UBP [27, 28] 
 Rnf6  Mouse E3, Ubiquitin ligase Regulates levels of 

LIM1 kinase in growth cones 
[29] 

 DNedd4 Drosophila Comm/ Robo [30] 
Chemotropic 
responses of growth 
cones 

   
Guidance cue  

 

 Proteasome Xenopus Netrin-1 [31] 
 Proteasome Mouse Netrin-1-induced down regulation of DCC [32] 
 Proteasome Xenopus BDNF [31] 
 Proteasome Xenopus LPA [31] 
 Proteasome Xenopus EphB2 [33] 
 Proteasome Xenopus SFRP1 [34] 
Arborisation and 
synaptogenesis 

  Effect on arborisation and synaptogenesis  

 Fat facets Drosophila Promotes NMJ arborisation and 
synaptogenesis 

[35] 

 Usp9x Mouse Ubiquitin-specific protease [36] 
 Highwire Drosophila Inhibitor of NMJ arborisation and 

synaptogenesis 
[35, 37] 

 Esrom Zebrafish Retinal axon topography; prevents arbori-
sation in inappropriate regions of the tectum 

[38-40] 

 RPM-1 C. elegans Promotes synaptogenesis by inhibiting the 
p38 MAP kinase pathway 

[41] 

 PHR1 Mouse Inhibits synaptogenesis [42] 
 Anaphase 

promoting 
complex 

Drosophila Inhibits NMJ arborisation and 
synaptogenesis 

[43] 

 Cullin3 Drosophila Induces axonal and dendritic arborisation in 
mushroom body neurons 

[44] 

Branch retraction Proteasome Drosophila Mushroom body neurons [45] 
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The earliest evidence that the UPS may regulate the notch pathway came from a study 
using conditional dominant-negative mutations in the β2 and β6 proteasome subunit genes 
[46]. Since the mutations are temperature-sensitive the onset of proteasome inhibition can be 
controlled. When grown at the restrictive temperature a proportion of external sense organs 
grew abnormally resulting in two sockets and no shaft. The neuron to sheath and shaft to 
socket cell fate transformations are similar to mutations in the notch pathway and the ‘double 
socket’ phenotype was enhanced when notch signalling was up-regulated, suggesting that a 
reduction in proteasome activity increased notch signalling. Furthermore, the intracellular 
form of Notch was stabilised in cells with mutated proteasome components suggesting that 
notch itself is a target of proteasome-mediated degradation [46]. Recent studies have 
confirmed this hypothesis by the identification of E3 ubiquitin ligases which regulate the 
Notch signalling pathway: suppressor of deltex (Su(dx)) / itchy [12], and Sel-10 [19,20] 
(which regulate notch), neuralized (Neur) which regulates Delta [13-15] and ligand of numb-
protein X (LNX) which regulates numb, a Notch antagonist [11] (Figure 1). 

Su(dx) was identified in a genetic screen in Drosophila as a suppressor of deltex (dx), 
mutation of which results in a thickening of wing veins. This has been shown to genetically 
interact with the notch pathway [47]. Another mutation, itchy, resulted in persistent itching 
behaviour and pleiotropic immunological abnormalities in mice and appeared to be a totally 
different phenotype to dx [48]. However, cloning of the affected genes identified that both 
and Su(dx) and itchy contain an N-terminal Ca2+-dependent lipid/ protein binding domain, a 
(C2) domain, two WW domains (a protein-interaction module composed of 35-40 amino 
acids with two conserved tryptophan residues) and a C-terminal catalytic domain 
homologous to the E6AP C terminus (HECT)-domain characteristic of the HECT family of 
E3 ubiquitin ligases [12,49,50]. The domain composition of Su(dx), and itchy is identical to 
the Nedd4 /Rsp5p family involved in ubiquitin-dependent endocytosis of plasma membrane 
proteins [51], suggesting a role for ubiquitin-mediated endocytosis in regulating Notch 
signalling. 

Su(dx) is a negative regulator of notch signaling with mutations able to suppress notch 
and delta haploinsuficient phenotypes and enhance that of hairless, a negative regulator of 
Notch signaling [49]. Over expression enhanced notch and delta mutations and is dependent 
on the really interesting new gene (RING) domain [49]. RING domains are involved in 
transferring ubiquitin to heterologous substrates, or themselves, promoting degradation by the 
proteasome [52] domain. Complementary studies with itchy in mouse suggested it may 
promote the ubiquitination of the intracellular domain of notch via its HECT domain [53], 
further suggesting Notch is regulated via ubiquitination and endocytosis. More recently, 
analysis of the expression of genes regulated by notch suggest that Su(dx) acts as a negative 
regulator of notch in vivo [54]. Additionally, deltex itself was found to encode a RING-H2 
domain at its C-terminus and two copies of a WWE (tryptophan-tryptohpan-glutamate) 
protein-protein interaction domain (which are necessary and sufficient for deltex to interact 
with the ankyrin repeats of Notch) [55-57] indicating that it may be another ubiquitin ligase 
regulating the Notch pathway. 

Sel-10 was first identified as a suppressor mutation of an egglaying defect caused by a 
hypomorph in the lin-12c gene, the C. elegans homologue of Notch [58]. Isolation of the 
affected gene revealed a cdc42-related protein containing an F box (containing approximately 
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50 amino acids involved in protein-protein interactions) and 7 WD40 repeats (approximately 
40 amino acids with conserved tryptophan and aspartate residues) [59]. The F box interacts 
with the SCF- (Skp1, Cullin and an F-Box protein) ubiquitin ligases which ubiquitinate the 
intracellular domain of Notch, removal of which mimics the effect of proteasome inhibitors 
[20,60]. The interaction of Sel-10 makes the intraceullular domain of Notch very labile and 
enables very tight control over the sub-cellular localisation of Notch. 

Notch levels and signalling are also regulated by Numb. Numb undergoes asymmetric 
localisation during the process by which sibling cells are selected by Notch signaling and has 
been shown to be a Notch antagonist through its interaction with the intracellular domain of 
Notch. LNX-1 is a RING finger containing E3 ubiquitin ligase that targets numb for 
ubiqiuitin-mediated degradation [11] and has been proposed to regulate Notch signaling by 
decreasing protein levels of Numb. LNX-1 may be a vertebrate specific regulator of Notch 
signaling, since homologues have not been found in invertebrates such as Drosophila and C. 
elegans. 

Neur was first identified as a Drosophila mutation resulting a in a neurogenic phenotype, 
i.e. the over production of neurons at the expense of epidermal cells, similar to mutations in 
the notch pathway [61,62]. Cloning of the affected gene revealed that Neur contained two 
copies of a neuralized homology repeat (NHR) and a c-terminal RING finger [62,63]. 
Subsequent clonal analysis of neur mutants and misexpression of wild-type and mutant forms 
identified that neur is required cell autonomously in Notch receiving cells, i.e. those which 
express Delta and that the RING domain is critical for this function [14,64]. Recent studies in 
Drosophila and Xenopus have identified that Neur functions as an E3 ubiquitin ligase in vitro 
and is able to promote the ubiquitination of Delta in vitro [13,14,64]. Furthermore, in neur 
mutants the level of Delta protein on the cell surface is increased and Neur promotes 
endocytosis and subsequent degradation of Delta in a RING finger-dependent way in vivo 
[13-15]. Neur undergoes mono-ubiquitination [13] suggestive of targeting for endocytosis 
and subsequent lysosome-mediated proteolysis [65]. How Neur regulates the down regulation 
of Delta is still unclear and both cell autonomous and non-cell-autonomous roles have been 
proposed. Consistent with a cell autonomous role Neur may trigger the down regulation of 
Delta within notch-expressing cells. Neur can also act non cell-autonomously in cells that 
send the Notch signal rather than receive it [66] where Delta internalisation occurs 
concomitantly with the transendocytosis of the extracellular domain of notch in the cell 
receiving the signal [67]. 

The E3 ubiquitin ligase Neur is not essential for lateral inhibition in vertebrates such as 
mouse [68] (in contrast to its role in Xenopus [13]) suggesting that other E3 ubiquitin ligases 
may play a role in vertebrate CNS development. In the zebrafish embryo one of the roles of 
Notch signalling as in Drosophila is to select a subset of neuronal progenitors to become 
neurons. Mutations in notch1a (deadly seven, des) or deltaD (after eight, aei) have relatively 
mild neurogenic phenotypes, possibly due redundancy of notch and delta genes in zebrafish 
[69-71]. In contrast, zebrafish mind bomb (mib) mutants have a very severe neurogenic 
phenotype with additional phenotypes in the somites, neural crest and vasculature [72]. 
Positional cloning of mib revealed that it encoded a RING E3 ubiquitin ligase [16]. 
Additionally, Itoh and colleagues have demonstrated that mib acts as an E3 ubiquitin ligase 
and that it interacts with and is able to ubiquitinate Delta in vitro promoting its internalisation 
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via endocytosis [16]. Transplantation experiments suggested that mib is required in the 
signalling cell for efficient activation of Notch and the authors proposed a model where once 
Delta interacts with Notch, Delta undergoes endocytosis promoted by mib along with 
transendocytosis of the extracellular domain of Notch by the signalling cell. 
Transendocytosis promotes the cleavage of Notch generating the intracellular fragment of 
Notch required for activation of target genes [16,17]. 

 
 

AXON GUIDANCE 
 
Subsequent to neurogenesis the neuron undergoes a morphological polarisation leading 

to one long axon and multiple dendrites projecting from the cell body through the processes 
of axon and dendritogenesis. The axons and dendrites must navigate to their correct targets to 
establish connections between neurons, necessary for the correct functioning of the mature 
nervous system. Axons navigate using the growth cone at the axon tip. The growth cone 
guides the growing axon through the embryo to locate the cell with which the neuron will 
form a synapse. Over the last decade dramatic progress has been made in identifying the 
ligands and receptors necessary for growth cone guidance reviewed in [73,74] and it is only 
relatively recently that we are beginning to understand more about the intracellular signalling 
pathways downstream of guidance cue receptors. Studies on the UPS in axon guidance have 
relied largely on Drosophila as a model system, owing to its suitability for genetic screens, 
although more recently the visual system of the frog Xenopus laevis has been employed 
owing to its ease of visualisation and manipulation [75,76]. 

 
 

MUTATIONS IN COMPONENTS OF THE INVERTEBRATE UPS 

HAVE DEFECTS IN AXON GUIDANCE 
 
The first indication that the UPS may function in the process of axon guidance came 

from genetic screens in Drosophila looking for mutants with axon pathfinding defects. The 
Drosophila bendless (ben) gene, homologous to ubiquitin-conjugating enzymes (Ubc; E2), 
was originally isolated as a mutation affecting the escape jump response [5-7]. This 
behavioural defect was ascribed to a single lesion affecting the connectivity between the 
giant fiber and the tergotrochanter motor neurons. Subsequently, pathfinding errors were 
observed in the visual system with disruption of the highly ordered arrays of photoreceptor 
and lamina axons. For example, R7 and R8 axons terminated in inappropriate superficial or 
deep positions in the medulla [6], suggesting that ben may function in growth cone guidance 
through targeting specific proteins for degradation.  

ariadne (ari-1), another Drosophila mutant, identified by Ferrus and colleagues, is a 
novel RING finger containing protein [26]. A yeast two-hybrid screen showed that ari-1 
interacts via its N-terminal RING-finger motif with a novel Ubc, UbcD10 [26]. The recent 
biochemical characterisation of the Skp1/ cullin/ F-box protein (SCF) and anaphase 
promoting complex (APC) E3 ubiquitin ligase complexes suggests that RING fingers play a 
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central role in the combinatorial set of protein interactions that determine substrate specificity 
in the ubiquitin pathway [77]. ari-I is expressed in all tissues during development. Null 
mutants of ari-1 are lethal, exhibiting a wide range of abnormalities, including those in axon 
pathfinding. ari-1 shares the RING-B-box-RING (RBR) motif with the Parkinson disease 
related protein, parkin [78], suggesting a similar mechanism of action of the two proteins and 
suggesting a possible link between neural development and neurodegenerative diseases such 
as Parkinson disease in which abnormal protein aggregation and turnover may play a role 
[79].  

Mutations in other components of the ubiquitin-proteasome pathway, such as the 
ubiquitin-specific proteases (UBPs) that are involved in releasing ubiquitin from tagged 
proteins (see Chapter 5), can also result in pathfinding errors. The Drosophila mutant non-
stop, a UBP, exhibits abnormal pathfinding and target recognition of photoreceptor neurons. 
non-stop expression is required for a subset of glial cells to migrate into their appropriate 
position in the lamina target region and emit the necessary targeting signals [27,28]. In 
contrast, the mechanisms underlying the axon pathfinding defects observed in ben and ari-1 
mutants are less well understood. It is possible that specificity in what would appear to be a 
general system for degrading a large proportion of cellular proteins could be imparted by the 
combinatorial association of E3 ligases or Ubcs with other proteins such as F-box proteins 
[77]. These interactions may determine the specificity of the proteins degraded and the 
phenotypes observed when particular components of the multiprotein complex are mutated. 

Recently, a genetic screen in the nematode worm C. elegans has implicated the UPS 
system in the termination of axon growth. Hobert and colleagues [23] identified a new 
allele[(eno) ectopic / erratic neurite outgrowth] of the LIN-23 gene that in addition to having 
axon termination defects, also had defects in other aspects of axon pathfinding such as 
fasciculation and branching. LIN-23 had previously been identified as an F-box containing 
protein with WD40 repeats. The latter is a component of the SCF-type of E3 ubiquitin 
ligases, which negatively regulates post-embryonic cell divisions [80]. The mutation in the 
eno allele of LIN-23 is a missense mutation, hypothesised to disrupt particular protein-protein 
interactions mediated by LIN-23. It has axon guidance defects but does not affect its role in 
regulating the cell cycle, potentially because it regulates the ubiquitin-dependent degradation 
of different substrates for these two processes. 

The above studies have implicated a role for the UPS in guiding invertebrate axons to 
their targets via effects on neurite outgrowth and in axon pathfinding. However, how the 
mutation leads to a particular phenotype, as discussed above for the Drosophila mutants, 
remains unclear. Complementary in vitro studies on vertebrate growth cones [31,33] have 
identified a role for the UPS in vertebrate axon guidance and in particular in mediating 
growth cone response to chemotropic cues and may help to suggest a framework for 
understanding the Drosophila mutant phenotypes. 
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INVOLVEMENT OF THE UPS IN MEDIATING CHEMOTROPIC 

RESPONSES OF VERTEBRATE GROWTH CONES 
 
The growth cone is instrumental in the process of axon guidance through its ability to 

recognise and respond to cues in its environment, enabling it and its cognate axon to navigate 
to their target. Growth cones are able to navigate long distances in the developing embryo 
and can be operating at a significant distance away from the cell body. Using fluorescent 
lipophilic dye labelling of Xenopus retinal axons in vivo in the living embryo Harris and 
colleagues found that retinal axons are able to navigate to their targets in the optic tectum 
correctly where they underwent normal changes in morphology and arborisation even when 
the retinal axons had been severed from their cell bodies suggesting that axon guidance can 
be under local control [81]. Growth cones need to respond rapidly to the changing 
environment. Since transport along axons can be relatively slow and the speed at which 
changes in growth cone motility take place are rapid, the transport of components from the 
cell body unlikely. Synthesis and degradation of proteins could be one way of overcoming 
this. To investigate the possibility that the UPS may be involved in mediating growth cone 
responses to chemotropic cues Campbell and Holt identified ubiquitin proteasome 
components and the E1 ubiquitin activating enzyme in Xenopus retinal growth cones [31] 
(Figure 2), demonstrating that vertebrate growth cones contain components of the UPS.  

A number of in vitro assays have been developed for determining the responses and 
intracellular signalling pathways of growth cones to particular cues, in particular, the growth 
cone turning and collapse assays developed in the Poo and Raper laboratories respectively 
[82,83] (Figure 2). To test the role of the proteasome in mediating chemotropic responses 
Campbell and Holt, applied proteasome inhibitors to the culture medium immediately prior to 
performing growth cone collapse and turning assays. Proteasome inhibitors blocked growth 
cone collapse and turning responses to the chemotropic cues, netrin-1, L-α-lysophosphatidic 
acid (LPA) and brain derived neurotrophic factor (BDNF) (Figure 2). 

Growth cones can respond rapidly to guidance cues, for example, Xenopus retinal growth 
cones begin to collapse in response to bath application of semaphorin 3A (Sema3A) in two 
minutes and maximum collapse is reached in ten minutes [84]. Therefore, the effects of the 
proteasome inhibitors suggest that rapid proteasome-mediated proteolysis is required to 
mediate the chemotropic responses to netrin-1, LPA and BDNF. Furthermore, Campbell and 
Holt were able to demonstrate, using an antibody which specifically recognises ubiquitin 
attached to proteins (FK2, [85,86]), that netrin-1 and LPA stimulated a doubling of ubiquitin-
protein conjugates in growth cones within five minutes. This suggests that the cues stimulate 
rapid production of ubiquitinylated proteins destined for proteasome-mediated proteolysis. 

In the same study, Campbell and Holt demonstrated that rapid and local protein synthesis 
is also required to mediate chemotropic responses of growth cones to cues such as netrin-1 
and Sema3A and that growth cones, like other subcellular compartments, contain protein 
synthetic and degradative machinery in close proximity. These observations, and those of 
Ming and colleagues and Brittis and colleagues who also identified a role for local protein 
synthesis in growth cone guidance [87,88], suggest that the processes of protein synthesis and 
degradation may be tightly regulated. The authors proposed a model for growth cone turning 
involving the rapid and local synthesis and/ or degradation of proteins which are necessary to 
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mediate the cytoskeletal changes necessary for growth cone turning [31,76]. Different 
chemotropic cues can elicit chemotropic responses through particular combinations of protein 
synthesis and / or degradation.  

 

 

Figure 2. Chemotropic responses of growth cones mediated by the ubiquitin-proteasome system. Stage 24 Xenopus 
retinal growth cones showing localisation of proteasome (A; 20S proteasome ‘core’ and B; anti α-4 subunit 
antibodies), and ubiquitin system (C; anti-ubiquitin D; anti-ubiquitin activating enzyme E1 antibodies). Stage 24 
retinal growth cones on 1μg/ml fibronectin are attracted by a gradient of netrin-1 ejected from a micropipette over 1 
hour (E-G and I). Netrin-1-induced attractive turning is inhibited by the proteasome inhibitors N-Acetyl-Leu-Leu-
NorLeu-Al (50μM LnLL) and lactacystin (10μM Lac) but not by a protease inhibitor cocktail of cell permeable 
non-proteasome protease inhibitors (10μg/mlPIC; H and I). Superimposed neurite trajectories with netrin-1 in the 
pipette and no reagent added to bathing medium (G) and in the presence of lactacystin (H). Proteasome inhibitor-
treated conditions are significantly different from netrin-1 (* = P<0.05) but not from PBS control (I; Kolmogorov-
Smirnov test). Arrows indicate position of pipette (E and F). LPA (1μM) induces retinal growth cone collapse in 10 
minutes (K and O). LPA-induced collapse is prevented in the presence of the proteasome inhibitors LnLL and 
lactacystin but not by the protease inhibitor cocktail (L-O). * = P<0.05; Mann-Whitney U test (O). Scale bars 
=10μm. Reprinted from Neuron, Volume 32, Campbell D. S. and Holt C. E., Chemotropic responses of retinal 
growth cones mediated by rapid local protein synthesis and degradation, Pages 1013-1026 Copyright (2001), with 
permission from Elsevier. 
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Figure 3. Intracellular signalling pathways regulating local protein levels in growth cones in response to 
guidance cues. Netrin-1-induced growth cone responses require proteasome-mediated proteolysis, 
protein synthesis regulated by p42/p44 and p38 MAPKs and caspase-3 activation downstream of p38 
MAPK and proteasome-mediated proteolysis. Sema3A-induced chemotropic responses require only 
p42/p44 MAPK-dependent protein synthesis and are independent of p38 MAPK, proteasome-mediated 
proteolysis and caspase-3. LPA-induced growth cone collapse requires proteasome- and p38 MAPK-
mediated activation of caspase-3. EphB2-induced growth cone collapse requires proteasome-mediated 
proteolysis and is independent of protein synthesis. The position of proteasome function with respect to 
the p42/p44 MAPK and p38 MAPK pathways has not been determined and a role for proteasome-
mediated proteolysis functioning independently of caspase-3 activation cannot be excluded (grey 
arrow). Reprinted and modified from Neuron, Volume 37, Campbell D. S. and Holt C. E., Apoptotic 
pathway and MAPKs differentially regulate chemotropic responses of retinal growth cones, Pages 939-
952 Copyright (2003), with permission from Elsevier. 

However, there is not an absolute requirement for either on its own or in combination 
since LPA requires proteasome-mediated proteolysis but not protein synthesis [31].  

Furthermore, the ability of unclustured ephrinB1 ectodomains to induce retinal growth 
cone collapse is not blocked by protein synthesis or proteasome inhibitors [33]. The ability of 
different guidance cues to utilise different pathways (Figure 3) may increase the flexibility 
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and control of a growth cone’s response to a particular cue as it navigates through its 
envrironment. 

A further study from the Holt laboratory identified the rapid activation of caspase-3, 
another protease involved in mediating chemotropic responses of growth cones, to netrin-1 
and LPA [89] (Figure 3). Interestingly, caspase-3 activation in response to these cues, was 
blocked by proteasome inhibitors suggesting that proteasome-mediated degradation of 
proteins is necessary for caspase-3 activation [89]. Candidate proteins to be degraded are the 
inhibitor of apoptosis proteins (IAPs), proteasome-mediated proteolysis of which is required 
for caspase activation in other systems [90] (see Chapter 21). Presumably caspase-3 
activation in growth cones would be tightly regulated and would not lead to apoptosis of the 
cell. This could be achieved by its transient and local activation, or by its subsequent 
degradation, since IAPs are able to target caspase-3 for proteasome-mediated proteolysis 
[91]. Additionally, the netrin receptor deleted in colorectal carcinoma (DCC) can undergo 
netrin-1-induced endocytosis [32,92] and ubiquitin-mediated proteolysis [32,93] suggesting a 
further level of complexity for the UPS in regulating growth cone chemotropic responses of 
growth cones. The identity of the proteins synthesised and degraded by chemotropic cues is 
currently an active area of investigation, as well as determining the in vivo significance of 
these observations. 

 
 

THE UPS AND ROUNDABOUT-DEPENDENT MIDLINE 

CROSSING OF AXONS IN DROSOPHILA 
 
During the process of growth cone pathfinding, the growth cone makes decisions in order 

to navigate towards its correct target. Since the path taken by a growth cone can be a 
relatively long one the route taken may be divided up into a number of smaller segments. The 
decisions taken by growth cones can take place at intermediate targets known as ‘choice 
points’ which subdivide the route taken to reach a particular target. One such intermediate 
target is the midline of the central nervous system. In vertebrates, co-culture experiments of 
commissural neuronal explants cultured with ectopic floor plate tissue (a source of the 
chemoattractant netrin-1) demonstrated that axons which have experienced netrin-1 at the 
floor plate are no longer attracted to the floor plate or to cells secreting netrin-1 (which would 
prevent axons re-crossing) [94]. The mechanism of the change in responsiveness of 
commissural axons remains unclear. Crossing of axons at the Drosophila midline has been 
used to study the mechanisms of how the growth cone changes its responsiveness to cues at 
an intermediate target. Recently the UPS has been identified as one such mechanism [30]. At 
the Drosophila midline glial cells secrete the attractive cue, netrin, and the repulsive cue, slit. 
Growth cones that respond to these cues at the midline express the netrin receptor, DCC/ 
Frazzled (Fraz), and the slit receptor, roundabout (Robo). Growth cones which cross the 
midline are firstly attracted toward it by netrin, while Robo, the repulsive receptor is down-
regulated [95], allowing growth cones to cross. The expression of Robo at the cell surface is 
regulated by the product of the commissureless gene (Comm) [96]. Comm is a type I 
transmembrane protein and facilitates the removal of Robo from the growth cone surface [95-
98]. After crossing the midline growth cones change their responsiveness to slit by increasing 
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the cell surface receptor expression of Robo, that prevents them from re-crossing the midline 
[97,98]. Two models have been proposed for the regulation of Robo by Comm in axons 
crossing the midline [99]. In the ‘sorting’ model Robo would be trafficked to the endosomal / 
lysosomal pathway from the trans-golgi network in the presence of Comm rendering the 
growth cone insensitive to slit. The clearance model proposes that Robo is removed rapidly 
from the growth cones surface via endocytosis mediated by Comm. 

To gain a better understanding of how growth cones adapt their responses to 
environmental cues on reaching an intermediate target, a milestone which enables them to 
continue along the pathway, Tear and colleagues [30] performed a yeast two-hybrid screen to 
identify proteins interacting with Comm, which might regulate cell surface levels of Robo. 
Using the cytoplasmic domain of Comm as bait they identified the Drosophila homologue of 
Nedd4 (neuronally expressed developmentally down regulated 4; DNedd4; [30]). DNedd4 is 
an E3 ubiquitin ligase, the HECT domain of which is implicated in the direct ubiquitination 
of substrates [100]. Comm was shown to be ubiquitinated by DNedd4. When Comm was 
coexpressed with Robo in Drosophila S2 cells Robo was internalised to endosomes. This 
could be blocked by mutating the putative DNedd4 ubiquitination sites on Comm leading to 
the proposal that ubiquitination is important in regulating growth cone’s behaviour at the 
midline. In this case Comm interacts with Robo and the complex is internalised by the action 
of DNedd4 in accordance with the clearance model [30]. Embryos lacking DNedd4 function 
exhibit defects at sites where axons would normally cross the midline. However, a reduction 
in DNedd4 expression does not lead to a comm- or robo-like mutant phenotype, as would be 
expected if it was acting purely in the Robo-Comm pathway, suggesting that DNedd4 may be 
able to regulate the expression at of other cell surface axon guidance receptors. Intriguingly, 
Nedd4 is also present in Xenopus retinal growth cones (D.S.C. and C.E. Holt unpublished 
observations), though its function awaits further investigation. 

Using a heterologous expression system (293 T Cells), cotransfection of Comm and 
active DNedd4 resulted in a reduction in Comm levels relative to the amount coexpressed 
with a catalytically inactive mutant of DNedd4, consistent with the idea that DNedd4 targets 
Comm for proteasome-mediated degradation [30]. However, in addition to its role in 
targeting proteins for degradation, Nedd4, and Rsp5p, the yeast orthologue, may also be 
involved in targeting cell surface proteins for endocytosis, perhaps leading to intracellular 
signalling events or lysosomal-mediated degradation [51,101]. A role for Comm in initiating 
synaptogenesis via endocytosis at the neuromuscular junction in Drosophila has been 
identified ([102]; discussed below in the section ‘The role of the UPS in synaptogenesis’). A 
more recent study from Dickson and colleagues has brought into question the for of DNedd4 
in midline crossing and they were unable to detect the ubiquitination of Comm in vitro and in 
vivo [103]. It is unclear why identical experiments yielded opposite results. Further 
experiments examining the trafficking of Robo in the presence and absence of Comm in 
neurons using time-lapse imaging of Drosophila PNS neurons supported the sorting model 
[103].  

The studies on Xenopus retinal growth cones [31,33,89,92] and at the Drosophila midline 
[30] illustrate a number of roles in which the UPS may function in axon guidance: in 
mediating the growth cone’s response to a particular cue via intracellular signalling pathways 
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and possibly in the regulation of a growth cone’s response to a particular cue by regulating its 
responsiveness at the level of receptor expression on the growth cone surface. 

 
 

INVOLVEMENT OF THE UPS IN BRANCH RETRACTION 
 
Once growth cones have reached their targets in the nervous system, morphological 

changes take place which result in the formation of the pre-synaptic nerve ending and the 
formation of synapses critical for the functioning of the nervous system. A recurring theme in 
establishing connections between the growing axon and post-synaptic dendrites in both 
vertebrates and invertebrates is the development of very complex and elaborate axonal and 
dendritic processes and branches when the connections are first established. This is followed 
by a refinement phase of selective pruning resulting in the stabilisation of a sub-set of 
processes. The extensive axonal and dendritic remodelling which occurs during 
metamorphosis in the Drosophila mushroom bodies (MB), sites of olfactory learning in 
insects, has been used as a model system for the study of the molecular and cellular 
mechanisms of axon pruning, of which very little is currently known. Recently, Luo and 
colleagues have identified a role for the UPS in mediating local degeneration resulting in 
axon pruning [45]. 

During the development of the Drosophila MB neurons, the MB neuroblast divides 
successively to generate three different types of neurons (γ, α'/β' and α/β) with different 
axonal projections in the adult fly [104,105]. The γ neurons initially establish a dendritic 
arbor and an axonal projection that bifurcates into a medial and dorsal branch.  

Time-course analysis of axon pruning in MB γ neurons expressing membrane targeted 
GFP as a marker revealed that axon pruning of the dorsal and medial branches occurred via 
local degeneration [45]. The apparent degeneration of axons rather than retraction of 
branches led the authors to suspect that protein turnover may be involved in these processes 
leading to an examination of the role of the UPS. To test the role of the UPS a yeast ubiquitin 
protease (UBP2) known to function in Drosophila was overexpressed in MB γ neurons, 
resulting in a failure of axon pruning, and suggesting that protein ubiquitination is important 
in axon pruning. Taking advantage of the power of Drosophila genetics and existing 
collections of mutants, Watts and colleagues found that MB γ neuron expression of a putative 
loss of function mutation encoding a predicted ubiquitin activating enzyme (E1) also blocked 
axon pruning. Axon pruning was also reduced by the expression of mutated forms of mov64 
and Rpn6, two subunits of the 19S particle of the proteasome. However, blocking 
endocytosis, a function of mono-ubiquitination, did not lead to aberrant axon pruning, 
suggesting that the role in regulating axon pruning is via ubiquitin-dependent proteasome-
mediated proteolysis. Mutations in a number of E2 and E3 ubiquitin ligases did not block 
axon pruning though. Since there are many E2 and E3 ligases identified from the Drosophila 
genome this observation may suggest that the specificity of proteins degraded by the UPS is 
critical for axon pruning and is determined by the combinations of E2 and E3 enzymes 
expressed in MB γ neurons. The axon pruning observed in MB neurons is specific to the MB 
γ neuron, leaving the α'/β' neuron unaffected. Previously, Luo and colleagues have 
demonstrated a cell autonomous requirement for the ecdysone receptor MB γ neuron to 
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mediate axon pruning [106]. Components of the ecdysone signalling pathway are absent in 
α'/β' neurons, suggesting a possible mechanism for mediating the specificity of pruning 
potentially resulting in differential activation of the UPS in the different MB cell types. It 
remains to be established at which stage of pruning the UPS is required and which proteins 
undergo proteasome-mediated proteolysis during pruning. 

The local degeneration observed in axon pruning during metamorphosis is reminiscent of 
the fragmentation and degeneration which occurs to the distal portion of an axon when it is 
cut leading to a process known as Wallerian degeneration [107]. The Wallerian degeneration 
slow (Wlds) mouse, in which Wallerian degeneration occurs more slowly, results in the 
upregulation of a fusion protein comprising a region of UFD2 / E4 involved in poly-
ubiquitination, suggesting that the UPS may be involved in delaying the degeneration. 
Indeed, a recently study by He and colleagues [108] demonstrated that blocking proteasome 
function pharmacologically or genetically delayed axon degeneration in vitro and in vivo, 
further demonstrating a requirement for the UPS in degeneration and indicating that the 
mechanisms involved in axon pruning and in degeneration are similar in vertebrates and 
invertebrates. Additionally, a study by Fawcett and colleagues identified a role for the UPS in 
growth cone reformation after axotomy indicating similar processes are involved in axonal 
degeneration and regeneration [109]. Chapter 26 reviews the UPS and axon degeneration. 

 
 

THE ROLE OF THE UPS IN SYNAPTOGENESIS 
 
Synapses are critical to the functioning of the nervous system since they form 

connections between neurons. The neuromuscular junction (NMJ) of the Drosophila 
peripheral nervous system (PNS) has served as a very powerful system for studying the 
mechanisms of synaptogenesis and synaptic plasticity [110-112]. Synapses of the NMJ, i.e. 
those formed by motor neurons on to body wall muscle fibres are uniquely specified, can be 
reproducibly identified between different flies and are known as ‘identified synapses’. NMJ 
synapses are relatively large and superficial making them much more accessible for study 
than those synapses in the central nervous system, particularly of vertebrates. Yet the NMJ 
shares important features with central excitatory synapses in the vertebrate brain. For 
example, the NMJ synapses are glutaminergic and contain similar ionotropic glutaminergic 
receptors [113] making their study of general importance. Additionally, the suitability of 
Drosophila for performing mutagenesis screens has led to the identification of some of the 
components mediating synapse formation and plasticity.  

Using a behavioural screen performed in Drosophila for identifying walking mutants 
Wan and colleagues performed a secondary screen for anatomical phenotypes of the larval 
NMJ [37]. Synapses from highwire (hiw) mutants have more pre-synaptic boutons, increased 
branches and are electrophysiologically abnormal (despite being ultrastructurally normal 
when viewed with electron microscopy) compared to wild-type synapses, consistent with a 
synaptic overgrowth phenotype, indicating it is a negative regulator of synaptogenesis [37]. 
However, the specificity of connections is not altered and the initial axon pathfinding and 
target selection appear normal, suggesting the phenotype is specific to synaptogenesis. 
Cloning of the hiw locus revealed the gene encoded a large protein (5233 amino acids) 
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containing a RING-H2 domain characteristic of a class of E3 ubiquitin ligases [52] 
suggesting that it may be involved in mediating protein-protein interactions for determining 
substrate specificity for ubiquitin-mediated proteolysis. It is found at pre-synaptic terminals 
and synapses. Recently DiAntonio and colleagues have demonstrates that the presynaptic 
function of highwire is necessary and sufficient to regulate synaptic development and 
additionally that it may play a general role throughout larval development to regulate 
synaptic structure and physiological function [114]. RPM-1, the C. elegans homologue of 
hiw, is similarly expressed pre-synaptically and has been shown to act cell autonomously to 
negatively regulate synaptogenesis of GABAergic motor neurons [41,115]. Furthermore, Jin 
and colleagues have recently shown that RPM-1 regulates presynaptic development via 
negatively regulating the p38 MAP kinase pathway probably via the ubiquitination of DLK-1 
(DAP (death associated protein kinase) like kinase) a MAP kinase kinase kinase [116]. A 
further screen searching for proteins interacting with RPM-1 identified FSN-1, a novel F-box 
protein that interacts with the C. elegans homologues of cullin and SKP1 to form a new type 
of SCF complex required for the localised regulation of presynaptic differentiation [117]. 
Additional evidence from mice suggests that similar ubiquitin-mediated pathways may be 
involved in vertebrate synaptogenesis as mutations in the mouse homologue of hiw, PHR-1 
(PAM (protein associated with myc), highwire and rpm-1) result in a similar disruption of 
nerve terminal morphology to that found in hiw and rpm-1 mutants [42]. Esrom, the zebrafish 
homologue of hiw, functions as an E3 ubiqutin ligase and plays roles in the topographic 
mapping of RGC axons and in preventing arborisation in inappropriate regions of the tectum 
[38,40] A role of Esrom in synaptogenesis remains to be investigated. 

A role for the ubiquitination in synaptogenesis at the NMJ was further established by 
another genetic screen performed by DiAntonio and colleagues in which they set out to 
identify genes which, when overexpressed in neurons, alter synaptic growth [35]. Two 
Drosophila lines were identified that had a synaptic overgrowth, i.e. increased synaptic 
bouton number and enhanced branching pattern phenotype. Both encoded fat facets (faf), a 
member of a family of deubiquitinating enzymes (DUBs), which remove ubiquitin from 
target proteins and hence antagonise ubiqutinin-dependent mechanisms. faf inhibits 
proteasome-mediated proteolysis [118,119] in the developing eye where faf has been shown 
to interact physically with and deubiquitinate liquid facets (lqf), the homologue of the 
vertebrate endocytic protein epsin (adaptors in endocytosis; [120]) preventing its degradation 
[121] and possibly promoting its endocytosis via mono-ubiquitination. Over-expression of 
the yeast deubiquitinating protease UBP2 in the nervous system of Drosophila, which has 
overlapping substrate specificity with faf, also leads to synaptic overgrowth similar to faf 
over-expression, suggesting that blocking ubiquitin-dependent processes alters synaptic 
development [35]. This most likely occurs through the prolonged presence of specific 
synaptic proteins. 

The faf over-expression phenotype in the NMJ is very similar to the loss of function 
mutations in hiw discussed above and a further genetic screen performed by DiAntonio and 
colleagues to identify molecular components regulated by faf identified mutant alleles of hiw, 
suggesting that faf function can antagonise hiw activity as a negative regulator of synaptic 
growth. Furthermore, loss of function mutations in faf partially suppress the physiological 
abnormalities in hiw mutants, revealing a role for endogenous faf in synapse formation [35]. 
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The genetic interaction between faf, a DUB and hiw, a potential E3 ubiquitin ligase, suggest 
that synapse formation requires a balance between ubiquitination and deubiquitination of 
target proteins. 

Recently, a yeast two-hybrid screen to identify proteins interacting with hiw identified 
the Smad protein medea (Med), a component of the bone morphogenetic protein (BMP) 
signalling pathway [122]. BMPs are members of the transforming growth factor β TGF- β 
family which have been implicated as retrograde signalling molecules at Drosophila synapses 
[123-125] (Figure 4). Mutations in the BMP pathways, such as the BMP type II receptor 
wishful thinking (wit), its ligand glass bottomed boat (gbb) and med, all have reduced 
synaptic growth [122-125], i.e. the opposite phenotype to hiw mutants. BMP mutants are able 
to suppress the synaptic overgrowth phenotype of hiw mutants, while activation of BMP 
signalling in hiw mutants (which in wild-type embryos does not lead to an additional increase 
in synaptic growth) leads to further expansion of synapses [122]. The authors proposed that 
the growth of synapses at the NMJ requires a balance between positive signalling mediated 
by BMPs and negative regulation by hiw. Since hiw encodes a putative E3 ubiquitin ligase 
the possibility exists that hiw may be able to target med for proteasome-mediated proteolysis, 
which could reduce the amount of med available for the regulation of transcription of genes 
necessary for synapse formation [122,126] (Figure 4). In other systems, such as in embryonic 
pattern formation, BMP signalling is regulated by a ubiquitin ligase (Smurf1; Smad ubiquitin 
regulatory factor) which targets receptor-regulated SMADs (small mothers against 
decapentaplegic) for proteasome-mediated degradation [127]. A critical test of this 
hypothesis would be the demonstration that hiw encodes a functionally active E3 ubiquitin 
ligase and that med is one of its substrates. 

Whilst identifying a role for ubiquitination these studies, such as that of DiAntonio and 
colleagues have not elucidated the nature of the target proteins to be ubiquitinated and 
whether proteasome-mediated proteolysis and / or ubiquitin-dependent endocytosis are 
required for synapse formation. Endocytosis has previously been shown to be important for 
the initiation of synapse formation [102]. In the absence of Comm, motor neuron growth 
cones fail to initiate synaptogenesis. This can be rescued by the expression of Comm in the 
muscles (Figure 4). Expression of a mutant form of Comm lacking the cytoplasmic domain 
required for endocytosis phenocopies the defects in synaptogenesis, suggesting that Comm is 
important in the cell surface dynamics and remodelling which occurs during synaptogenesis 
[102]. It is currently unknown whether the endocytosis of Comm during the initiation of 
synaptogenesis is dependent on DNedd4 or ubiquitination, as has previously been suggested 
in the regulation of Robo levels to prevent axons from re-crossing the Drosophila midline 
[30]. Additionally, over-expression of semaphorin1a (Sema1a) and Robo at the Drosophila 
NMJ results in a ‘bendless-like’ phenotype, due to decreased synaptic function, suggesting 
that Sem1a and Robo are inhibitory to synaptogenesis [128,129] (Figure 4). Since the over-
expression phenotypes are similar to those of bendless, a Ubc E2, it may be hypothesised that 
internalisation of Sema1a and Robo, regulated by the UPS, is necessary for synaptogenesis to 
proceed. Furthermore, the identification of lqd, a homologue of the vertebrate epsin involved  
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Figure 4. Regulation of Drosophila NMJ synaptogenesis by the ubiquitin-proteasome system and bone 
morphogenetic protein signalling pathways. Synapse initiation at the Drosophila NMJ requires the endocytosis of 
commissureless (comm) from the cell surface of the muscles and the endocytosis of Sema1a from the surface of the 
growth cone presumably via a ubiquitin-dependent mechanism. Comm may regulate the removal of a hypothesised 
synapse inhibitory factor to allow synaptogenesis to proceed (A). Bone morphogenetic protein (BMP) signalling 
involves the interaction of BMP or the Drosophila homologue glass bottomed boat (gbb) with type-1 and type-2 
serine/ threonine kinase receptors thick vein (tkv), saxophone (sax) and wishful thinking (wit) which are able to 
phosphorylate R-Smad (mad). Phosphorylated mad interacts with a co-Smad (Medea) to regulate transcription (B). 
highwire (hiw), a presumptive E3 ubiquitin ligase inhibits Medea function to regulate synaptogenesis. hiw may 
regulate Medea via its ubiquitination and subsequent proteasome-mediated proteolysis. fat facets (faf), a 
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deubiquitinating enzyme is able to anatagonise the effects of hiw on synaptogenesis, possibly by the removal of 
ubiquitin from a common substrate such as Medea (B). Hypothetical pathways are indicated by a ‘?’. 

in endocytosis (possibly facilitating neurotransmitter release at the synapse), as a substrate of 
faf opens up the possibility that ubiquitin-mediated endocytosis may function in 
synaptogenesis. The involvement of endocytosis in determining a growth cone’s response to 
chemotropic cues (reviewed in [76]) and in regulating a growth cone’s responsiveness to 
Robo at the midline [30] demonstrates the general importance of endocytosis in neuronal 
development. It will be interesting to determine the involvement of ubiquitination-mediated 
endocytosis in these processes. Recently, studies in Aplysia [130] Drosophila [131] and 
mammals [132,133] have implicated the UPS in the regulation of synaptic strength of mature 
synapses, suggesting that the regulation of protein levels via ubiquitin-dependent proteolysis, 
in addition to its role in synaptogenesis, is also important in the plasticity of mature synapses 
(reviewed in [134] and Chapters 16 and 18). 

The anaphase promoting complex (APC), an E3 ubiquitin ligase, is well known for its 
role in mediating cell cycle transitions via the ubiquitin-dependent degradation of target 
proteins such as cyclins. Recent evidence from Brand and colleagues indicates a role for the 
APC in synaptogenesis at the Drosophila NMJ [43]. Loss of function of APC components 
results in synaptic bouton overgrowth requiring liprin-α a potential target of the APC, 
indicating the APC acts as a negative regulator of synaptic size [43]. The phenotypes of 
APC2 / morula and hiw mutants are different, suggesting that the role played by the UPS in 
synaptogenesis requires at least two E3 ubiquitin ligase activities. 

 
 

CONCLUSIONS 
 
Since the discovery of the bendless mutation affecting axon pathfinding in Drosophila 

twenty years ago as a mutation in an E2 ubiquitin conjugating enzyme, studies have 
identified key roles for the UPS in regulating many aspects of the development of the nervous 
system, from neurogenesis to synaptogenesis. There appear to be two main types and roles of 
ubiquitination: mono-ubiquitination that results in the endocytosis of the target proteins and 
poly-ubiquitination which leads to degradation of the target proteins by proteasome-mediated 
proteolysis. Both types of ubiquitination occur during the development of the nervous system 
and serve as mechanisms for the regulation of cellular processes. The promotion of 
endocytosis by ubiquitination may be of particular importance since endocytosis is 
fundamental to the functioning of the neuron, for example, its capacity to regulate 
responsiveness of cells to signals such as the Notch-Delta signalling pathway during 
neurogensis, or the growth cone’s ability to respond to chemotropic cues, or to the synaptic 
vesicle cycling which occurs during neurotransmitter release at the synapse.  

The identification of the UPS in particular biological processes raises many questions 
from the nature of the proteins degraded to the exact role of the UPS in the process and why 
mutations in components of the UPS, which would be expected to be required for the 
degradation of many proteins result in specific phenotypes such as bendless [5]. Genetic 
approaches, in particular in Drosophila, mouse and zebrafish, have been responsible for the 
identification of many genes involved in developmental processes in vivo. The identification 
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of the roles of the UPS in neural development has come about largely through the use of 
genetics. Recently, however, particularly in the study of growth cone guidance, an in vitro 
system has enabled the examination of the behaviours of individual growth cones 
[31,33,76,89]. In addition to identifying the proteins that undergo ubiquitination and 
proteasome-mediated proteolysis, the role of the UPS in axon pathfinding in vivo remains to 
be determined.  

One of the most intriguing findings regarding the involvement in the UPS in the 
development of the nervous system is that mutations in components of this system have much 
more highly specific phenotypes than one would have initially predicted given the general 
usage of the UPS in many cellular processes. These observations suggest that individual 
components of the UPS play very specific roles in specific cellular processes. The specificity 
may lie in the combination of E2 and E3 enzymes expressed in particular cell types and their 
specific involvement in particular processes, implied from the study by Watts and colleagues 
[45], who found that mutations in a number of components of the UPS did not affect axon 
pruning, whereas mutations in others did. In Drosophila there are more than thirty E2s and 
fifty E3s and humans have more than forty E2s, more than five hundred E3s and more than 
80 DUBs, which would allow components of the UPS to act in many different combinations, 
imparting specificity and controllability of the proteins targeted by the UPS. Identifying 
which E2, E3 and Dubs are in involved in which processes and their substrates will result in a 
better understanding of the UPS in the development of the nervous system. 
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ABSTRACT 
 

The central nervous system (CNS) is the most complex structure known, and 
understanding its function is considered the ‘final frontier’ of biology. Neurons and their 
supporting glial cells form the cellular building blocks of the CNS. Individually these 
cells express a vast array of proteins that receive and transmit information; collectively 
integrating and processing this information allowing us to make sense of our 
environment and modify our behaviors. The process of protein degradation and turnover 
is essential for physiology of neuronal cells. The proteasome-ubiquitin system (UPS) 
plays central role in cytosolic proteolysis. It regulates the distribution of cell cycle 
phases, gene expression, transcription and antigen processing. In the CNS the 
proteasome pathway has additional functions which are due to physiology of the CNS. 
Many neuronal specific proteins interact with the 20S proteasome, moreover, brain 
proteasomes are thought to have a different proteolytic profile than proteasomes from 
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other tissues. Proteasomes are present ubiquitously, but not homogenously, in CNS cells 
(both in neurons and in glia). The subcellular localization of proteasomes differs in 
various parts of the CNS. Both neurons and glia are able to induce immunosubunits of 
proteasome under inflammatory conditions. UPS also shapes the function, development, 
and plasticity of synaptic connections and UPS elements are recruited in post-synaptic 
densities (PDS). The UPS is also essential for Long-Term Facilitation and is required for 
the establishment of long-term memory, moreover the blockade of UPS produces full 
retrograde amnesia in rat. The knowledge of the UPS in particular areas of the CNS and 
of the function of this system in every neuronal cell, enables to draft a more complex 
vision on protein turnover in the CNS, but details of all the processes remain to be 
discovered. 
 

Keywords: proteasome, ubiquitin, central nervous system, synapse, glia, dendrites, NF-κB, 
memory. 
 
 

ABBREVIATIONS 
 
AMPA, α-amino-3-hydroxy-5-methyl-4-izoxazolepropionic acid; βAPP, beta-amyloid 

precursor protein; BrAAP, branched chain amino acid-preferring activity; CNS, central 
nervous system; GABA, γ-amino butyric acid; GLR1, glutamate receptor 1; GlyR, glycine 
receptor; IAP, inhibitor of apoptosis protein; IFN, interferon; IκB, inhibitor of NF-κB; IL-6, 
interleukin 6; LMP7, low molecular protein 7; LTD, long-term depression; LTF, long term 
facilitation; MECL-1, multicatalytic endopeptidase complex-like-1; MHC, major 
histocompatibility complex; MnSOD, manganese superoxide dismutase; NF-κB, Nuclear 
Factor κB; NGF, nerve growth factor; NMDA, n-methyl-D-aspartate; PDS, post-synaptic 
densities; PKA, protein kinase A; SNAAP, small neutral amino acid-preferring activity; 
SPRC, synapse associated polyribosome complex; TNF, Tumor Necrosis Factor; UIMs, 
ubiquitin-interacting motifs; UPS, protesome-ubiquitin system; USP, ubiquitin specific 
protease. 

 
 

INTRODUCTION 
 
The central nervous system (CNS) consists of the encephalon and the spinal cord. The 

CNS is the most complex structure in the human body and is formed by more than 100 
million nerve cells (neurons) assisted by many more glial cells. Each neuron has multiple 
interconnections with other neurons, forming a very complex system for communication [1]. 

For right and proper function of nerve tissue and the CNS, precise regulation of protein 
synthesis and degradation is indispensable. In order to shape the development, function and 
plasticity of neuronal cells, the nervous system has adapted the power of the ubiquitin-
proteasome system (UPS). The proteasome is a multicatalytic proteinase complex, which 
degrades most of the cytosolic proteins. Proteins tagged for degradation are associated with 
polyubiquitin chain in process named as ubiquitinylation. A cascade of E1 (ubiquitin-
activating), E2 (ubiquitin-conjugating), and E3 (ubiquitin-ligases) enzymes operates the 
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process of ubiquitynylation and specialized deubiquitynating enzymes detach ubiquitin from 
the substrate (compare with Chapter 3). However in face of the tremendous progress made in 
proteasome research the characterization of proteasome system in the CNS is only beginning 
to be elucidated. This text focuses on the role of the UPS in physiological function of 
neurons, nerve tissue and the CNS. In order to better understand the particular functions of 
the UPS in the CNS also some general data on structure and physiology of nerve tissue and 
the CNS are provided. 

 
 
HISTOLOGICAL LOCALIZATION OF COMPONENTS OF THE 

UBIQUITIN-PROTEASOME SYSTEM IN THE BRAIN 
 
Structurally, nerve tissue consists of two cell types: neurons and several types of glial 

cells, which support and protect neurons, and participate in neural nutrition and the defense 
processes of the central nervous system. 

Neurons are responsible for reception, transmission, and processing of stimuli; triggering 
of certain cell activities; and release of neurotransmitters. The majority of neurons consist of 
3 parts: the dendrites, which are processes receiving stimuli from the environment, sensory 
epithelial cells or other neurons, the cell body (perikaryon), which is the trophic center for the 
whole neuronal cell, containing the nucleus and surrounding cytoplasm with a highly 
developed rough cytoplasmic reticulum with numerous polyribosomes named Nissl bodies 
(or tigroid), and the axon which is a single, often very long process specialized in generating 
or conducting nerve impulses to other cells [2]. 

Glial cells, which are also present in the CNS represent three type of cells: 
oligodendrocytes, which participate in formation of myelin, astrocytes, which are dispread in 
the whole CNS and surround small blood vessels playing a role in forming the blood-brain 
barrier, and finally microglia, which participate in immunity processes in the CNS [2].  

On sections, the CNS consists of white matter and gray matter. Gray matter is prevalent 
at the surface of the cerebrum and cerebellum forming the cerebral and cerebellal cortex 
respectively. Gray matter contains neuronal cell bodies, dendrites and the unmyelinated 
portions of axons as well as numerous glial cells. This is the region where synapses are 
localized. White matter is present in more central regions of the encephalon and contains 
myelinated axons and the myelin producing oligodendrocytes. Islands of gray matter 
localized in the white matter are called nuclei and contain cell bodies [2]. 

Taking into account that the proteasome function is essential for existence of each 
particular cell, there is no wonder that immunohistochemical studies have revealed the 
presence of 20S proteasomes in all structures of the central nervous system [3] (Figure 1). It 
has been shown by means of immunohistochemistry that the pyramidal neocortical neurons 
and the motor neurons in the ventral horn of spinal cord show the highest proteasome 
immunoreactivity within the whole CNS [4]. However the localization of the proteasome 
varies in the different neuronal structures [4]. In contrast to non-neuronal cells, many of 
neurons show high nuclear proteasomal immunoreactivity but also dendrites and axons, 
including synaptic terminals, contain proteasomes, indicating the role of localized proteolysis 
in their function [4], [5]. Also, the localization of 19S regulatory cap of 26S proteasome 
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(PA700) correlates to that showed for 20S proteasome [6], but also there are some subcellular 
divergences in localization of particular subunits of 19S cap [5]. 

Within the forebrain, the neocortex of cerebral hemispheres shows uniform proteasome 
immunoreactivity pattern with most intensive signal in pyramidal neurons of the 5th layer. In 
contrast to neocortex, in the paleocortex neurons of the 2nd layer are predominantly 
immunoreactive positive while the rest of the tissue is weakly stained. Also pyramidal cells 
of Amon’s horn and granule cells of the dentate gyrus in the hippocampal formation as well 
as Purkinje cells in the cerebellum are strongly labeled [4] (Figure 1). 
 

Specialized functions
of the UPS in the CNS

Synaptic plasticity
Learning
Memory

Brain

Cerebellum

Spinal cord
motor neurons of ventral horn

The proteasome is ubiquitously
distributed in the CNS

neocortex
paleocortex
olfactory bulb
hippocampal formation
amygdal complex

Purkinje cells
deep nuclei

 

Figure 1. The CNS structures and fucnctions, in which UPS is involved. Besides of functions of the 
UPS common for all cells, like regulation of the cell cycle, apoptosis and gene expression in the CNS, 
the UPS serves also specialized functions due to its extraordinary role and physiology. This specialized 
functions of UPS in the CNS are regulation of synaptic plasticity, learning and memory. The 
proteasome system is common in all structures of the CNS (brain, cerebellum, spinal cord). 

Despite the fact of so ubiquitous presence of proteasomes in the brain, the subcellular 
localization of this protease complex is not so obvious. However, there is no doubt that 
proteasomes and ubiquitin are present in all parts of neurons including nuclei, cytoplasm of 
perikarya, dendrites, axons as well as synaptic bulbs [3-5].  

Within the cells mentioned before only in pyramidal neurons of the 5th layer of 
neocortex proteasomes seem to be distributed homogeneously in both cytoplasm of perikarya 
and in nuclei. Similarly, the motor neurons in the ventral horn of the spinal cord show the 
same homogenous pattern of proteasomal distribution as the neurons of the 5th layer of the 
neocortex. The remaining neurons of the CNS display a predominant nuclear localization of 
proteasomes with only slight immunoreactivity in the cytoplasm of perikarya, however 
cytoplasm of both perikarya and neuronal extensions are always positive immunoreactive. 
The examples of this group of neurons are neurons in: the 2nd to 4th and 6th layer of the 
neocortex, the piriform cortex and the olfactory bulb, the amygdala complex, the 
hippocampal formation, the paraventricular thalamic nucleus and Purkinje cells in the 
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cerebellum. There is also a small group of neurons in the mesencephalon and the brain stem 
that display moderate presence of proteasomes in cytoplasm of perikarya eg.: the lateral 
vestibular nucleus, the intermediate gray layer of the superior colliculus, the deep nuclei of 
the cerebellum, the motor nuclei of the brain stem and the reticular formation [4]. But the 
nuclear prevalence of proteasomes within neurons in CNS is not always confirmable [3]. In 
various parts of the brain there can be found neurons with high cytoplasmatic staining for 20S 
proteasome frequently with intense perinuclear immunoreactive positive rings [5]. However, 
taking into account the multiplicity of possibilities of physiological states that neurons are 
able to reach it is conceivable that localization of proteasomes varies from one physiological 
stage to another e.g. as it varies in different cell cycle phases in HeLa cells [7]. Moreover, 
immunohistochemial data usually represent only static and momentary proteasome 
distribution thus it is no wonder that various studies of localization of 20S proteasomes in the 
brain, even made with standardized protocol using the same antibody, can provide different 
results of subcellular distribution, depending on different experimental conditions (Bialy LP 
and Wilczynski GM unpublished data). 

Recently published data by the group of Laszlo gives more information about subcellular 
localization of 19S regulator of proteasome and ubiquitin in human (postmortem) and rat 
brain [5]. The authors found that ubiquitin and two ATP-ases subunits of 19S regulator (S4 
and S7) are also predominantly localized in nuclei of neurons and glial cells in both human 
and rat brain. In case of S8 subunit of 19S regulator neurons within rat brain showed 
prominent nuclear immunostaining in contrast to predominantly cytoplasmic localization of 
S8 found in human brains. Other study of 19S subunits (S6a, S6b, S8, and S10b) revealed 
predominantly cytoplasmic and neuritic localization in neurons in both rat and human brain. 
The subcellular localization of 19S subunits and ubiquitin were rather uniform in all 
examined brain areas in all kinds of neuron populations. Additionaly, a subset of nuclear 
bodies that were strongly immunoreactive for the components of UPS was found in neurons 
and glial cells in rat brain. These UPS-immunopositive nuclear bodies show co-localization 
of 20S proteasome and ubiquitin and often are found at the periphery of the nucleolus 
however, the nucleoli themselves are not immunostained [5]. 

 
 

THE FUNCTION OF THE UPS IN THE  
ACTION OF THE CHEMICAL SYNAPSE 

 
Neurons are grouped in circuits similar to electronic circuits that are combinations of 

elements that form systems of various sizes and complexities. The distal part of the axon is 
usually branched and constitutes the terminal arborization. At distal part of each arborization, 
branch end bulbs are located, which interact with other neurons or non-nerve cells forming 
the chemical synapse [2]. Chemical synapses are specialized connections between neuronal 
cells by which the cells communicate to each other. Formation of synapses is a condition for 
neuronal survival [8]. Apart from chemical synapses in CNS also another type of synapse 
occurs – the electrical synapse [9]. In this chapter the function of the UPS is discussed in 
contest of action of the chemical synapse while the role of UPS in regulation of synaptic 
plasticity is reviewed in Chapter 18. 
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Chemical synapses transmit information to the next cell in the circuit and they are sites of 
functional contact between neurons or between neurons and other effector cells. At the 
synapse an electrical signal is converted from the presynaptic cell into a chemical signal that 
acts on the postsynaptic cell. The chemical synapses transmit information by releasing 
neurotransmitters during the signaling process. The change of electrical potential in the 
presynaptic cell triggers it to release neurotransmitter, which is stored in membrane-bound 
synaptic vesicles and is released by exocytosis. The dynamic process of chemical signal 
transduction requires quick protein production, degradation and turnover in the pre-synaptic 
and post-synaptic parts of neurons [10]. 

The neurotransmitter rapidly diffuses across the synaptic cleft and provokes the change 
in electrical potential of the postsynaptic cell by binding to transmitter gated ion channels. 
The main stimulating neurotransmitter of the CNS is glutamate acid that can bind to different 
types of glutamate receptors eg. n-Methyl-D-Aspartate type receptor (NDMA receptor) or α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid type receptor (AMPA receptor) [10, 
11]. After the neurotransmitter has been secreted, it is rapidly removed, either by specific 
enzymes in the synaptic cleft or by re-uptake (endocytosis) either by the terminal of releasing 
nerve or by surrounding glial cells. Rapid removal of neurotransmitter ensures spatial and 
temporal precision of signaling at a synapse: synaptic cleft is cleared before the next pulse of 
neurotransmitter is released and surrounding cells are prevented from the action of 
neurotransmitter [10]. Many molecules and mechanisms participate in the function of a 
synapse. The most important regulatory systems include, but are not limited to, the level of 
intracellular calcium, the activity of protein kinases and phosphatases, and control of gene 
transcription and protein translation [12]. The molecular architecture of the post synaptic 
terminal is highly dynamic and is composed of cytoskeletal elements, scaffolding proteins 
and cell surface receptors [13-15]. For example glutamate receptors at the postsynaptic 
membrane are linked via scaffolding molecules to a host of signaling and regulatory proteins 
[16]. This organization of postsynaptic proteins is termed the postsynaptic density (PSD) and 
it is an essential element of the synaptic plasticity (see Chapter 18). 

The UPS has been shown to be involved in degradation of neuronal proteins playing a 
key role in signal transduction by the synapse. The UPS participates in the regulation of both 
short- and long- term facilitation by pre- and post-synaptic mechanisms (Figures 2 and 3). 

It has been demonstrated that inhibition of the proteasome at presynaptic level results in 
enhanced synaptic transmission by accumulation of the essential synaptic vesicle-priming 
protein Dunc-13 in presynaptic buttons. The modulation of the synaptic transmission occurs 
within tens of minutes after the addition of proteasome inhibitor and causes approximately 
50% increase in the amplitude of evoked potential [16]. Also other proteins forming the 
neurotransmitter releasing machinery are targets for ubiquitin dependent proteolysis. 
Syntaxin 1 is ubiquitinated by E3 ligase named Staring (syntaxin 1-interacting RING finger 
protein), that is expressed within the brain in both cytosolic and membrane fractions. Staring 
associates with the E2 enzyme UbcH8, which is abundant in the brain, and facilitates 
proteasome-dependent degradation of syntaxin1 [17]. Another pre-synaptic substrate for UPS 
involved in action of chemical synapse is synaptophisin, which is ubiquitinated by Siah 
(ubiquitin ligase of RING proteins) E3 ligases [18], (Figure 2). 
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Figure 2. The UPS is involved in regulation of synaptic transmission and plasticity at both presynatic 
button and postsynaptic process of the given nerve cell. Some proteins are identified and known to be 
degraded by the proteasome. For some also E2 and E3 enzymes are known. This figure presents some 
examples of such proteins and their post- or pre-synaptic localization (see the text for details). 

The UPS modulates also the postsynaptic density (PDS), while remodeling of the PDS is 
required for the plasticity of the brain and formation of long term memory. The major 
scaffolding protein of the postsynaptic density PDS-95 is a substrate for ubiquitinanylation 
by the E3 ligase Mdm2 [19]. The other scaffold proteins of the PDS shown to be 
ubiquitinylated are: GKAP, Shank and AKAP79/150 [20]. The ubiquitinylation of PDS-95 
protein takes place as an answer to the activation of NMDA receptors. After ubiquitinylation, 
PDS-95 protein is rapidly removed from synaptic site by proteasome dependent degradation. 
This phenomenon is a part of a rapid mechanism for postsynaptic regulation of 
neurotransmitter receptors distribution. Mutations that prevent PDS-95 ubiquitinylation, as 
well as, proteasome inhibitors, block NMDA inducible internalization of AMPA-type 
glutamate receptors that give rise to proteasome inhibitors inducible long-term depression of 
the synapse [19]. Also AMPA inducible AMPA receptor internalization is stopped by 
proteasome inhibition [21]. It has been shown in C. elegans that glutamate receptor 1 
(GLR1), which is a homologue of mammalian GluR1 subunit of AMPA glutamate receptor is 
ubiquitinylated and internalized in ubiquitin dependent mechanism [22]. There are also 
suggestions that AMPA receptor subunits are ubiquitinated also in mammalian brain [23]. 

It is known that ubiquitinylation serves not only as a signal for proteasome-dependent 
degradation but also plays a role in protein addressing to lysosomes [24]. In contrast to 
proteasome dependent proteolysis, proteins that are addressed to lysosomes are usually 
mono-ubiquitinylated [25]. This mechanism is involved in internalization and recycling of 
varieties of surface cellular receptors, by interaction with adaptor proteins of clathrin-coated 
pits [26]. The others neurotransmitter receptors that have been shown to be ubiquitinylated 
and thereafter internalized in ubiquitin dependent way are: the inhibitory glycine receptor 
(GlyR) [27] and the γ-aminobutyric acid A GABA(A) receptor [28]. Moreover, glycine 
receptor has been shown to be degraded by lysosomes [27], while in proteolysis of GABA(A) 
receptor both pathways (lysosomal and proteasomal) seem to be involved [29] (Figure 3). 
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In addition, another receptor known to be endocytosed in ubiquitin dependent manner is 
the Robo receptor, which regulates outgrowth of axons in Drosophila. The internalization of 
Robo receptor depends on ubiquitinylation of Comm (comisurreless) protein by Nedd4 
ubiquitin ligase [30]. Ubiquitinylated Comm protein is a signal for endocytosis of the Robo 
receptor. Unfortunately, a homolog of Comm protein has been not found in vertebrates, so we 
cannot predict the possible importance of these findings for the function of the central 
nervous system (see Chapter 15). 
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Figure 3. The involement of the UPS in the action of the synapse (For details see the text). 

 
DEUBIQUITINYLATING ENZYMES AND LONG TERM MEMORY – 

THE EVIDENCE OF COMPARTMENTALIZATION OF UBIQUITIN 

DEPENDENT PROTEIN DEGRADATION IN NEURONS 
 
The majority of proteins both for structural and for transport purposes are synthesized 

within the perikaryon, which contains large nucleus and a highly developed rough 
cytoplasmic reticulum with numerous polyribosomes (Nissl substance, tigroid) [2]. However, 
local synthesis of proteins within dendrites and axons has been also identified [31]. The 
delivery of mRNA to particular subcellular domains, where translation is locally controlled 
plays a pivotal role in synaptic plasticity. The machinery of local translation in dendrites and 
axons consist mainly of synapse associated polyribosome complexes (SPRCs), mRNA and 
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other regulatory elements. Electron microscopic analysis revealed that most of the 
polyribosomes in dendrites and axons are selectively positioned close to postsynaptic 
membrane [32]. The formation of long-term memory requires de novo protein synthesis both 
in the local area of synapse as well as in the perikaryon [31, 33]. The compartmentalization 
of protein synthesis in neurons is followed by compartmentalization of ubiquitin dependent 
proteolysis. 

However, not only ubiquitin and proteasome but also deubiquitinating enzymes (see 
Chapter 4) participate in the switch from short-term to long-term memory. It has been shown 
that neuronal specific ubiquitin c-terminal hydrolase (Ap-uch) is involved in long-term 
facilitation (LTF) in Aplysia, by enhancing the recycling of ubiquitin in the presence of the 
proteasome [34]. In contrast, Ap-uch activity is not necessary for short term facilitation, since 
blocking of Ap-Uch completely prevented induction of long term but not short term 
facilitation. The target for the UPS during the formation of the long term facilitation (LTF) in 
Aplysia is the R (regulatory) subunit of cAMP-dependent protein kinase A (PKA) [35]. 
Ubiquitin dependent degradation of R subunits of PKA is the answer to repeated serotonin 
stimulation of the synapse and results in continuous activation of PKA that promotes a long-
lasting increase in synaptic strength and long-term memory storage. Moreover, repeated 
setotonin stimulation was also found to induce Ap-uch enzyme [35].  

The ubiquitin-proteasome-mediated proteolysis is required for long-term memory not 
only in Aplysia but also in mammals. Bilateral infusion of proteasome inhibitors (lactacystin 
or PSI) to the CA1 region of hippocampus results in total retrograde amnesia in rats for a 
one-trial avoidance learning when given up to 7 hours after training [36]. In addition, within 
4 hours of training the total rate of ubiquitinylation increases and the levels of IκB (a 
substrate of the ubiquitin-proteasome cascade) decreases in hippocampus followed by 
stimulation of 26S activity [36]. 

There is also clear evidence that Vesl-1S/Homer-1a proteins, which are PDS proteins up 
regulated during long-term potentiation or seizure, are rapidly degraded in ubiquitin-
proteasome dependent manner. After proteasome inhibition Vesl-1S/Homer-1a proteins are 
selectively sorted to the postsynaptic regions [37], where they interact with glutamate 
receptors [38], forming complexes with other scaffolding proteins of postsynaptic density e.g. 
with PDS-95 protein [39]. This is another example confirming the importance of function of 
the UPS in the formation of long term memory and action of the synapse. 

Various studies reveal different effect of proteasome inhibition on formation of long term 
memory. This is the consequence of compartmentalization of proteasome dependent 
proteolysis and of the different function of the UPS in particular parts of neuron. No wonder 
that diverse (even opposite) physiological response to inhibition of proteasome in neuronal 
cell can be observed. 

As it has been mentioned before, Lopez-Salon et al. [36] have shown that proteasome 
inhibitors prevent formation of long term memory in mammals. However, in some conditions, 
inhibition of the proteasome has been shown to increase the synaptic strength in Aplysia 
neurons and to potentate serotonin-dependent long term facilitation [40], suggesting that 
ubiquitin-proteasome dependent proteolysis influences synaptic strengthening by multiple 
mechanisms. 
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Also in mammals there is a strong evidence for involvement of deubiquitinating 
machinery in generation of long term memory. The ubiquitin-specific protease synUSP has 
been found to be associated with the PDS in rat. Moreover, synUSP seems to be translated 
locally and its mRNA has been identified in postsynaptic bulb. SynUSP protein is localized 
within dendrites as well as in the perikaryon but predominantly at post-synaptic density and 
post-synaptic lipid rafts [41]. This finding gives the basis to postulate that synUSP in 
mammalian might play a similar role to Ap-uch in Aplysia.  

To emphasize the possible involvement of the ubiquitin-proteasome system in generation 
of long term memory in humans it is worth to mention that one of ubiquitin ligases (E6-AP) 
is a crucial protein in pathogenesis of human Angelman’s syndrome and mutation in E6-AP 
in humans with Angelman’s syndrome combines with mental retardation [42] (see Chapter 
38). Moreover, mice carrying the mutation in E6-AP ubiquitin ligase show defects in long-
term potentiation in their hyppocampii [43].  

 
 

GLIA AND IMMUNOPROTEASOMES 
 
Glial cells fulfill supporting and nutrition function for neuronal cells. There are numerous 

glial cells in the CNS which number excess 10-50 times the number of neuronal cells. In the 
CNS there are three types of glial cells: microglia, which participate in defense processes in 
the CNS; oligodendrocytes, which participate in formation of myelin; and astrocytes, which 
are dispread in the whole CNS and surround blood vessels [2]. 

For a long time it was widely accepted that the brain is immunologically privileged 
because of: (i) the blood-brain barrier, (ii) lack of expression of the MHC molecules and (iii) 
lack of any immunocompetent cells [44]. Now it is known that also the CNS is able to 
operate immunological mechanisms, including MHC class I molecules expression (for 
details, see Chapter 34) [44]. The main cells sharing the function in immunological 
mechanisms of the CNS are microglia. Microglia derive from circulating monocytes of the 
monocyte-macrophage series that invade the brain during embryonic and early postnatal life 
[45]. Their phagocytic capacity is exercised during the brain maturation, remodeling, and 
injury.  

In the CNS, non stimulated microglia are present as ramified cells that have small cell 
bodies with numerous branching processes. In response to neuronal injury and infections, 
ramified microglia rapidly transform into activated states [46]. Activated microglia show 
upregulation of the many marker antigens they share with circulating monocytes and antigen 
presenting cells, including the major histocompatibility (MHC) class II molecules [44, 47].  

Activation of microglia is generally regarded as a double-edged response because 
activated microglia play cytotoxic and protective roles depending on the extent of neuronal 
cell injury. Microglia are the most efficient antigen presenting cells within the central 
nervous system [47]. Moreover, it has been suggested that microglia are involved in MHC 
class I-mediated antigen presentation during viral infection [48, 49]. 

The MHC class I antigen presentation pathway requires the 20S proteasome and two 
types of activator proteins – 19S or/and PA28 to generate the antigenic peptides. The 
antigenic peptides are transported into the endoplasmic reticulum, where they are loaded on 
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MHC class I molecules. Then antigenic peptides-loaded MHC class I molecules are 
translocated to the cell surface to activate cytotoxic T lymphocytes [50]. In response to 
interferon-γ (INF-γ), three constitutive β subunits of the 20S proteasome are replaced by the 
immunoproteasome subunits (LMP2, LMP7, MECL-1). IFN-γ-induced subunit replacement 
implicates increase in the epitope generation capacity of the proteasome [50, 51]. 

The first observations by analysis of crude extracts of the brain tissue give rise to the 
conclusion that immunoproteasomes are absent within the brain in toto [52, 53]. However, 
later the presence of INF-γ-inducible subunits has been confirmed in proteasomes purified 
from in post mortem human brain tissue [54]. Nevertheless, the expression of 
immunoproteasome subunits within the brain in toto is two (LMP7) to three (LMP2, MECL-
1) times lower than in kidneys under the same condition. This non-equal expression of 
various immunoproteasome subunits suggests the occurrence of various subpopulations of 
immunproteasomes with not complete the replacement of immunosubunits [55]. Despite the 
fact of the lower expression of the proteasome immunosubunits within the brain, INF-γ is 
able to induce synthesis of immunosubunits not only in glia but also in neurons [54]. 
Moreover, their induction can be enhanced under pathological conditions [56]. 

Stohwasser et al. [57] have characterized the dynamics of the immunoproteasome 
subunit replacement in primary murine microglia and in the microglia derived cell line BV-2 
upon IFN-γ and lipopolysacharide (LPS) stimulation. They have found that both IFN-γ and 
LPS are able to induce immunoproteasome subunits in primary microglial cells, whereas BV-
2 cells responded only to IFN-γ. These observations support the idea that microglia play a 
pivotal role in MHC class I-mediated antigen presentation and adapts its proteasomal subunit 
composition during viral and/or bacterial infections to gain an optimal epitope processing in 
the CNS. 

Microglia cells isolated from adult rats show decrease in activity of both 20S and 26S 
proteasomes, while the total amount of proteasones is the same in comparison to newborn 
microglia. This phenomenon influences mainly degradation rates of short-lived proteins that 
are major substrates of MHC class I restricted epitopes [58].  

 
 

NEUROPROTEASOME – HYPOTHESIS OR REALITY 
 
Neuronal cell express various proteins that are absent from other cells. Some of these 

neuronal specific proteins are directly engaged in the action of the UPS. The best known 
examples of such proteins are parkin and ataxin-3. Parkin is a RING E3 ligase, whose 
mutations lead to juvenile onset Parkinson’s disease. Parkin binds via its ubiquitin-like 
domain to the 26S proteasome subunit S5a [59]. Known proteins ubiquitylated by parkin 
include α-synuclein and those contributing directly to the formation of Lewy bodies [60]. 
Another protein known to interact with the proteasome and to bind ubiquitinylated proteins is 
ataxin-3 [61]. Mutations within ataxin-3 are associated with polyQ disease ataxias type 3. 
Ataxin-3 contains three ubiquitin-interacting motifs (UIMs), two of which reside N-terminal 
to and C-terminal to the polyQ domain [62]. Moreover, ataxin-3 also reveals the catalytic 
triad of amino acids characteristic for deubiquitinating enzymes - ubiquitin-specific cysteine 
proteases [63]. Thus, ataxin-3 is thought to be a deubiquitinating enzyme. Recent 
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publications show that this deubiquitinating activity regulates ubiquitination of ataxin-3 itself 
[64]. 

Studies of ataxin-3 and parkin demonstrate that proteasomes may be assembled with 
different polyubiquitin-binding proteins, expressing different substrate specificity. It could be 
assumed that such assembling proteins like ataxin-3 or parkin might influence substrate 
specificity of the proteasome. Taking together these data some authors postulate the presence 
of the ‘neuro-proteasome’ [60]. This speculative ‘neuro-proteasome’ would be formed by 
20S or 26S proteasome interacting with specific neuronal proteins, conferring distinct 
proteasome activities in neurons (see Chapter 18).  

Johnston [60] postulates that hypothetical ‘neuro-proteasome’ analogical from the 
immunoproteasome is a result of evolutionary specialization of the proteasome in the CNS. 
However, it has to be said that there is no evidence of any neuronal specific α and β subunits 
of 20S and the neuro-specialization of proteasome could be due solely to different assembling 
proteins and perhaps to phosphorylation of proteasome subunits [60]. Nevertheless, there are 
some data suggesting the altered proteolytic properties of proteasome in the brain. In crude 
extracts of the brain in comparison to extracts from other tissues small neutral aminoacid 
(SNAAP) and branched chain aminoacids (BrAAP) hydrolysing activities of the proteasome 
are elevated [65], but contraposition of these data onto hypotethical ‘neuro-proteasome’ 
should be carried with a big caution. Furthermore, another big protease (≈105kDa) sharing 
also at least two of proteasomal activities (trypsin-like and chymotrypisn-like) has been 
identified in the brain [66]. 

Taking together all these data the hypothesis of ‘neuro-proteasome’ is so far only the 
speculative construction and should be confirmed by experimental findings.  

 
 

TRANSCRIPTION FACTOR NF-ΚB –  
AN EXAMPLE OF A PARTICULAR PROTEIN  
REGULATING BY THE UPS IN THE CNS 

 
One of well characterized proteins that undergo regulation by the UPS is transcription 

factor NF-κB. NF-κB is widely known for its ubiquitous roles in inflammation and immune 
responses, as well as in control of cell division and apoptosis [67]. In the nervous system 
apparent from these functions, NF-κB plays distinctive roles like coordination of cellular 
response to injury or regulation of synaptic signaling. Receptor-linked NF-κB signal 
transduction pathways mediated for e.g. by TNF and Fas ligand, have been also described in 
neurons and glias [68]. However, in the CNS NF-κB can be also activated by additional 
neuron-specific signals like NGF [69]. NF-κB is a dimer composed most commonly of p50 
and p65 subunits. Each NF-κB monomer contains Rel region, through which it can bind to 
DNA and dimerize. NF-κB complex is held in the cytoplasm inactive by IκB proteins which 
prevent DNA binding and maintain the complex in the cytoplasm. In addition, novel NF-κB 
subunits may be expressed in the nervous system including neuronal κB factor [70, 71]. Upon 
stimulation, NF-κB inhibitors become phosphorylated and ubiquitinated as well as rapidly 
degraded by the 26S proteasome. Released NF-κB complex undergoes translocation to the 
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nucleus and influences the expression of a complex array of genes in the CNS (Figure 4), 
those in general serve important functions in cellular response to injury and in neuronal 
plasticity [72]. Functional NF-κB complexes are present in essentially all cell types in the 
nervous system including neurons, astrocytes, oligodendrocytes and microglia [71]. 
 

 

Figure 4. The UPS degrades IκB proteins thus enabling activation of NF-κB. Proteins which are 
trancriptionally activated by NF-κB can on one side be involved in neuronal damage, while on the other 
side have a cytoprotective function and promote cell survival. 

Interestingly, electrical activity within neurons and synaptic transmission between 
neurons are potent stimuli for NF-κB activation and such neuronal activity may account for 
the relatively high constitutive activity of NF-kB in brain tissue compared with other tissues. 
Moreover, studies on neuronal excitation indicate that NF-κB might be regulated during 
synaptic transmission. Inducible NF-κB has been detected at presynaptic sites in the cortex, 
hippocampus and cerebellum [71]. This unusual localization suggests a novel synapse-to-
nucleus signaling system in which transcriptional factors incited by local synaptic signals are 
able to activate transcriptional factors that are transmitted to the nucleus after retrograde 
transport [71]. To this end, experiments with p65 knockouts revealed that mice lacking p65 
demonstrate spatial learning deficit [73] that is an evidence that NF-κB can regulate long-
term memory. It has been shown that in mice lacking both TNF receptors after stimulation of 
axons of CA3 pyramidal neurons at a frequency of 1Hz there is no induction of long-term 
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depression (LTD) [72]. When slices from wild type mice are pretreated with κB decoy DNA, 
LTD cannot be induced and the amplitude of LTP is significantly decreased [72]. These 
results provide direct evidence for involvement of NF-κB activation in synaptic plasticity. 
Moreover, the finding that NF-κB is activated by basal synaptic stimulation and that deletion 
of the p65 subunit leads to learning deficits, establishes a physiological role for this 
transcription factor in normal adult brain function [73]. However, some forms of learning 
such as those depending on the striatum are intact in p65 knockout mouse. Analysis of NF-
κB binding and distribution in mouse hippocampus suggest that this transcription factor may 
serve both as a signaling molecule after its activation at the synapse and then as a 
transcription initiator upon reaching the nucleus [74].  

Also glial cells undergo regulation by NF-κB, particularly in modulation of inflammatory 
response. Genes induced by NF-κB in glia and neurons encode among others receptor 
proteins, cell death and antitapoptotic agents, injury responsive factors as well as antioxidant 
enzymes. In particular NF-κB induces expression of TNF and IL-6 which play an important 
role in the onset, regulation, and propagation of immune and inflammatory responses within 
the CNS and that are produced in high amounts in microglia and astrocytes [75]. Proteins that 
protect cells against apoptosis like Bcl-2 and inhibitor of apoptosis proteins (IAPs) allow 
survival of neuronal cells in experimental models of stroke and seizures [75]. Finally, NF-κB 
regulates neuroprotective proteins like ßAPP (an injury responsive cytokine/neurotrophic 
factor) manganese superoxide dismutase (Mn-SOD) and calcium binding protein, calbindin-
D 28k, which may play roles in modulatory calcium mediated neuronal signalling and cell 
death [75].  

Transcription factor NF-κB is an example of very complex assembly exhibiting various 
effects in the CNS that is regulated and controlled among others by the UPS (see also 
Chapter 19). Inhibition of the proteasome can exhibit a modulatory effect on the function of 
CNS and memory formation mediated by NF-kB. It could cause also a positive effect in 
inflammatory and neurodegenerative processes by inhibiting production of proinflammatory 
cytokines, neurotoxic reactive oxygen species and excitotoxins by microglia.  

 
 

CONCLUSIONS 
 
To conclude it must be said that the UPS plays a crucial role in the function of the central 

nervous system. Due to the physiological differences of neurons the UPS serves also in 
specialized functions of neurons. Apart from functions known from all others cells, like 
regulation of the cell cycle [76], apoptosis [77] and gene expression [78], which are fulfilled 
by the UPS also in the neuronal cells and in the whole CNS, the UPS is involved in many 
neuronal-specific processes. These specialized functions of UPS in the CNS are regulation of 
synaptic transmission, synaptic plasticity, learning and memory. Moreover, some proteins 
that are expressed in non-neuronal cells (eg. NF-κB) in neurons and their neighboring cells 
are employed also for distinctive functions like synaptic signaling, learning and memory [75]. 
The UPS acts ubiquitously in all structures of the CNS as well as the proteasomal complexes 
were found in all neuronal cells. However, despite the fact of so ubiquitous presence of the 
UPS in the CNS, the subcellular localization of proteasome complexes is not so obvious and 
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large gaps remain in our understanding of the mechanisms and consequences of UPS activity 
in the CNS. Many studies should be done to better characterize the involvement of the UPS 
in particular processes in the CNS. This knowledge is indispensable among others for 
prediction of the results of therapeutic intervention in the UPS in the CNS. 
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ABSTRACT 
 

Compared to the central nervous system (CNS), the involvement of the ubiquitin-
proteasome system (UPS) in peripheral nerve biology has received less attention. 
Nonetheless, there are several emerging areas of peripheral nerve biology, as well as 
pathobiology, in which the ubiquitin-proteasome pathway appears to play critical roles. 
A major contribution to understanding the role of the UPS in nervous system function 
came from studies of the Drosophila neuromuscular junction. Overexpression of the 
deubiquitinating protease fat facets in motor neurons led to a profound disruption of 
synaptic growth control, indicating that a balance between ubiquitination and 
deubiquitination is key for synaptic development. Recent studies in a variety of neuronal 
model systems revealed that ubiquitination is a critical factor in basic presynaptic and 
postsynaptic mechanisms, as well as synaptic plasticity throughout the nervous system. 
In addition to the role in synaptic communication, the UPS is involved in controlling the 
survival and proliferation of peripheral glial cells, called Schwann cells. Similarly, the 
survival of cultured sympathetic neurons is also influenced by the UPS. In response to 
injury, peripheral nerves degenerate by an apoptosis independent mechanism known as 
Wallerian degeneration. This mechanism involves the fragmentation of axonal 
microtubules and the destruction of the axolemma. The application of proteasome 
inhibitors slows this degenerative process and profoundly delays Wallerian degeneration. 
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Therefore, it is possible that proteasome inhibitors can help to maintain axonal integrity 
in neurodegenerative events where axonal degeneration is involved. The UPS has also 
been linked to at least two distinct hereditary disorders of the PNS, namely 
neurofibromatosis and demyelinating neuropathies. In neurofibromatosis, Schwann cell 
proliferation is deregulated leading to multiple tumors, mostly schwannomas. Mutated 
forms of the neurofibrinin 2 tumor suppressor gene are rapidly degraded by the 
proteasome and thought to contribute to a loss of function phenotype of the wild type 
allele. Peripheral myelin protein 22 (PMP22), also known as growth arrest specific gene 
3, is a short-lived Schwann cell protein that is also degraded by the proteasome. 
Mutations within and duplication of the PMP22 gene are linked to demyelinating 
neuropathies, including Charcot-Marie-Tooth disease type IA. When PMP22 is mutated 
or overexpressed, the degradation of the protein is slowed leading to its accumulation in 
cytosolic aggregates, termed aggresomes. The formation of PMP22 aggresomes is 
associated with an impairment of UPS activity and the recruitment of proteasome 
substrates and chaperones to the aggregates. These events can disrupt the cell cycle of the 
Schwann cells and enhance neural dysfunction. The findings described here indicate that 
there has been a tremendous progress in our understanding of the role of the UPS in PNS 
biology. Significantly, findings from the PNS have provided ground-breaking insights 
into basic neural mechanisms, such as synaptic communication and axonal degeneration. 
The involvement of the UPS in peripheral nerve disease reveals another commonality 
between the CNS and PNS, and will help to speed the development of novel therapeutic 
strategies aimed at influencing protein turnover in the nervous system. 
 

Keywords: neuropathy, Schwann cell, myelin, demyelination, glia, aggresome, peripheral 
myelin protein 22. 
 
 

ABBREVIATIONS 
 
CMT1A, Charcot-Marie-Tooth disease type 1A; CNS, central nervous system; DSS, 

Dejerine Sottas Syndrome; GAN, giant axonal neuropathy; HNPP, hereditary neuropathy 
with liabiility to pressure palsies; MAP1B-LC, light chain of microtubule associated protein 
1B; NGF, nerve growth factor; NMJ, neuromuscular junction; Nmnat1, nicotinamide 
mononucleotide adenyltrasferase 1; PMP22, peripheral myelin protein 22; PNS, peripheral 
nervous system; UPS, ubiquitin-proteasome system; Wt, wild type; MBP, myelin basic 
protein. 

 
 

INTRODUCTION 
 
Peripheral nerves are highly efficient cables that convey information between the central 

nervous system (CNS) and all parts of the body. The peripheral nervous system (PNS) 
includes all neural structures from the nerve endings to their entry into the brain or the spinal 
cord. The neuronal cell bodies of peripheral nerves are found in columns or groups in the 
CNS, or in peripheral ganglia, such as the sensory and autonomic ganglia. Schwann cells, the 
glial cells of the PNS, are derived from the neural crest and are essential for the maintenance 
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and support of peripheral axons. During development, Schwann cell precursors undergo rapid 
proliferation giving rise to myelin- and non-myelin-forming cells. Myelin-forming Schwann 
cells, the counterparts of CNS oligodendrocytes, encircle segments of individual axons and 
wrap them with multiple layers of myelin. In a mature peripheral nerve, each Schwann cell 
forms associations with single internodal segments of myelin that are separated by the nodes 
of Ranvier. This one-to-one arrangement of Schwann cells and axons is unique compared to 
the relationship of a single oligodendrocyte with numerous axons and multiple internodes. 
Non-myelinating, ensheathing Schwann cells associate with small diameter axons and 
maintain contact with several nerve fiber (Remak) bundles. Schwann cells express a variety 
of ion channels and neurotransmitter receptors and fulfill multiple roles in the PNS [1]. The 
interdependence of peripheral axons and glia on one another is demonstrated by the 
dedifferentiation of Schwann cells in response to post-injury axonal degeneration. Similarly, 
under conditions of glial abnormalities, such as in heritable demyelinating neuropathies, 
axons degenerate. Nonetheless, under permissive conditions peripheral axons have the ability 
to regenerate and remyelinate, which provide unique opportunities for investigations of 
neural degeneration and regeneration, as well as for the development of treatment strategies 
in acute and chronic disease conditions. 

The relative simplicity and easy accessibility of peripheral nerves and their glial cells 
have allowed researchers to examine complex cellular and molecular mechanisms underlying 
basic neuronal functions, including axonal growth and degeneration, and regeneration. In 
addition, synaptic targets of peripheral nerves, such as muscle tissue, are readily amenable to 
exogenous perturbation and in vitro modeling. Investigations of the neuromuscular junction 
(NMJ) have provided ground-breaking insights into basic synaptic mechanisms. As described 
below with specific examples from the literature, findings from the PNS have had a major 
impact on our understanding of the role of the ubiquitin-proteasome system (UPS) in neural 
mechanisms, including axonal degeneration/regeneration, as well as synaptic communication. 
A commonality among these events is the necessity for precise control of protein availability. 
Therefore, it is not surprising that recent reports have found the involvement of the UPS in 
peripheral neurite outgrowth, axonal degeneration and regeneration, as well as synaptic 
function. In addition, the UPS is critical for the maintenance and regulation of basic Schwann 
cell biology, including cell division and differentiation. Finally, alterations in the activity of 
the UPS have been detected in mouse models of heritable demyelinating neuropathies. 

 
 

NEURONAL SURVIVAL AND DEATH 
 
During the development of the nervous system a large number of neurons die by 

programmed cell death, most likely because they fail to receive sufficient quantities of 
trophic factors from their target cells [2]. A widely used model of neuronal death and survival 
are sympathetic neurons, cultured from the superior cervical ganglia of newborn rodents. In 
the presence of nerve growth factor (NGF) these cells survive and extend neurites, while in 
the absence of NGF they die by programmed cell death [3]. The first indication for the role of 
the UPS in the death and survival of peripheral neurons was obtained in trophic factor-
deprived sympathetic neuron cultures [4]. The inclusion of low dose proteasome inhibitors, 
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such as lactacystin (0.5-5 μM), was able to rescue the neurons from NGF-deprived cell death 
and prevented the cleavage of poly(ADP-ribose) polymerase.  

Since these original observations nearly ten years ago, several in vitro studies with 
pharmacologic inhibitors confirmed the role of the UPS in regulating the survival of various 
neurons. Depending on the specific experimental conditions used, proteasome inhibition can 
be pro-survival or pro-apoptotic. Long-term, high dose inhibition of the proteasome leads to 
cell death, while shorter and/or low dose treatment promotes survival [4,5]. For example, 
treatment of sympathetic neuron cultures with lactacystin for 24 or 48h is associated with 
increased apoptotic cell death [6]. This effect is exposure and dosage dependent, with higher 
concentrations leading to more rapid neuronal loss. It is hypothesized that the degradation of 
factors necessary for the induction of apoptosis, as well as of neuroprotective molecules, are 
regulated by the proteasome. In one paradigm, increased degradation of certain proteins by 
the proteasome may be necessary for the induction of apoptosis, therefore its inhibition 
would be pro-survival [7]. Similarly, elevating the steady-state levels of anti-apoptotic 
proteins by blocking their degradation could also promote survival [7,8]. On the other hand, 
blocking the degradation of pro-apoptotic factors could lead to cell death.  

In addition to the pharmacologic paradigms, the involvement of the UPS in regulating 
neuronal survival is supported by recent findings in giant axonal neuropathy (GAN) [9] (see 
Chapter 26). Giant axonal neuropathy is a sensory and motor neuropathy associated with 
mutations in the GAN gene, which encodes the ubiquitously expressed protein, gigaxonin. 
Gigaxonin binds the ubiquitin-activating enzyme E1, while simultaneously interacting with 
the light chain of microtubule associated protein 1B (MAP1B-LC). Overexpression of 
gigaxonin leads to enhanced degradation of MAP1B-LC, which can be antagonized by 
inhibition of the proteasome. In agreement, ablation of gigaxonin causes a substantial 
accumulation of MAP1B-LC. Together, these studies indicate that gigaxonin is critical for 
the UPS-mediated degradation of MAP1B-LC. Consequently, elevation in the levels of 
MAP1B-LC is associated with neuronal death, possibly by interfering with the movement of 
motor proteins. While the exact mechanism by which an increase in MAP1B-LC leads to 
neuronal death are not known, the linkage of gigaxonin with the UPS clearly demonstrates 
how changes in protein degradation can underlie a neurologic disease. As gigaxonin and 
MAP1B-LC are expressed in both CNS and PNS neurons, this example also demonstrates a 
common mechanism in controlling the fate of various neuronal cell types. Indeed, recent 
reports in primary cortical and cerebellar granule neuron cultures indicate the participation of 
the UPS in regulating neuron death and survival [10,11].  

 
 

AXONAL GUIDANCE AND PRUNING 
 
The embryonic nervous system contains exuberant projections both to appropriate and 

inappropriate targets. The adult pattern of connectivity is attained by selective elimination of 
certain connections and the maintenance of others. Neurite extension, guided by growth 
cones, is a dynamic process that requires the correct concentrations of certain proteins at 
specific sites. Pioneering studies from Drosophila indicate the involvement of the UPS in 
growth cone guidance and axonal pruning [12]. The Drosophila mutant bendless has an 
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altered escape response which is underlined by the disruption of single neuronal connections 
[13]. Cloning and characterization of the gene responsible for this behavior identified 
bendless as an E2 ubiquitin-conjugating enzyme [14]. Complementary studies from Xenopus 
suggest that ubiquitination and degradation of growth cone guidance molecules might be a 
general mechanism to regulate the concentration and potentially the localization of proteins 
during neurite extension [15]. 

Similar to growth cone guidance, the UPS is also involved in axon pruning (see also 
Chapter 26). Selective branch elimination, or axon pruning, is utilized throughout the nervous 
system and underlies the establishment of precise neural circuits [16]. The elimination of 
motoneuron branches at the developing vertebrate NMJ is well documented and is thought to 
involve activity-dependent and -independent events [12]. Once again, genetic studies from 
Drosophila indicate the requirement for ubiquitin and the UPS in axonal pruning [17]. Time-
lapse microscopy studies reveal that axonal degeneration is mediated by local breakdown of 
axonal proteins rather than retraction of processes. Degradation of the microtubule 
cytoskeleton precedes axon pruning which is blocked by genetic ablation of the ubiquitin-
conjugating enzyme (E1) or the 19S proteasome subunit [17]. Furthermore, expression of a 
yeast ubiquitin protease also inhibited axon pruning. Analogous studies in developing 
mammalian systems are yet to be reported. Nonetheless, based on recent findings in axonal 
degeneration models (see below) it is likely that the results from the Drosophila will have 
wide-ranging applications. 

 
 

THE UPS IN SYNAPTIC FUNCTION 
 
Synaptic connections are a special form of intercellular communication between two 

neurons, or a neuron and a nonneural postsynaptic cell, such as muscle. During development, 
axonal growth cones differentiate into presynaptic terminals when the appropriate target cell 
is reached. In coordination with the postsynaptic cell, the presynaptic cell differentiates by 
expressing a variety of molecules involved with neurotransmitter synthesis, packaging and 
release. The postsynaptic cell prepares for communication by the expression and correct 
positioning of neurotransmitter receptor molecules and associated signaling components.  

The NMJ, likely the most studied form of synaptic communication, involves a 
presynaptic motor neuron and a postsynaptic muscle cell. With regards to discovering the 
involvement of the UPS in synaptic function, studies of the Drosophila neuromuscular model 
system have been pivotal [12,18]. A genetic screen, aimed at discovering molecules whose 
overexpression disrupts normal synaptic development, led to the identification of the 
deubiquitinating protease fat facets as a protein involved in synaptic growth control [19]. 
Neuronal overexpression of fat facets results in a profound increase in the number of synaptic 
boutons and the disruption of synaptic function. Similarly, ectopic expression of a yeast 
deubiquitinating enzyme is associated with synaptic overgrowth and dysfunction, indicating 
that a balance between ubiquitination and deubiquitination is crucial for normal synaptic 
development. 

Since this key discovery in Drosophila, ubiquitination and ubiquitin-dependent 
degradation of proteins have been tied to numerous aspects of synaptic function, including 
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presynaptic vesicular neurotransmitter release, postsynaptic differentiation, as well as 
synaptic plasticity [12]. The UPS is thought to have multiple roles in these events. As 
monoubiquitination of target proteins is involved in endocytosis, as well as protein 
trafficking [20], it is not surprising that presynaptic vesicular dynamics are profoundly 
influenced by changes in the levels of deubiquitinating enzymes. For example, persistent 
monoubiquitination of the clathrin-associated protein epsin by reduced expression of a 
deubiquitinating enzyme alters the dynamics of vesicular fusion and endocytosis [21]. 
Degradation of multi-ubiquitinated proteins by the proteasome is also important in synaptic 
activity and has been observed in a variety of organisms [12]. For instance, acute 
pharmacological inhibition, or genetic disruption, of the proteasome leads to the 
accumulation of the essential synaptic vesicle-priming protein DUNC-13 and is associated 
with increased presynaptic efficacy [22]. Based on the multifaceted involvement of the UPS 
in synaptic function we can speculate that future studies will uncover the linkage of 
ubiquitin-regulated events to diseases with synaptic malfunction. 

 
 

DEGENERATION AND REGENERATION  
OF PERIPHERAL NERVES 

 
In response to a cut or crush injury, the distal portions of axons undergo a degenerative 

process known as Wallerian degeneration [23]. The distal stumps of degenerating peripheral 
nerves provide a supportive environment for regeneration and can even support the growth of 
CNS neurites. In contrast, injured axons of the mammalian brain and spinal cord rarely 
regenerate, likely due to the presence of inhibitory environmental factors [24]. Therefore, 
understanding the molecular mechanism underlying the degeneration and regeneration of 
peripheral axons has wide implications for neurodegenerative events throughout the nervous 
system.  

The degenerative changes in the distal stump of a severed axon begin with the 
disintegration and degeneration of the axoplasma and the axolemma. In small nerve fibers, 
these events are completed within 24 hours of injury, while in larger axons they may take 48 
hours [24]. The first indication for the involvement of the UPS in Wallerian degeneration 
came from the spontaneous mouse mutant strain WldS [25] (see also Chapter 26). Wld mice 
harbor a genetic alteration in the ubiquitin regulatory enzyme UFD2a (alternatively callled 
Ube4b) and the nicotinamide mononucleotide adenyltransferase 1 (Nmnat1) [26]. The Wld 
genotype is associated with extended survival of transected axons and delayed Wallerian 
degeneration, the exact mechanism of which is debated [27] (see also Chapter 26). 
Nonetheless, pharmacological inhibition of the proteasome in transected superior cervical 
ganglion axons increases the survival of the distal stump [28]. Likewise, the modulation of 
UPS activity by overexpression of the deubiquitinating enzyme UBP2 slowed axonal 
degeneration. Furthermore, in the same study, inhibition of the proteasome also delayed the 
degeneration of neurites in response to NGF deprivation. Together, these findings suggest 
that the UPS is involved in injury-mediated as well as developmental axon loss paradigms. 
While these findings are compelling, more studies are necessary to identify the specific UPS 
constituents and substrates in axons. A recent report suggests that rather than functioning in 
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generalized axonal proteolysis, the activity of the UPS regulates specific signaling pathways 
involved in controlling axonal survival [29]. Nonetheless, it is possible that modulation of 
proteasome activity can help the maintenance of axonal integrity in neurodegenerative events 
and delay Wallerian degeneration. 

 
 
SCHWANN CELL DIVISION AND NEUROFIBROMATOSIS 

 
Controlled proliferation and differentiation of Schwann cells is a prerequisite for 

myelination and normal PNS biology. During development, Schwann cells proliferate and 
establish a one-to-one relationship with axons, followed by the secretion of a basal lamina 
and myelin wrapping. Compared to oligodendrocyes, the myelin-forming glial cells of the 
CNS, fully-differentiated myelinated Schwann cells retain the ability to dedifferentiate and 
proliferate in response to a variety of signals, including nerve injury. The wave of Schwann 
cell proliferation during normal nerve development, as well as in response to insult, is 
designed to attain the correct number of glial cells for the support and myelination of axons. 
In a variety of organisms and cell types, the UPS is a recognized regulator of cell division 
[30]. Thus, it is not unexpected that Schwann cell proliferation, while in part is driven by 
axonal signals, involves dynamic changes in the localization of UPS constituents [31]. The 
proliferation of Schwann cells is well-matched to the requirement of axonal growth, yet this 
event is associated with apoptotic cell death [32]. The exact mechanism for the induction of 
programmed Schwann cell death is not known, but in vitro studies suggest a role for the UPS 
[33]. Extended, 24-36h pharmacological inhibition of the proteasome by lactacystin in 
cultured Schwann cells induces apoptosis [33]. Similarly, in a tellurium-induced 
demyelination model, excess number of proliferating Schwann cells are eliminated by 
apoptosis, which is associated with a pronounced increase in the levels of free ubiquitin in the 
perikarya [34]. Independent of the studies on the involvement of the UPS in Schwann cell 
survival, recent reports suggest a role for the proteasome in the pathogenesis of peripheral 
nerve sheath tumors. Dysregulation of Schwann cell division and differentiation is associated 
with two autosomal dominant disorders, namely neurofibromatoses type 1 (NF1) and type 2 
(NF2) [35]. Peripheral neurofibromas, the hallmarks of NF1, arise from Schwann cells and 
other supportive cells of peripheral nerves. Neurofibromin, tumor suppressor gene 1 whose 
misexpression is associated with familial NF1 is a proteasome substrate [36]. It is uncertain 
how neurofibromin controls cell division, but it is hypothesized that when neurofibromin 
levels are high, ras activation and cell proliferation is halted. Therefore, by altering the 
degradation of the wild type (Wt) neurofibromin in NF patients one could potentially 
upregulate its steady-state levels and arrest cell division [36]. 

NF2 is also associated with deregulated Schwann cell division leading to multiple 
tumors, mostly schwannomas [35]. The disease is caused by mutations in the neurofibrinin 2 
tumor suppressor gene, known as schwannomin or merlin. Mutated forms of merlin are 
rapidly degraded by the proteasome and thought to contribute to a loss of function phenotype 
of the Wt allele [37]. Again, by altering the activity of the UPS, the levels of merlin could be 
regulated, providing a potential therapeutic approach to NF2. Collectively, these studies show 
a pivotal role for the UPS in regulating the survival and division of Schwann cells, in vitro 
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and in vivo. Future investigations will identify additional specific targets of ubiquitination 
and examine if Schwann cells utilize the UPS in a unique manner to control cell cycle 
progression. 

 
 

MYELIN PROTEIN TURNOVER 
 
Myelin is a highly specialized extension of the Schwann cell plasma membrane, with 

compact and uncompacted domains. Studies from spontaneous and genetically engineered 
myelin protein mutant animals indicate that the stability of myelin is greatly influenced by the 
stochiometry of its constituents. As ubiquitination is known to be involved in the trafficking 
and degradation of membrane proteins [20], one might expect to uncover a role for the UPS 
in myelination. So far only two myelin proteins have been identified whose turnover is 
regulated by the UPS, namely myelin basic protein (MBP) and peripheral myelin protein 22 
(PMP22). MBP is expressed by oligodendrocytes and Schwann cells and is associated with 
the intracellular surface of myelin [38]. MBP is thought to play a role in myelin compaction, 
likely through direct interactions with protein zero [39]. The degradation of MBP in a 
ubiquitin-dependent manner by the 26S proteasome was described nearly ten years ago [40], 
yet these studies have not been followed up. Based on the involvement of the UPS in several 
neurodegenerative disease mechanisms, it is possible that alterations in the turnover of MBP 
might contribute to the pathogenesis of some CNS disorders.  

Peripheral myelin protein 22 (PMP22) is an integral membrane protein of Schwann cells 
and is largely undetectable in CNS myelin [41]. The proposed secondary structure of PMP22 
contains four transmembrane domains and a single carbohydrate modification in the first 
extracellular loop [42]. PMP22 was first identified as one of the growth arrest specific (gas3) 
genes in serum-deprived fibroblasts [43], and then as a Schwann cell protein involved in 
peripheral nerve degeneration [44]. A growth regulatory function for PMP22 in Schwann 
cells has also been proposed [45], as elevated expression is associated with the differentiated 
myelinating state. In myelinated peripheral nerves, PMP22 is localized to the compact portion 
of myelin and is thought be a structural component [44]. Misexpression of MBP or PMP22 is 
associated with myelin defects in the CNS and/or the PNS, respectively [42].  

In our approach to understanding the pathogenesis of PMP22-associated demyelinating 
neuropathies, we first determined the processing and turnover rate of the Wt protein in 
healthy Schwann cells [46]. Under non-myelinating and myelinating conditions, and in ex 
vivo myelinating nerves, the majority (~80%) of the newly-synthesized, endoH-sensitive 
PMP22 is rapidly degraded by the proteasome, presumably due to misfolding [46]. 
Approximately 20% of the protein acquires complex carbohydrate modification and 
incorporates into the Schwann cell plasma membrane. Misfolded and hard-to-fold membrane 
proteins are known to be degraded by ubiquitin and proteasome-dependent ER-associated 
degradation [47]. Indeed, inhibition of this pathway by lactacystin for five hours is associated 
with the condensation of PMP22 in the perinuclear region, with distinct aggresome formation 
by sixteen hours [48]. Aggresomes are cytoplasmic, membrane-free inclusions that 
accumulate in a microtubule-dependent fashion near the centrosome and are excluded from 
the major organelles [48,49,50].  
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The formation of PMP22 aggresomes under proteasome impairment demonstrates that 
PMP22 is a proteasome substrate. The mechanism for proteasomal targeting of the newly-
synthesized wt PMP22 is not yet known, but could involve ubiquitin-dependent or ubiquitin-
independent mechanisms. We detected ubiquitinated PMP22 in Schwann cells by co-
immunoprecipitation experiments [51], but the specific site for this posttranslational 
modification, or the enzymes responsible for the ubiquitination of PMP22, are not yet known. 
The wt PMP22 contains three potential sites for ubiquitination, including the amino terminal 
and lysines 92 and 158. Additionally, PMP22 is a tetraspan membrane protein, therefore 
exposure of unburied hydrophobic sequences of the misfolded protein could serve as a signal 
for degradation. 

Although aggregates of misfolded PMP22 could become detrimental to Schwann cell 
function, our culture studies indicate that the formation of PMP22 aggregates, unlike alpha-
synuclein [52], is not toxic and under permissive conditions the cells have the ability to clear 
them [53]. By using a pharmacological approach in cultured cells, we demonstrated that 
Schwann cells can reroute the aggregated protein for lysosomal degradation via autophagy 
[53]. This finding suggests a link between the two main protein degradative machineries of 
the cell, the UPS and lysosomes. The signaling mechanisms involved in the recruitment of 
autophagosomes to undegraded, aggregated proteasome substrates is unknown, but appears to 
be dependent on microtubules and the tubulin deacetylase, HDAC6 [54]. 
 

Table 1. PMP22-linked hereditary demyelinating neuropathies. 
 

Disorder Age of onset Genetic defect Animal model 
CMT1A 2nd-3rd decade 1.5 Mb duplication on 

chromosome 17 
Single point mutations in 
PMP22 

PMP22 overexpressor rats 
and mice 
Trembler and Trembler-J 
mice 

HNPP 2nd-3rd decade 1.5 Mb deletion on 
chromosome 17 

PMP22-deficient mice 

DSS 1st decade Single point mutations in 
PMP22 

Trembler and Trembler-J 
mice 

 
 

HEREDITARY DEMYELINATING NEUROPATHIES 
 
Inherited demyelinating peripheral neuropathies are a common, heterogeneous group of 

diseases that lead to progressive myelin instability and slowed nerve conduction velocities. 
Affected individuals present with sensory and motor disturbances, muscle weakness and 
atrophy. A large fraction of these diseases is linked to misexpression of PMP22, a proteasome 
substrate (Table 1). The majority of Charcot-Marie-Tooth type 1A (CMT1A) neuropathy 
patients carry three copies of the PMP22 gene, while in a smaller group; single amino acid 
substitutions in PMP22 are present [44]. Single point mutations in PMP22 have also been 
identified in Dejerine-Sottas Syndrome (DSS) patients, a more severe, congenital 
hypomyelinating neuropathy [55]. Yet in another group of peripheral neuropathies, called 
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hereditary neuropathy with liability to pressure palsies (HNPP), the PMP22 gene is deleted. 
The neuropathies show that alterations in PMP22 expression cause disease by three different 
mechanisms, which include overexpression, underexpression and single point mutations. 
These genetic diseases also indicate that for normal Schwann cell function and myelination 
the levels of PMP22 must be tightly regulated. As even in normal Schwann cells ~80 % of 
the newly synthesized PMP22 is targeted for the UPS [46], in the gene duplication and point 
mutation disease paradigms the degradative machinery responsible for the turnover of 
PMP22 might become overwhelmed and lead to the formation of protein aggregates. Indeed, 
nerve fibers from PMP22 overproducer and Trembler J (Leu16Pro) mice contain cytosolic 
aggregates that are immunorecative for PMP22 and ubiquitin (Figure 1 and 2A).  
 

 

Figure 1. Protein aggregates in neuropathic nerves. (A) In nerve fibers from wild type (Wt) mice, 
PMP22 is detected uniformly in the Schwann cell myelin. (B) In samples from PMP22 point mutant 
Trembler J (TrJ) mice, the Schwann cells have rounded cell bodies and are immunoreactive for PMP22 
(arrows). (C) PMP22 is similarly retained in some of the Schwann cell bodies in nerves from PMP22 
overexpressor (Oe) mice (arrows). (D and E) Nerves of neuropathic mice show enhanced reactivity with 
anti-ubiquitin antibodies and ubiquitin-like staining is seen near nuclei (arrows). Nuclei are stained with 
Hoechst dye (blue), which reveals the increased numbers of Schwann cells in affected samples [68]. 

To examine the involvement of the UPS in PMP22 neuropathies we determined the 
turnover of mutated PMP22s in vitro [56] and in vivo (Figure 2B). Point mutant (Leu16Pro 
and Gly150Asp) PMP22s were epitope tagged and the trafficking and half-lives of the 
recombinant proteins were followed in primary Schwann cells, with or without proteasome 
inhibition. As we predicted, the half-lives of these mutated proteins are increased compared 
to wt, and inhibition of the proteasome by lactacystin or epoxomicin leads to their 
accumulation in cytosolic aggresomes. We also examined the trafficking and degradation of 
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two frameshift mutated PMP22s, both of which truncate the protein after the second 
transmembrane domain [57]. Although these truncated proteins are missing one of the 
potential ubiquitination sites at lysine 158, and two of the hydrophobic transmembrane 
domains, they are still substrates for the proteasome. We also found that the mutant protein 
with higher propensity for spontaneous aggregation is associated with the less severe disease 
phenotype [57]. Independent studies by Isaacs and colleagues found a similar link between 
the formation of large PMP22 aggregates and mild disease phenotypes [58]. Therefore, based 
on the correlation of large PMP22 aggregates with a less severe disease phenotype [57,58] 
and the existence of an autophagic-dependent mechanism involved in their clearance [53], a 
protective role for the formation of aggregates in neuropathic Schwann cells can be proposed. 
 

 

Figure 2. Ultrastructural and biochemical changes in neuropathic nerves. (A) Sciatic nerves from adult 
mice were processed for ultrastuctural examination. The majority of large fibers are myelinated in 
samples from wild type mice. In comparison, unmyelinated (asterisks) and thinly myelinated (arrow) 
axons are prevalent in the neuropathic sample (Oe). At higher magnification, amorphous protein 
aggregates (arrowheads in right panel) are seen between layers of split myelin (arrow). (B) By pulse-
chase analysis, the turnover of PMP22 is reduced in TrJ and PMP22 overexpressor nerve lysates, 
indicating altered degradation. (C) At steady-state, the accumulation of slow-migrating ubiquitinated 
substrates is detected in the detergent-insoluble fraction (I) of neuropathic nerves. T: total lysate; S: 
detergent-soluble; I: detergent-insoluble. 

Nonetheless, as aggregate-containing Schwann cells are associated with disease 
phenotypes it is of interest to examine the protein components of the aggregates. Cytosolic 
accumulation of misfolded PMP22 may have at least two consequences: (i) serve as a 
nucleation site for the aggregation of other Schwann cell molecules, including chaperones 
(Hsp70, αB-crystallin), myelin proteins such as MBP and constituents of the ubiquitin-
proteasome pathway; and (ii) interfere with the activity of the UPS, which can further 
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decrease the turnover of PMP22. The entrapment of these molecules within PMP22 
aggregates could lead to a protein imbalance of the cell and contribute to the pathogenesis of 
the neuropathy. Chaperones transiently interact with proteins to aid their folding, trafficking 
and degradation, thereby contributing to the fate of newly-synthesized molecules [59]. Recent 
studies indicate that molecular chaperones can provide protection against neurodegenerative 
disease by preventing the aggregation of mutant proteins, catalyzing protein folding and 
multimer assembly, solubilization of aggregated proteins, and promoting the ubiquitination 
and degradation of abnormal proteins [60]. Therefore, the recruitment of Hsp70 and αB-
crystallin to PMP22 aggregates [53,56], will decrease the available pool of these molecules 
and likely interfere with normal Schwann cell function. Thus, increasing the availability of 
molecular chaperones might be beneficial for PMP22-associated neuropathies and should be 
tested.  

The formation of PMP22 aggregates in neuropathic nerves may also contribute to 
demyelination by recruitment/retention of myelin proteins. PMP22 is known to form 
homodimers, as well as to interact with protein zero (P0) [61,62]. In neuropathic mouse 
nerves, we found P0 only occasionally colocalizing with PMP22 aggregates, while MBP is 
detected in over a third of the aggregates [63]. MBP, an essential component of peripheral 
myelin, is an endogenous substrate of the proteasome [40]. The mislocalization of MBP to 
perinuclear aggregates and the increased detergent-insolubility of specific isoforms (18 and 
21 kDa) illustrate how the formation of PMP22 aggregates can alter the trafficking of 
additional myelin proteins.  

Another possible mechanism by which aggregates could affect Schwann cell biology and 
contribute to the neuropathic phenotype is through influencing proteasome activity. In 
cultured PMP22 overexpressor cells, the protein aggregates are immunoreactive for the 11S 
and 20S subunits and show the accumulation of ubiquitinated substrates in the detergent-
insoluble pool [51,63] (also see Figure 2C). The formation of protein aggregates is known to 
impair the activity of the proteasome [64], which in turn, can further increase the 
accumulation of ubiquitinated substrates. Therefore, we examined whether the presence of 
PMP22 aggregates correlates with changes in proteasome function by measurements of 
chymotypsin-like and overall 20S activity [51,63]. The chymotrypsin-like activity of the 
proteasome in neuropathic nerve lysates, as reflected by the ability to cleave the substrate 
LLVY is diminished as compared to Wt. Similarly, the ability of the 26S to degrade a short-
lived GFP reporter substrate (UbG76V-GFP) [65] is also impaired [51,63]. Conversely, we did 
not detect impairment of proteasome activity or the accumulation of ubiquitinated substrates 
in samples from PMP22-deficient mice.  

Collectively, these studies indicate that alteration in the UPS-mediated degradation of 
PMP22 is a commonality among PMP22 point mutation and overexpression disease 
paradigms. Slowed degradation of PMP22 leads to the formation of cytosolic aggregates, 
which is associated with an impairment of UPS activity and the recruitment of chaperones 
and myelin proteins to the aggregates. Therefore, despite the initial protective nature of 
aggregates, they could contribute to cellular dysfunction if they are not cleared over time. 
Coincidently, the two mechanisms involved in the potential clearing and prevention of 
protein aggregation are known to change with age. Autophagic proteolysis and the ability of 
cells to induce chaperones, declines with age [66,67]. It is an attractive hypothesis that 
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combinatorial effects of these changes likely contribute to the progressive subcellular 
pathogenesis of PMP22 neuropathies and potentially other disorders involving proteasome 
substrates. It is of great interest to us if upregulating the chaperone and the autophagic 
pathway in neuropathic mice can slow the progression of the disease and ameliorate the 
described subcellular changes.  

 
 

CONCLUSIONS 
 
Regulated degradation of proteins is a key mechanism in diverse biological systems. 

Ubiquitination and UPS-mediated degradation of neuronal and glial proteins is proving to be 
a central mechanism in PNS biology. The relative simplicity of the PNS allows investigators 
to further probe these pathways and identify specific neuronal and glial substrates. Based on 
the examples described here, it is anticipated that many of the findings from the PNS will be 
applicable to CNS as well. An interesting question will be to examine if glial cells of the 
CNS, astrocytes and oligodendrocytes, share the ability with Schwann cells to activate the 
autophagic pathway for the removal of misfolded UPS substrates. Understanding the role of 
the UPS in PNS biology and in pathogenesis is providing the bases for the development of 
new therapeutic approaches for neurodegenerative diseases.  
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ABSTRACT 
 

The ubiquitin-proteasome pathway (UPS) is understood to have a major role in the 
regulation of the cell cycle of dividing cells. More recently, it has become clear that even 
non-dividing cells, like neurons, rely on the specific regulated protein degradation 
pathways of the UPS. Through genetic studies as well as elegant biochemical and cell 
biological experiments it is now clear that the UPS plays an important role in neuron 
specific functions, such as pathfinding during development, neurodegeneration and 
synaptic plasticity. The regulation of synapse formation and re-formation is central to 
neuronal function. Recent work has demonstrated that the regulated destruction of 
specific components of the synapse is a crucial determinant of the long-term status of a 
neuronal connection. Moreover, it is clear that neurotransmitter stimulation of receptors 
can begin a cascade resulting in the targeted removal of specific synapse scaffold 
proteins. The permanent removal of these proteins through degradation allows for the 
rearrangement of synapse components in a manner specific to the neurotransmitter-
mediated signal.  
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ABBREVIATIONS 
 
AchR; nicotinic acetylcholine receptor; ALS, amyotrofic lateral sclerosis; AMPA, alpha-

amino3-hydroxy-5-methyl-4-isoxazole propionic acid; APC/C, anaphase-promoting 
complex/cyclosome; C. elegans, Caenorhabditis elegans; CREB, cyclic AMP- responsive 
element binding protein; E6-AP, Ebe3a gene encodes E6 associated protein; EJC, evoked 
junctional currents; ExJC, excitatory junctional currents; ERAD, endoplasmic reticulum 
associated degradation; GABA, gamma-amino-butyric acid; GFP, green fluorescent protein; 
GlyR, glycine receptor; GPCR, G protein-coupled receptor; HECT, homologus to E6-AP C-
terminus; HTT, huntingtin; IPC, insoluble protein complexes; LGIC, ligand, gated ion 
channel; LTD, long-term depression; LTP, long-term potentiation; mGluR; metabotropic 
glutamate receptors; NMDA, N-methyl-D-aspartic acid; NMJ, neuromuscolar junction; 
NTAN, N-terminal amidase; PLK2, polo-like kinase 2; PKA, protein kinase A; PSD, post-
synaptic density; SCA, spinocerebellar ataxia; SNARE, NEM-sensitive fusion protein 
attachment protein receptor; SNK, serum-induced kinase; SPAR, spine-associated Rap 
guanosine triphosphatase activating protein; TTX, tetrodotoxin; Ub, ubiquitin; UPS, 
ubiquitin-proteasome system; VAMP2, vesicle associatedmembrane protein 2. 

 
 

INTRODUCTION 
 
The brain is not a static organ. In order to create, store and retrieve information the brain 

has evolved as a dynamic system that can quickly respond to stimuli. The stability of 
neuronal synapses is an important means to connect different brain regions and to allow the 
transfer of biochemical and electrical signals that can be translated to us cognitively as 
specific sensory information or responses. Cognition, learning and memory has evolved as a 
system that is stable, to allow memory, but is not static, to allow learning. The stability and 
instability of neuronal connectivity is generally referred to a synaptic plasticity, and is 
currently believed to be the underlying principle for learning and memory in the brain. 

Neurons are polarized cells that receive, transmit, and even process information. The cell 
surface of neurons is specialized, with microdomains that have localized functions. Neurons 
have one axon, that primarily functions to provide neurotransmitter release from terminal 
synapses in response to input stimuli. Neurons have many dendrites that are specialized to 
respond to stimuli at the post-synaptic densities (PSD), and the PSD is characterized by the 
presence of neurotransmitter receptor complexes. So, in one portion of the cell is a receiver of 
input stimuli and another portion is responsible for transmitting a signal. The specialized (and 
highly simplified in this chapter) functions of neuronal axons and dendrites require distinct 
sets of protein components. These components allow the processing of input and transmission 
signals to result in functional cellular responses through rearrangement of protein 
components at the cell surface in localized microdomains (e.g. presynapse, PSD). 

A neuronal synapse, generally speaking, consists of two neurons: a presynaptic and a 
post-synaptic neuron. A tiny portion of each cell’s surface is bound to each other through 
extracellular matrix molecules and cell surface proteins [1-5]. Chemical and electrical 
information is transferred from the pre-synaptic cell to the post-synaptic cell via regulated 
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release of synaptic vesicle components from the pre-synaptic cell. These components can 
then interact with receptors on the post-synaptic cell to impart information about appropriate 
responses to the stimuli. While a short-term and transient stimulus can lead to post-synaptic 
activity in the form of an intracellular signal back to the postsynaptic cell body and nucleus, 
it is also possible that a continued stimulation of the post-synaptic cell can lead to a 
fundamental architectural change in the way the cell will respond to the stimuli in the future.  

These changes in synaptic membrane components are currently thought to underlie the 
fundamental aspects of neuronal plasticity (review see [6]). Synapses can be made stronger or 
weaker depending on the type of stimuli that is received, and the type of neuron receiving the 
signal. Synapses that are made stronger exhibit long-term potentiation (LTP), a state in which 
the synapses are attuned to repeated stimuli and have altered the cohort of receptors at the 
cell surface to reflect this change (for review, see [7-9]). Synapses that have been made 
weaker due to stimuli exhibit long-term depression (LTD) and have also fundamentally 
changed their synaptic membrane components (for review of LTD see [10-12]). This 
choreography of membrane components at two apposing membrane surfaces is possible 
through intracellular events that facilitate the rearrangement of cell surface proteins. For 
example, in order for a neurotransmitter receptor to be removed from the cell surface, 
intracellular scaffold proteins that previously held the receptor in place, or helped the 
receptor get to the cell surface in the first place, must be altered in their function for the 
receptor. This can be achieved through post-translational modification of the protein, for 
example phosphorylation, which will alter its ability to interact with the receptor. Then 
dephosphorylation can reverse protein function to allow a return to its original interaction 
with the receptor. However, with the long-term cellular changes that underlie synaptic 
plasticity, synapses are changed in a fundamental way, requiring both protein synthesis 
[13,14] and protein degradation [15], whereas phosphorylation and dephosphorylation is a 
relatively reversible and transient change. The role for protein synthesis has been known for 
some years [16] and recently has a major role for protein degradation become known [15]. 
However, with the first suggestion that the targeted degradation of protein was involved in 
receptor turnover at synaptic sites, there have been numerous excellent studies that have 
elucidated clear roles for ubiquitination and degradation, either through the proteasome 
[15,17-19], or through targeting to lysosomes [20]. Ubiquitin-dependent degradation of 
protein can occur through the proteasome or the lysosome and is a result of substrate 
recognition by specific proteins that function as E3 ligases in a multi-enzyme cascade that 
results in the covalent addition of ubiquitin to the substrate (The general mechanisms of the 
enzymatic cascade of ubiquitin pathway enzymes is discussed in Chapter 3, also see [21-23]). 
In general, proteins that have been covalently tagged by only one ubiquitin moiety are 
directed to the lysosome. Proteins that have multiple ubiquitin moieties covalently attached to 
them are escorted to the proteasome. Monoubiquitination (Mono-ub) is largely responsible 
for the degradation of cell surface transmembrane proteins, because the endocytosis of the 
receptor in a membrane milieu is suited for fusion with the lysosomal membrane. Epsins 
interact with both substrate-bound Mono-ub and the endocytosing membrane and serve to aid 
in the direction of plasma membrane proteins to the lysosome [24-26]. Multiubiquitin (Multi-
ub) is added to cytoplasmic proteins in a characteristic chain, that to serve as an effective 
degradation signal must equal or exceed four ubiquitin moieties [27]. In this ubiquitin chain, 
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one ubiquitin is linked to another through the epsilon amino group of a lysine on the acceptor 
ubiquitin, and the C-terminal glycine of the next ubiquitin [27,28]. Each ubiquitin is added 
sequentially to build the chain. Multi-ub is recognized by cellular shuttle-factors to shuttle the 
ub-tagged protein to the proteasome for degradation [29]. One important exception to the rule 
that ‘membrane proteins are degraded by lysosomes’ can occur during the biosynthesis of a 
transmembrane protein. While the protein is being processed through the ER, it can be 
specifically targeted for removal through quality control mechanisms [30]. The quality 
control process will result in multiubiquitination and retrotranslocation of the membrane 
protein back in to the cytosol, where it is degraded by proteasomes [31]. As yet, it has not 
been shown that cell surface transmembrane proteins are pulled out of the membrane for 
degradation by cytoplasmic proteasomes. However, in the specific case of ER-associated 
degradation (ERAD) transmembrane proteins are recognized in the ER as degradation 
substrates and are retrotranslocated out of the ER by Sec61-dependent mechanisms to be 
degraded by cytoplasmic proteasomes after multiubiquitination [32,33]. The crucial 
distinction in the case of ERAD is that the transmembrane proteins never made it to the 
plasma membrane, and were degraded during biosynthesis as evidenced by the lack of 
acquisition of mature glycosylation on the proteins prior to degradation. ER quality control 
(ERAD), monoubiquitination and multiubiquitination are all cellular processes that happen in 
all cells. However, the mechanisms that govern the highly specialized regulation of synaptic 
proteins and information about how these events occur has only recently been revealed. 

Neuronal cell biology has recently been facilitated by advances in cell culturing 
techniques that allow the growth and maintenance of specific types of neurons. With this 
technical achievement has come the ability to study the unique behavior of neurons, which 
are a remarkable cell type. The cells are highly polarized, and the cellular architecture is the 
most complex of any cell in the body. Because neurons are cells, they share many of the most 
basic cellular mechanisms and pathways as other cells (e.g. transcription, translation, protein 
secretion, etc). However, because of their highly specified and regulated functions, and their 
ability to transfer information along great distances requires a uniquely coordinated means of 
dispersing information and maintaining cellular integrity. Moreover, because the distance 
from the cell body to a synapse is so great, there is a cell body independent means of 
processing information that does not require the nucleus, although communication between 
cell body and synapse is tightly linked [34]. In fact, synaptosomes, which are synapses that 
have been separated from their respective pre and post synaptic cell bodies, can still respond 
to specific stimuli suggesting the synapse has some autonomy from the cell body. 

Early studies showed clearly that neuronal synapses can respond to stimuli with 
mechanisms that require protein synthesis, and that the new proteins were synthesized from 
mRNA that resides close to the synapse [49,50]. However it was also shown that changes in 
synaptic responses to stimuli also correlated with a down-regulation of certain receptor types 
at the cell surface and that these changes in receptor number are regulated through 
endocytosis and exocytosis [51]. Recently, the focus has turned to protein degradation as an 
unequivocal way of altering the protein composition of a synapse. We now know that 
receptor number at the cell surface can be regulated biosynthetically. For example, the 
GABAA receptor is a multisubunit receptor that can be regulated biosynthetically by the 
assembly of GABAA receptor subunits in the ER. Alterations in the stability of the GABAA 
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subunit will alter the amount of GABA receptor on the cell surface and change the cell’s 
excitable state in a relatively long-term fashion [18]. Post-synaptically, receptor number at 
the cell surface can also be regulated via monoubiquitination and endocytosis to the 
lysosome. For example, the 5-HT receptor is internalized rapidly after serotonin 
administration and this internalization was shown to require a Mono-ub dependent 
mechanism [52]. Moreover, the internalization of a receptor through monoubiquitination and 
endocytosis also requires multiubiquitination and proteasome degradation of scaffold proteins 
that hold the receptor complexes in place at the cell surface. For example, PSD-95 is a 
scaffold protein that holds the AMPA receptors in place on the cell surface and specific 
stimuli can result in the multiubiquitination and degradation of PSD-95 by proteasomes [17]. 
The degradation of PSD-95 then allows the internalization of the receptor/membrane 
complex and delivery to the lysosome. Presynaptically, the regulation of exocytosis of 
neurotransmitter containing vesicles is regulated by proteasome dependent-mechanisms, and 
a variety of E3s have been implicated in those processes [45,46]. Finally, the sensitization of 
neurons and the development of LTP or LTD requires the upregulation of specific kinases, 
which in turn regulate their cognate targets [19]. Often, the phosphorylation of the target 
leads to instability and recognition for degradation by cellular proteasomes. Ubiquitin 
pathway enzymes known to be involved in these processes are summarized in Table I. In this 
chapter, we will discuss the recent information known about synaptic plasticity and the role 
for ubiquitin-dependent degradation. 
 

Table I. Ubiquitin Proteasome Pathway Enzymes with a Role in Synaptic Plasticity 
 

Neuronal Protein Relationship to the UPS Neuronal location Reference 
Cdh1-APC E3 ligase Pre, PSD [35-37] 
E6-AP E3 ligase PSD (likely) [38] 
Fbx2 E3 ligase PSD [39] 
Lin-23 E3 ligase PSD [40] 
MdM2 E3 ligase PSD [17] 
NTAN1/UBR1 E3 ligase Pre, PSD [41] 
Parkin E3 ligase Pre, PSD [42] 
Plic-1 Shuttle factor Cytoplasmic [18] 
Siah E3 ligase Pre, PSD [43, 44] 
Spring E3 ligase Pre [45] 
Staring E3 ligase PSD [46] 
Uch-L1 Deubiquitinating enzyme Pre, PSD [47] 
Usp14 Deubiquitinating enzyme Pre, PSD [48] 

 
 

BIOSYNTHETIC REGULATION OF  
RECEPTOR DELIVERY TO THE CELL SURFACE 

 
Glutamate receptors play a central role in the neuronal excitation of the mammalian 

CNS. There are two types of glutamate receptors, ionotropic and metabotropic receptors. 
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Metabotropic receptors (mGluRs) are G protein coupled receptors (GPCR) and ionotropic 
glutamate receptors are ligand gated ion channels (LGIC). Generally speaking, ligand-
activated metabotropic receptors can affect intracellular signaling cascades that may affect 
neurons excitability. Ionotropic receptors will open their ion channel in response to ligand 
binding, allowing for the entry of specific ions, such as Ca2+, Na+ or Cl- that will then affect 
intracellular processes.  

MGluR1 and 5 are specific metabotropic glutamate receptors that are linked to IP3 
signaling cascades, and have important roles in both long-term potentiation and depression, 
as well as synapse development and elimination [53-56]. MGluR1 has been shown to be a 
short-lived protein that can be stabilized by proteasome inhibitors, mutation of specific lysine 
residues or deletion mutations in the C-terminus of the protein [44]. The half-life of MGluR1 
can be made even shorter when expressed in the presence of Siah-1A [44]. Siah-1A is an E3 
ligase with numerous reported neuronal substrates (DCC: [57] synaptophysin: [43] and 
Numb: [58]). Siah-1A expression with mGluR1 resulted in an increase in the detectable 
ubiquitination of the mGluR1, whereas expression of a ring-finger mutant of Siah-1A did not 
increase ubiquitination of mGluR1, suggesting Siah-1A is responsible for degradation of a 
group of mGluRs [44]. The fact that the mGluRs were modified by multiubiquitin and the 
half-life in the presence of Siah-1A was about 10 hours shorter than in its absence suggests 
that Siah-1A recognizes mGluRs during biosynthesis, and probably mediate an ERAD 
process to regulate cellular levels of mGluRs. It is important to point out that Siah-1 is itself a 
short-lived protein that is regulated by the UPS pathway [59]. This suggests that there may be 
an extra level of control over the biosynthesis of Siah-1 substrates because there may be an as 
yet unidentified factor that can control the degradation of Siah-1. This unidentified factor(s) 
could be regulated by neuronal activity or developmental cues (in the case of DCC) to control 
the abundance of Siah-1 in neurons. 

Ligand gated ion channels are well-known mediators of neuronal activity. Nicotinic 
acetylcholine receptors (AChR) are hetero-oligomeric ion channel complexes whose 
biogenesis and membrane insertion have been extensively studied [60]. Recently, the number 
of channels assembled and delivered to the cell surface was shown to increase in the presence 
of proteasome inhibitors [61]. Detailed analysis showed that the AChR complex subunits 
were regulated by multi-ubiquitination and degradation by proteasomes. The multi-
ubiquitinated subunits fractionated with membranes, and displayed appropriately 
glycosylated forms, suggesting that the retrotranslocation of the subunits and degradation by 
proteasomes is a tightly coupled process [61]. The degradation of AChR subunits by ERAD 
appears to be a means to regulate the number of receptors on the cell surface, because the 
ligand binding and sedimentation profiles of the ER-associated forms of the AChR that 
accumulate after proteasome inhibitor treatment are preserved, suggesting appropriately 
folded and assembled AChR complexes [61]. Oftentimes, ERAD is involved in the removal 
of malfolded proteins in the ER, but this example highlights the alternative function of 
ERAD, which is to tightly control receptor delivery to the cell surface. In the AChR example, 
ERAD controls the number of cell surface receptors, but is probably regulated, perhaps like 
the GABAa receptors by Plic-1, to be able to quickly respond to stimuli to increase or 
decrease the number of receptors at the cell surface after stimuli.  
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GABAA receptors are responsible for fast synaptic inhibition in neurons and GABAA 
receptors cycle between the cell surface and endocytic compartments to regulate the number 
of receptors at inhibitory synapses [62]. An increase in GABAA receptor number is correlated 
to an increase in the inhibitory strength of the synapse. Increases in cell surface receptor 
could be due to inhibition of endocytosis from the cell surface, increase in recycling of 
endocytic pools of receptors, or an increase in the number of receptors inserted in to the 
membrane via biosynthetic mechanisms. The endocytosis of GABAA receptors has been 
shown to require clathrin and dynamin-dependent mechanisms and is as yet not linked to a 
monoubiquitination-dependent process [63]. In addition, PKC, GABARAP, gephyrin, growth 
factor tyrosine kinase receptor and Plic-1 have been implicated in regulation of GABAA at 
the cell surface [18,64-66]. Plic-1 protein is generally characterized as a ubiquitin-related 
protein because its amino terminus is 33% identical to ubiquitin, and its C-terminus contains 
a ubiquitin-associated (UBA) domain [67]. Plic-1 has been shown to be a putative ‘shuttle 
factor’ that binds to ubiquitin via the UBA domain and also binds to the proteasome via its 
ubiquitin-like domain [68,69]. Shuttle proteins have been speculated to escort ubiquitinated 
protein to the proteasome [29]. GABAA receptor subunits are short lived when examined by 
pulse chase analysis [70], and their half-life significantly increases in the presence of 
proteasome inhibitors, suggesting that GABAA receptor subunits are degraded by the 
proteasome during biosynthesis [18]. In the presence of overexpressed Plic-1, the half-life of 
the GABAA subunits increased approximately 30%. Overexpression of Plic-1 also correlated 
to an increase in GABAA receptor at the cell surface, as well as an increase in inhibitory 
strength of the synapses [18]. At first glance it may seem counterintuitive that Plic-1 would 
decrease proteasome degradation of GABAA subunits, given its function as a shuttle factor. 
However, a likely mechanism for the observed data is that the overexpressed Plic-1 binds to 
the GABAA receptor subunit prior to multiubiquitination and as such disrupts the appropriate 
targeting to the proteasome, increasing intracellular pools of GABAA receptor. A similar 
function for PLIC-1 with other substrates has been reported [68,71]. Plic-1 may also be 
acting to stabilize previously internalized receptors because Plic-1 can be localized to 
clathrin-coated vesicles and intracellular membranes [18] and has recently been linked to 
Eps15 [72]. Currently, while it is unknown if Plic-1 is acting on both recycling and 
biosynthetic pathways, or if it has specificity for one pathway, pulse-chase analysis has 
established the role of biosynthetic degradation [18]. Biosynthetic regulation of the assembly 
of cell surface protein receptors is a common mechanism in cells. Often, a particular subunit 
of a multimeric complex is regulated in abundance by degradation by the proteasome via 
ERAD. Elimination of the targeted subunit prevents receptor complex assembly and therefore 
regulates insertion in the plasma membrane. A rapid stabilization of the limiting subunit 
would allow the cell great flexibility to upregulate receptor levels without having to increase 
mRNA levels via a nuclear signaling mechanism and allows cells to respond rapidly to 
changing cellular conditions. In the example of the GABAA receptor assembly, Plic-1 may 
regulate the degradation of subunits as a result of specific neuronal stimuli to increase the 
strength of inhibitory synapses. It would be interesting to know if Plic-1 association with 
GABAA receptor subunits changes with signals that increase inhibitory synaptic strength. 

In the three examples discussed in this section, it is clear that cell surface receptor 
complexes can be regulated in their delivery to the cell surface through stability of specific 
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receptor subunits at an intermediate point in the maturation of the protein. Under certain 
conditions, a subunit may be rapidly degraded to decrease cell surface expression. However, 
under other conditions degradation is prevented and the stabilized subunit can assemble with 
other members of the receptor to allow increased receptor delivery to the cell surface (see 
summary in Figure 1B). And, it is the dynamic changes in receptors at the cell surface that 
defines synaptic responsiveness and plasticity for neurons. 
 

A.

B.
C.

 

Figure 1. Schematic representation of a CNS neuron. A,B, and C represent different domains of the 
neuron and are discussed in relation to the UPS in detail in 1A, B and C.  

 
POST-SYNAPTIC REGULATION OF CELL SURFACE RECEPTORS 

 
Ubiquitin-dependent pathways regulate an orchestra of events at the PSD to allow for the 

development of LTP and LTD responses to stimuli. For the ionotropic glutamate receptors, 
NMDA and AMPA receptors, the ubiquitin-proteasome pathway is involved in many facets 
of the receptors’ responsiveness to neurotransmitters at the PSD (Kainate is also a ionotropic 
glutamate receptor, however it is not known if the UPS is involved in its regulation). 
Ubiquitination events regulate the receptor subunits themselves, as well as scaffolding 
proteins that allow for receptor membrane insertion or removal from the plasma membrane 
[17,39,73]. The activation of NMDA receptors can lead to a decrease in AMPA receptors at 
the cell surface and stable LTD [51,74]. It now seems clear that the removal of scaffold 
proteins that hold cell surface receptors in place will allow cell surface remodeling in 
response to highly specific stimuli. The internalization of the receptor requires a 
monoubiquitination/lysosome event and the removal of the scaffold protein requires a 
multiubiquitination/proteasome event. This dynamic process is shown schematically in 
Figure 1A-C, and is discussed in detail below. 
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A tour de force study was reported in 2003, by Ehlers in which the author examined the 
fate of synaptic proteins after stimuli in both intact neurons in culture as well as 
synaptosomes [15]. Synaptosomes are synapses that have been isolated away from the cell 
body of the neuron. Because the pre and post-synaptic portions of the synapse are held 
together very tightly, it is possible to isolate them from their respective cell bodies. 
Experimentally, the presynaptic portion of the synaptosomes can be stimulated to release 
neurotransmitter and the post-synaptic portion will respond to the neurotransmitter by 
modulation of the components at the cell surface. Rearrangement of PSD components after 
stimulation has been suggested to involve Ca2+ mediated signal cascade molecules, scaffold 
proteins and cell surface receptor molecules. 
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Figure 1A. PSD in a dendrite of the neuron. Presynaptic elements release neurotransmitter (green) that 
acts on postsynaptic receptors to generate intracellular events that regulate response to stimuli. In this 
diagram, a cell surface receptor is internalized after two ubiquitin dependent events: 1. Multi-
ubiquitination and degradation of a receptor scaffold Protein (red) (i.e., PSD-95 or SPAR) is required 
for the endocytosis of a receptor; 2. Mono-ubiquitination of the cell surface receptor is required for the 
delivery to lysosomes (brown) for degradation. 

To gain insight into the molecular identity of the specific proteins that are rearranged 
after stimuli in a global fashion, Ehlers used a large-scale proteomics effort complemented by 
a candidate approach to characterize the proteins that were short-lived after the application of 
stimuli [15]. Bicuculline was used to mimic activating stimuli and tetrodotoxin (TTX) was 
used to mimic inhibitory stimuli. A consistent pattern of proteins was seen to disappear after 
stimulation, and pulse-chase analysis determined that synaptic activity alters the half-life of 
specific synaptic proteins. In the presence of proteasome inhibitors these specific proteins 
were stabilized. A specific antibody to multiubiquitinated proteins was used to isolate the 
cohort of proteins that were multiubiquitinated after stimuli. Proteins identified included 
post-synaptic scaffolding proteins, Shank, GKAP and AKAP79/150. These proteins have 
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been implicated in the delivery and maintanence of receptors at the PSD [74,75], and this 
recent result suggests that proteasomal degradation may remove these scaffolding proteins, 
allowing for dramatic alterations in the PSD. Interestingly, the cell surface receptors, NR1 
and NR2b of the NMDA receptor decreased but were not multiubiquitinated. It may be that 
the receptors are modified with Mono-ub for lysosomal degradation, but this was not 
determined by Ehlers [15] as his methods were designed to only identify multiubiquitinated 
proteins. Importantly, this study was the first to show that synaptosomal preparations, 
synapses isolated for the cognate cell bodies, had active proteasomal degradation pathways. 
This means that the recognition proteins, E3 ligases, conjugating enzymes, E2s, and 
proteasomes were present in the synapses and could be activated and function autonomous 
from the cell body. This study and the others discussed below, opened the door to new targets 
of Ca+ mediated synaptic events, and a new mechanism for regulation of synaptic receptor 
activation and desensitization through the finality of the ubiquitin-proteasome pathway. 
Subsequently, it was shown that PSD-95 is ubiquitinated and degraded after specific stimuli, 
in contrast to the work by Ehlers [17]. PSD-95 has been implicated as a ‘slot protein’ that 
functions to maintain and deliver receptors to the cell surface in neurons [76]. The decrease 
in surface AMPA receptors after NMDA stimulation can be blocked by the addition of 
proteasome inhibitors and by a mutation in the PSD-95 that prevents ubiquitination [17]. 
Importantly, PSD-95 ubiquitination is dependent on the appropriate stimulus, providing 
further support that the ubiquitination of PSD-95 is a specific response to neuronal signaling 
cues. For example, in Ehlers [15] the global analysis of synaptosomal protein turnover by the 
proteasome did not reveal PSD-95 and this is most likely due to the difference between 
Bicuculline stimulation of synaptosomes versus the NMDA stimulation of neurons. These 
results highlight the importance of using various defined experimental paradigms to examine 
specific proteins of interest and their targeting to the proteasome, as it appears to be highly 
stimuli specific. This is not surprising, as a primary function of neuronal synapses is to create 
a small, localized area for specific cellular responses.  

Intact cultured hippocampal neurons have also been shown to require active proteasomes 
for internalization of AMPA receptor subunits GluR1 and GluR2 [73]. Application of 
proteasome inhibitors (MG-132) prevented internalization after bicuculline stimulation, 
suggesting the effects were synaptic. MG-132 is a reversible proteasome inhibitor and its 
addition for as little as 2-5 minutes was sufficient for the observed block. GluR1,2 
internalization required multiubiquitination, because a K48R mutant of ubiquitin prevented 
internalization. The K48R mutant would support monoubiquitination [28,77], so the fact that 
internalization was blocked with K48R suggests that proteasomal degradation of 
multiubiquitinated substrates was required for the GluR1 and 2 internalization. However, the 
identity of the protein(s) degraded is not yet been identified, however it is likely to be a 
scaffold protein similar to those identified by Ehlers (2003). Gentry et al., correlated 
proteasome location with synaptic components and this data is consistent with a high 
resolution electron microscopic analysis of proteasome location in neurons that suggested a 
key role for the proteasome in neurons, specifically in long-term memory, over ten years ago  
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Figure 1B. Biosynthetic degradation of a cell surface receptor can regulate delivery to the cell surface. 
Receptor subunits are synthesized on cytoplasmic ribosomes and delivered into the endoplasmic 
reticulum (ER) where they are either: 1: assembled into receptor complexes and transited to the cell 
surface; or 2: recognized for degradation, followed by multi-ubiquitination and dislocation from the ER 
into cytoplasmic proteasomes. In the case for the GABAA receptor, Plic-1 (red) binds to a multi-
ubiquitin ladder and to the proteasome and shuttles substrates into the mouth of the proteasome. The ER 
of a neuron is present throughout the neuron and is shown schematically here. 

C.

 

Figure 1C. Regulation of vesicle exocytosis in the presynapse. The presynapse of a neuron is 
responsible for the release of neurotransmitter-containing vesicles. The selective multiubiquitination 
and degradation of specific synaptic vesicle-associated proteins is required for vesicle fusion and 
exocytosis, as well as the re-endocytosis of the vesicle after release (recycling). In this example, the 
degradation of Dunc-13 is required for the ability of the vesicle to be primed with the plasma membrane 
prior to release of neurotransmitter contents. 
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[78]. That speculation was based on the data that demonstrated proteasomes in the nucleus 
and in the synapse [78], areas we now know to be the crucial cellular locations for regulation 
of degradation controlling synaptic plasticity. It would be highly interesting to understand if 
proteasomes have a dynamic spatial regulation in neurons in relation to the excitation state of 
the neuron. For example, in highly active neurons are proteasomes recruited to synapses, and 
conversely transferred to other locations in synapses that are under LTD? In general, there 
have not been definitive cellular studies to determine if the proteasome itself undergoes 
specific translocations in the cell. It is currently understood that the proteasome is found 
diffusely throughout the cell, facilitating degradation at almost any place in the cell. In the 
highly compartmentalized architecture of the neuron it may prove to be more important for 
the proteasome to be recruited to a particular active region. Future studies will likely address 
this important neuronal issue. 

The inhibitory Glycine receptor (GlyR) is a ligand gated ion channel (LGIC) that is 
regulated in its levels at the cell surface in response to neuronal stimuli.. The GlyRs are 
internalized via endocytosis and this process is regulated by monoubiquitination followed by 
degradation in lysosomes [79]. Cell surface labeling followed by affinity isolation of GlyR 
complexes revealed specific ubiquitination of a fraction of the GlyRs [79]. The degradation 
of the GlyRs does not occur via proteasomes because lysosomotrophic agents prevented 
degradation of the GlyRs while proteasome inhibitors did not [79]. Because of the methods 
used for these experiments it was not possible to understand if the cell surface delivery of 
assembled subunits could be affected by ERAD mechanisms, (although previous studies 
suggest this may be the case [80]) but it was clear the removal of GlyR from the cell surface 
requires at least one monoubiquitination event for efficient targeting to lysosomes. 
Interestingly, because the degradation of the GlyRs was not affected by proteasome 
inhibitors, it suggests there is not a scaffold protein for the GlyRs that requires proteasomal 
degradation to allow for the remodeling of GlyR from the cell surface—this is in contrast to 
the AMPA receptor, which requires the degradation of PSD-95 by proteasomes to allow for 
those remodeling events to occur [17]. The examples presented in this section are 
summarized in Figure 1A. 

 
 

APC/C AND ITS ROLE IN SYNAPTIC PLASTICITY 
 
The anaphace-promoting complex/cyclosome (APC/C) is a multisubunit protein complex 

that functions as an E3 ligase. APC/C is composed of catalytic and substrate recognition 
subunits and the particular composition of subunits will confer functional specificity for E3 
ligase function (APC/C has an enormous literature, reviewed in [81]). APC can associate 
with cdc20 or cdh1 depending on cellular context [82,83], and each of these subunits serves 
to confer substrate specificity on the APC/C. While the role of APC/C in the cell cycle is well 
established, recent data suggests it plays an unexpected but crucial role in differentiated 
neurons. Cdh1 has been identified in neurons [84], and has a demonstrated role in neuronal 
growth [35]. Studies from Drosophila have recently demonstrated a role for APC/C in 
differentiated neurons of the neuromuscular junction (NMJ) [36]. Finally, APC/C has also 
been shown to be important for GluR1 ubiquitination in rodents [37]. CDH1-APC was shown 
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to be localized to the nucleus in rat cultures, and was proposed to be a regulator of gene 
expression important for axonal morphogenesis [35]. However, data is now accumulating that 
suggests APC/C has functions to regulate synaptic plasticity and post-development neuronal 
functions. In the Drosophila model, flies mutant for the C subunit of APC/C were defective 
in synaptic bouton number at the NMJ, and this effect is independent of APC/C expression in 
the muscle target tissue [36]. Furthermore, subunits of the APC/C protein were localized to 
the synapses providing further evidence that the APC/C is acting in/at synapses, not via an 
indirect mechanism emanating from the cell body (e.g. regulation of gene expression). 
Interestingly, the APC/C subunits were found in the presynaptic as well as the postsynaptic 
target tissue [36]. Because the APC/C is a large multisubunit ligase, that contains catalytic 
subunits as well as substrate recognition subunits, the APC/C could function to recognize and 
degrade a large number of different proteins via exchange of specific substrate recognition 
subunits to confer situation and cell-type specificity. In this example, the APC/C may 
associate with different proteins pre and post-synaptically. One commonality in substrate 
recognition is the presence of a particular protein sequence in diverse proteins that can be 
recognized as a destruction signal when exposed. A strict destruction box motif 
(RxxLxxxxN) is recognized by cdc20-APC and cdh1-APC to a lesser extent [85] while a 
KEN box motif is recognized by cdh1-APC [86]. In order to gain insight into potential 
substrates for APC/C in Drosophila neurons, proteins were identified that contained 
destruction boxes and had characterized mutations which lead to changes in synaptic bouton 
number (to be consistent with the phenotype of the APC/C mutants) [36]. Liprin-α is one 
such protein for which mutations confer a defect in axon terminal branching, and contain 
three putative destruction box motifs [87]. Liprin-α is a multidomain protein that is involved 
in postsynaptic receptor targeting [88] and the development of presynaptic active zones [89]. 
Liprin-α levels were found to be higher in Drosophila APC/C mutants and specifically were 
higher in the presynaptic area. Ubiquitinated forms of Liprin-α were detectable, suggesting 
Liprin-α is recognized by an E3 ligase for degradation by proteasomes [36]. Highwire, 
another protein found to regulate synaptic bouton size and number [90] also has a destruction 
box motif at the C-term but its levels were not changed in APC/C mutants [36]. These studies 
reveal molecular information about the regulation of synaptic function that suggests there 
will likely be numerous E3 ligases and substrates that work in concert to regulate synaptic 
function, because both APC/C and Highwire are present in the synapse, but do not appear to 
overlap in function. APC/C regulation potentially has a role post-synaptically to regulate 
glutamate receptor levels, because the levels of GluRIIa are dramatically increased in the 
APC/C mutants in the NMJ [36]. Postsynaptically APC/C mutants change the sensitivity to 
neurotransmitter through an increase in the number of postsynaptic GluRIIa glutamate 
receptors [36]. APC/C may regulate GluRIIa levels directly, or indirectly, and examples form 
Caenorhabditis elegans (C. elegans) and rodents may offer some clues.  

In C. elegans, the non-NMDA glutamate receptor is GluR1 and removal of this receptor 
from the postsynaptic density in response to stimuli has been shown to be dependent on 
ubiquitination and to require endocytosis [20]. Mutations that affect ubiquitination or 
endocytosis result in GluR1 accumulation at the cell surface and changes in behavior 
consistent with increased numbers of GluR1 at the cell surface [20]. This ubiquitination 
occurs indirectly through the APC/C-CDH1 complex, suggesting that endocytosis of the C. 
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elegans GluR1 may require ubiquitination and degradation of other (as yet unknown) 
proteins in addition to GluR1 [37]. In rodents the AMPA receptor, which is the rodent non-
NMDA glutamate receptor, is removed from the plasma membrane after the 
multiubiquitination and degradation of PSD-95 [17]. The E3 ligase MdM2 is responsible for 
the recognition and ubiquitination of PSD-95 [17]. In a similar manner, the APC/C may 
regulate other cellular proteins that ultimately regulate the level of GluR1, or alter GluR 
characteristics to facilitate degradation (e.g scaffold proteins, kinases, transcription factors). 
Alternatively, both C. elegans GluR1 and Drosophila GluRIIa have the destruction boxes in 
the extracellular domain of the protein, which suggests the levels of the proteins may be 
regulated biosynthetically by APC/C via ERAD mechanisms. In fact, a recent study has 
shown that the NMDA receptor subunit NR1, is regulated in a similar manner by the 
FBX2/NFB42/Fbs1 E3 protein ligase and disruption of the appropriate destruction of NR1 
during biosynthesis results in an increased density of NMDA receptors in response to activity 
stimuli [39]. A similar mechanism may regulate the GluRs in some cellular contexts, and it is 
likely that a combination of genetic and cell biology studies will be required to dissect the 
many factors that could influence AMPA levels at the surface of the postsynaptic density. 

 
 

PRESYNAPTIC PROTEIN DEGRADATION 
 
Clearly, protein degradation plays a role in postsynaptic responses to neurotransmitter 

stimulation through changes in cell surface protein abundance. The PSD is a protein rich 
microdomain wherein surface receptors are regulated by scaffold proteins in response to 
stimuli as described in the previous sections. The pre-synaptic portion of the synapse is a 
protein and vesicle rich domain that is highly dynamic and responsive to cellular stimuli. 
After activation, the pre-synaptic terminal will mobilize neurotransmitter-containing vesicles 
that reside just below the plasma membrane to fuse with the plasma membrane and release 
their contents into the synaptic space (Figure 1C). The mobilization and fusion events require 
exquisite coordination of intracellular signals to regulate protein function and control vesicle 
movement. After exocytosis, there are also recycling mechanisms to replenish the store of 
synaptic vesicles (for a review of the mechanisms governing synaptic vesicle assembly, 
release and recycling, see [91,92]). For example, the NEM-sensitive fusion protein 
attachment protein receptor (SNARE) complex of proteins is composed of syntaxin-1, 
VAMP2 and SNAP-25. This SNARE complex is a crucial regulatory component of multiple 
aspects of vesicle dynamics. Spring is an E3 ligase that has also been shown to be involved in 
pre-synaptic vesicle exocytosis [45]. Spring is localized in synapses, and is found in purified 
Synaptosomal preparations. Spring interacts with SNAP-25 and prevents the assembly of 
SNARE complex via a direct competition with syntaxin-1 for SNAP-25 binding. SNAP-25 
and syntaxin-1 interaction is required for vesicle exocytosis. This suggests that Spring can act 
as a regulator of a critical component of vesicle exocytosis, by controlling the levels of the 
SNAP-25 protein. When sufficient SNAP-25 is available, it will associate with syntaxin-1 
and vesicle associated membrane protein 2 (VAMP2) to form SNARE and this association 
will specifically allow for stimulus-evoked release of neurotransmitter via exocytosis [93]. 
Interestingly, because dissociation of SNAP-25 from a vesicle that has completed membrane 
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fusion is required for endocytosis and recycling [94], there may also be a role for degradation 
of SNAP-25 to allow for vesicle endocytosis. Staring is an E3 ligase that has been shown to 
regulate syntaxin-1 levels [46]. Staring and syntaxin-1 were colocalized to synaptosomes, 
suggesting that at least some degradation of syntaxin-1 by Staring could occur at the nerve 
terminal. However, pulse-chase analysis also suggests that Staring could regulate syntaxin-1 
levels via ERAD. Because syntaxin-1 is a transmembrane protein, it is likely the majority of 
proteasome-dependent degradation of syntaxin occurs via ERAD. There may be a role for 
monoubiquitination of syntaxin-1 by Staring in an independent role for regulation of 
endocytosis after vesicle fusion, but this was not addressed in recent publications [46]. If 
Staring is required for stimulated vesicle exocytosis, it should be possible to establish this 
using isolated synaptosomes with proteasome inhibitors, and should clarify the role of Staring 
(i.e., ERAD or functional regulation of vesicle dynamics through syntaxin-1) in synaptic 
plasticity.  

Two additional E3 ligases that have been shown to act in the presynaptic area include 
ZNRF1 and 2 which, when mutated, can prevent Ca+-dependent exocytosis in PC12 cells 
[95]. The substrates of ZNRF in neurons are not yet known. Because highly similar proteins 
exist in C. elegans and Drosophila specific molecular mechanisms for ZNRFs in exocytosis 
of presynaptic vesicles may be elucidated using genetic approaches.  

The N-end rule is a specific ubiquitin dependent pathway of protein degradation [96], 
with a well-characterized complement of E3 proteins operating in mammalian cells [97]. N-
end rule dependent mechanisms also operate within the presynaptic area, although specific 
substrates have yet to be identified [98]. Using synthetic N-end rule substrates as sensors, 
pharmacological inhibition of synthetic substrate degradation was demonstrated in the 
presynapse, and established that local synaptic proteasomes are responsible for the 
degradation [98]. This result is consistent with Ehlers [15] data using synaptosomes to 
establish that proteasome-mediated degradation is contained entirely within the synaptic area, 
and does not require translocation to the cell body, or other neuronal area. One specific 
component of the N-end rule pathway is asparagine-specific N-terminal amidase (NTAN). 
Interestingly, NTAN deficient mice display a phenotype suggestive of presynaptic deficits 
[41] providing further evidence that the N-end rule pathway operates to regulate specific (as 
yet unknown) aspects of synaptic activity.  

Pre-synaptic release of neurotransmitters can be regulated by substances that act directly 
on the pre-synaptic terminal. These substances can act to increase or decrease the amount of 
neurotransmitter released and their effects are measured electrophysiologically as an increase 
or decrease in evoked junctional currents (EJC). The changes in EJC can be effected through 
changes in voltage-dependent ion channels, changes in regulation of secretion of vesicles 
containing neurotransmitter or changes in pre-synaptic membrane potential. Recently, 
proteasome dependent degradation has been shown to be required for EJCs, suggesting that 
specific pre-synaptic events are also regulated by proteasome-dependent degradation. In 
general, application of proteasome inhibitors to the NMJ of Drosophila results in an increase 
in the excitatory junctional currents (ExJC) when measured using electrophysiology directly 
from the pre-synaptic site [98]. Protein synthesis inhibitors did not have the same increase in 
ExJC, suggesting protein degradation plays a key role in the strength of ExJCs. Interestingly, 
instead of a whole cohort of proteins degraded by the proteasome, only DUNC-13 was 
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identified to be changed in abundance after the application of proteasome inhibitors (for less 
than one hour) to the NMJ [98]. DUNC-13 has been shown to be involved in controlling 
neurotransmission strength, through a vesicle priming mechanism [99]. Because these EJCs 
were not provoked by a bath application of neurotransmitter, it would be interesting to know 
if the cohort of short-lived proteins changes after application of GABA [100] (or other 
stimuli) to the NMJs. In other words, maybe the DUNC-13 is a constitutively short-lived 
protein, while other crucial presynaptic regulatory proteins only become proteasome 
substrates after a specific stimuli. An analogous case is the absence of PSD-95 degradation 
after Bicuculline stimulation [15], but degradation of PSD-95 after NMDA/AMPA receptor 
stimulation [17] (see PSD discussion above). It may be a precisely regulated mechanism of 
protein degradation to destabilize proteins in response to very specific neuronal stimuli, both 
pre- and post- synaptically. 

APC/C E3 ligase has been suggested to regulate levels of Liprin-α because APC/C 
mutants result in an increased level of Liprin-α pre-synaptically [36]. Moreover, mutations in 
Liprin-α can suppress synaptic defects caused by mutations in APC/C. Liprin-α has been 
shown to be ubiquitinated in vivo, although it is unclear if the ubiquitination is mono-
ubiquitin or multi-ub. Liprin-α interacts with DLAR receptor tyrosine phosphatase in the 
regulation of synaptic bouton number [87]. Liprin-α also interacts with RIM, a large scaffold 
protein that has been suggested to be a fundamental building block in the organization of the 
presynaptic architechture [89]. Therefore, while the requirement for targeted degradation of 
Liprin-a by APC/C in the pre-synapse is established, it is still unclear the exact molecular 
mechanism in which Liprin-α levels allow the appropriate development of pre-synaptic 
organization. 

Liprin-α and Unc-13 both interact with RIM, a pre-synaptic scaffold protein [89,101]. As 
discussed above both Liprin-α and Unc-13 are regulated by proteasome degradation to 
control vesicle exocytosis, and it will be interesting to learn if there is a common regulatory 
role played by RIM1 in the recognition of Liprin-α and unc-13 for degradation. For example, 
does RIM become phosphorylated after stimuli and this phosphorylation leads to a 
conformational change that leads to Liprin-α and/or Unc-13 degradation? Undoubtedly as we 
gain more information about specific players that control vesicle exocytosis, a more complete 
picture of the chronology of events underlying regulation of exocytosis will be revealed. 
Already, the data discussed above indicate that the proteasome plays a role in both pre and 
post synaptic responses to stimuli, and as we become more informed about the molecular 
constituents of these areas, we will be able to study the role of protein degradation in 
regulation of these proteins. For example, an analysis of ion channel associated proteins [102] 
may reveal more proteins specifically regulated by ubiquitin-dependent pathways in 
neurotransmission. 

 
 
KINASES, TRANSCRIPTION FACTORS AND E3 LIGASES 

 
Any discussion of synaptic plasticity would be incomplete without a discussion of 

transcriptional changes and alterations in kinases that underlie learning and memory. From 
elegant, classical studies in Aplysia we have gained considerable insight into mechanisms of 
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long-term facilitation. Protein Kinase A (PKA) is a cAMP-dependent protein kinase that is 
composed of catalytic (C) and regulatory (R) subunits. PKA has direct effect on short-term 
presynaptic function by modulation of ion channel activity by phosphorylation [103]. In 
conditions that enhance long-term facilitation (for example, training or prolonged exposure to 
neurotransmitter), PKA is persistently active, and this increased activity has been shown to be 
due to the specific degradation of the R subunits by the proteasome pathway [104,105]. In the 
absence of R subunits, the C subunits are highly active, and this persistant activation has been 
shown to be a characteristic of long-term facilitation in Aplysia. Protein synthesis is also 
required for the prolonged alteration in R-to-C subunit stoichiometry [106] and some of the 
induced proteins may be components of the proteasome pathway, such as a specific E3 ligase. 
Interestingly, UCH-L1 is also required for long-term facilitation in Aplysia [47]. UCH-L1 is 
a deubiquitinating enzyme that disassembles ubiquitin chains. Uch-L1 activity may be 
required in neurons to remove the ubiquitin chains from a substrate to stabilize it, or 
alternatively may be required to aid in its degradation by the proteasome because ubiquitin 
chains must be removed from a substrate prior to its entry into the mouth of the proteasome 
[47]. Yet another alternative function for Uch-L1 may be to regulate the half-life of a 
synaptic E3 ligase. Some ring finger E3 ligases have been shown to autoubiquitinate, and that 
autoubiquitination can signal turnover of the ligase [107]. In the case of MdM2 and HAUSP, 
HAUSP is a deubiquitinating enzyme that will prevent the autoubiquitination and 
degradation of MdM2, resulting in a stabilization of MdM2 and an increase in its cellular 
activity [108]. Uch-L1 may perform a similar function in regards to a postsynaptic E3 ligase 
during long-term facilitation. The requirement for both degradation of R subunits of PKA and 
the deubiquitination of protein demonstrates that the role of the proteasome pathway in the 
regulation of facilitation and potentiation pathways in neurons is complex and likely involves 
a multitude of opposing factors working in a kinetic balance that when shifted, results in 
long-term cellular (neuronal) changes.  

The long-term changes that underlie learning and memory require new protein synthesis. 
Activation of nuclear transcription factors after neuronal stimulation is one way to regulate 
the levels of proteins required for synaptic changes, because transcription factors function to 
regulate gene expression. The CREB and C/EBP transcription factors are critically involved 
in learning and memory and are activated in response to calcium and cAMP (for review see 
[109]). cAMP, as discussed above, will activate PKA by dissociation of the R subunits from 
the C subunits. Activated PKA will then phosphorylate CREB (cyclic AMP- responsive 
element binding protein) and nuclear CREB will initiate gene transcription. Therefore the 
proteasomal degradation of PKA R subunits is required for the early events that lead to gene 
transcription events that are crucial elements for the establishment of long-term memory and 
learning. C/EBP is a transcription factor that is generated as a result of CREB activation, and 
is involved in the transcription of late response genes that are also required for learning and 
memory. C/EBP is degraded by the proteasome pathway when the protein is not 
phosphorylated, but when phosphorylated by MAP kinase is protected from degradation 
[110]. Probably, C/EBP degradation is a means to always have C/EBP present in cells to be 
able to respond rapidly to stimuli. The genes are that are induced by activity-dependent 
changes in transcription factors are the subject of much research since the general utility of 
gene microarray analysis became established. These regulated proteins are likely to be 
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dynamically regulated in abundance and serve key roles in the neuron’s response to activity. 
Therefore, it is also likely that many of these induced gene products will be substrates of the 
ubiquitin-proteasome pathway. One such regulator is the polo-like kinase 2 (PLK2) [also 
known as serum-induced kinase (SNK)]. PLK2 is a serine-threonine kinase that is induced by 
specific stimuli in the brain [111]. Recently, PLK2 has been shown to act on Spine--
associated Rap guanosine triphosphatase activating protein (SPAR), and that PLK2 
phosphorylation of SPAR leads to SPAR degradation by proteasomes [19]. The removal of 
SPAR from dendritic spines leads to the remodeling of dendritic spines in response to stimuli. 
Because SPAR is a major dendritic scaffold protein its removal is a carefully considered 
decision by neurons to remodel it connectivity. PLK2 levels are also regulated by 
autophosphorylation and proteasomal degradation suggesting that PLK2 levels must be 
quickly regulated to prevent inappropriate kinase activity of PLK2 [112]. Some level of 
PLK2 must be in neurons tonically, even though proteins levels in unstimulated cells are low, 
because the application of proteasome inhibitors to unstimulated cells results in an increase in 
detectable PLK2 level [19]. It is likely that many of the proteins regulated by activity-
dependent transcription are also degraded by the proteasome pathway in order to properly 
modulate synaptic changes in response to activity that result in precise remodeling events. 

Ube3a gene encodes E6 associated protein (E6-AP) ubiquitin-protein ligase, best known 
for its ability to regulate p53 levels in the presence of the E6 viral protein [113]. E6-AP is a 
HECT domain (Homologous to E6-AP C-Terminus) ligase, which is a class of ligases that 
transfer ubiquitin to themselves prior to substrate transfer, and do not contain a RING domain 
[23,114,115]. In the absence of E6, E6-AP does not appear to play a major role in p53 
regulation, but does have a clear role in regulating LTP in humans and mice [38]. In humans, 
the deletion of Ube3a (E6-AP) results in Angelman syndrome, which is characterized by a 
variety of abnormal neurological manifestations [116] (see Chapter 38). In order to create a 
mouse model of Angelman syndrome, Jiang et al, generated a targeted deletion in the Ube3a 
gene [38]. Maternal deficiency of the Ube3a gene in mouse offspring results in deficits in 
contextual fear conditioning (a form of learning) as well as LTP. Interestingly, baseline 
synaptic function was normal, suggesting the E6-AP has a function that is specific to the 
development of LTP. While we do not yet know the exact substrates of the E6-AP in 
neurons, it is clear that E6-AP is either regulating directly a signal transduction pathway or 
the stability of a gene product that is part of the induced genes for learning and memory, 
perhaps as a result of CREB or C/EBP activity.  

Parkin is a RING E3 ligase that was first identified as a locus linked to autosomal 
recessive, early onset, Parkinson’s Disease [117,118]. Loss of Parkin protein activity (either 
through point mutations or deletions) leads to loss of dopamine neurons and parkinsonian 
symptoms. Parkin has been the subject of intensive research and a complete review of all of 
its characteristics is beyond the scope of this review [119] (for more details see Chapter 31). 
However, Parkin has been linked to a variety of synaptic proteins and as such may be an 
important regulator of synaptic function. Parkin has been found both pre and post 
synaptically [42]. Presynaptically, Parkin may regulate a glycosylated form of α-synuclein 
[120]. Synuclein is a protein that was originally described to be involved in learning and 
memory and is a synaptic vesicle-associated protein [121,122]. Ubiquitinated forms of α-
synuclein have been described, although those forms did not have glycosylation [123,124], so 
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it is still unclear the exact molecular mechanisms governing Parkin and synuclein interaction, 
as well as synuclein ubiquitination. Parkin also regulates cdcrel-1 and 2 [125], and 
synaptotagmin IX [126] both synaptic vesicle associated proteins. These substrates were 
identified through yeast two-hybrid interactions, suggesting that Parkin directly recognizes 
these proteins. Unfortunately, two mouse lines that had knocked out the Parkin gene did not 
show any obvious presynaptic functional deficit phenotypes, although they were extensively 
studied [127, 128] and a third Parkin deletion mouse, showed a minor reduction in synaptic 
excitiability that may be a function of the background of the mouse strain and not Parkin 
absence [129]. Post-synaptically, Parkin interacts with CASK, a calcium dependent kinase, 
and a PDZ domain containing protein that has been linked to remodeling events at the PSD 
[130]. While Parkin does not appear to regulate levels of CASK, it may be associated with 
CASK as an anchor in the PSD to be proximal to potential substrates. Parkin has also been 
linked to ERAD pathways, specifically the degradation of a GPCR in dopamine neurons, 
PAEL-R [131]. Parkin appears to be upregulated by agents that induce misfolded protein 
stress [132] and Parkin may play dual roles to regulate specific proteins in the synapse, as 
well as ERAD in the cytoplasm. Parkin has been shown to be a mediator of Kainate toxicity 
as a part of a multi-protein complex, that serves to direct Parkin activity to specific substrates 
[133]. For example, the association of hsel-10 with Parkin will direct ligase activity to cyclin 
E and prevent neuronal apoptosis after excitotoxic stimuli [133]. Parkin activity also protects 
cells from α-synuclein overexpression mediated toxicity, although the exact mechanism of 
this protection is not known [134]. Recently, overexpression of Parkin was shown to prevent 
JNK activation in Drosophila [135], and it may be that the protective effects of Parkin in the 
injury models (Kainate, synuclein overexpression) may be a result of suppression of JNK 
activation. Therefore, it appears that Parkin is required for dopamine neuron survival, and 
may also be able to act as a neuroprotectant for a variety of damaging stimuli.  

 
 

PATHOLOGICAL CONDITIONS AND THE UPS 
 
As discussed in the many examples above, it is clear that proteasome activity is required 

for many neuronal processes, and that a defect in any aspect of proteasome pathway function 
could result in serious consequences for normal function. Aspects of the proteasome pathway 
include E3 ligases, deubiquitination, shuttle factors, unfolding enzymes resident on the 
proteasome or even proteasome capacity itself. A neuron that experiences a change in the 
ability to degrade substrates in a timely fashion may face a compounding effect resulting in 
cellular distress and at the extreme condition, disease. 

As discussed above, a defect in Ube3a (E6-AP) or Parkin ligases can lead to neurological 
disease. A certain class of neurodegenerative diseases have been characterized 
histopathologically by immunochemistry using ubiquitin antibodies, revealing abundant 
ubiquitin-positive intracellular inclusions [136]. Huntington’s disease, Parkinson’s disease, 
Alzheimer’s disease, Spinocerebellar Ataxia (SCA), and Amyotrophic Lateral Sclerosis 
(ALS) are a few of the neurological diseases that are manifested pathologically with ubiquitin 
positive inclusions. The accumulation of ubiquitinated protein strongly suggests that there is 
a defect in some aspect of the proteasome pathway, because ubiquitin conjugated protein 
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generally does not accumulate in healthy cells [137]. These disorders can also be classified as 
‘misfolded protein’ disorders, because some inheritable cases are caused by mutations in key 
genes that result in proteins which are misfolded and accumulate as insoluble ubiquitin-
positive inclusions (aggresomes [138]) inside of cells [139]. Experimentally, aggresomes can 
be induced in cells after pharmacological inhibition of the proteasome, or by overexpression 
of unstable, aggregation prone proteins [138]. Interestingly, recent studies have hinted that 
the very earliest stages of protein aggregation, long before the formation of overt inclusions 
in cells can have profound effects on cell behavior. For example, recent work has suggested 
that ubiquitinated protein aggregates can compete for proteasome access with other normal 
cellular proteins [140]. The consequence of such competition in dividing cells is a delay or 
interruption of the cell cycle [140]. This result suggests that an excess of misfolded 
proteasome substrates can impact the degradation of other cellular proteins and lead to 
alterations in cell behavior. In the case of neurons, now that we understand some of the roles 
of the ubiquitin pathway in neurons, we can begin to understand what pathways may be 
affected in neurons that are accumulating misfolded protein as a result of decreases in 
proteasome degradation, that ultimately manifest as accumulations of ubiquitinated protein.  

It was shown that the presence of insoluble protein complexes (IPCs) of protein existed 
prior to overt aggresome formation in cells [141]. IPCs are defined biochemically as SDS-
resistant high molecular weight aggregates of protein [141]. Chronologically, it appears that 
IPCs form long before large intracellular aggresomes are manifest. It may be that IPCs create 
a competition for proteasome substrates that can be evidenced as early alterations in normal 
synaptic function, as suggested by the cellular experiments using a proteasome-green 
fluorescent protein (GFP) reporter system [140]. Experimental data in vivo supporting this 
hypothesis can be found from studies of the huntingtin (HTT) protein, that is linked to the 
development of Huntington’s disease [142]. Transgenic animals expressing the exon-1 of 
HTT with an expanded CAG repeat demonstrate age-dependent degeneration accompanied 
by the formation of large intracellular inclusions of HTT in the brain [143]. Behavioral 
analysis of these animals revealed that the formation of aggregates preceded the onset of 
motor impairment as measured by rotorod experiments [144]. At 12 weeks of HTT 
expression, the animals have visible aggregates and behavior defects. While there was a clear 
reduction in the size of the striatum in these animals, there was no measurable cell loss, 
leading to the suggestion that the aggregates themselves were not toxic to cells [143]. This 
conclusion was supported by the use of neuronal cultures from the same animals, where the 
expression of the transgene did not lead to cell death after seven days [144]. While this may 
in fact be the case, the behavioral data clearly correlate the formation of aggregates to a loss 
of motor coordination, which if the transgene is continued to express, leads to greater 
symptomology. While it is clear there was no cell loss due to aggregate formation, these 
animal models may reveal that aggregate formation is adaptive and therefore protective, but 
the substrate competition for ubiquitin/proteasome pathway machinery eventually leads to 
cellular distress and dysfunction as evidenced by robust behavioral phenotypes in animal 
models.  

There is evidence for changes in neuronal function due to expression of expanded HTT 
in transgenic animals. A decrease in D1 receptors in the striatum of HTT symptomatic mice 
has been reported [143]. D1 receptors are a GPCR, similar to the β-Adrenergic receptors 
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(β2R). The levels of β2R at the cell surface have been shown to be regulated by the 
proteasome pathway, in that the adapter molecule arrestin is degraded after recognition by 
MdM2 ligase and this allows clathrin coated pit endocytosis to remove β2R receptors from 
the cell surface [145]. In a remarkable set of experiments it has been shown that the inability 
to deubiquitinate the arrestin associated with the β2Rs results in the enhanced degradation of 
the β2Rs in lysosomes [146]. If this mechanism is similar in the HTT animals, this suggests 
that the HTT, as it competes for proteasome degradation [140] and deubiquitinating enzymes, 
can accelerate the degradation of D1 receptors via the competition at the level of 
ubiquitination/degradation. HTT has been shown to be an effective competitor of the 
proteasome, and the formation of inclusions, as well as overexpressed HTT substrate can 
effectively compete proteasome function resulting in impairment [140]. D1 receptor levels 
may depend on arrestin similar to other GPCRs [145] although this has not yet been shown, 
and some of the loss of D1 receptors may be due to changes in transcription [147]. It is 
consistent that the loss of D1 receptors at early stages in pathology in the HTT exon 1 
transgenic mice is correlated to the accumulation of HTT protein as the HTT competes for 
proteasome degradation with adapter proteins that may regulate D1 receptor at the cell 
surface. Alternatively, the biogenesis of D1 receptor and delivery to the plasma membrane 
may be affected by proteasome impairment, because the ER export of D1 receptors has been 
shown to be a crucial regulatory mechanism [148].  

Pharmacological experiments may also reveal changes in other crucial cell surface 
molecules that are regulated by proteasome activity. For example, as discussed above, the 
SPAR protein is a major organizer of the dendritic spine architecture (as it can bind to actin, 
PSD95, Rap and contains a PDZ domain that may bind it to a number of cell surface proteins) 
and is degraded after phosphorylation by PLK2. However, the overexpression of SPAR leads 
to an enlargement of dendritic spine heads [149] suggesting that a dysregulation of SPAR 
degradation can lead to serious consequences in the organization of receptor proteins at the 
PSD. An alternative example, the number of AMPA glutamate receptors at the cell surface is 
suggested to be regulated by ubiquitination of PSD95 [150], and specific pharmacological 
agents may reveal increases or decreases in AMPA receptors as a function of proteasome 
competition. In addition to PSD-95 dependent removal of AMPA from the cell surface, the 
delivery of new GluR to the cell surface from the biosynthetic machinery can be impaired by 
a disruption of normal subunit assembly mechanisms—for example, the NR2B subunit is 
degraded by proteasomes in order to regulate the number of receptors delivered to the cell 
surface [151]. It may be that in conditions of proteasome impairment, the NR2B is stabilized 
and results in more glutamate receptor delivery to the cell surface. Either the impaired 
degradation of PSD-95, or the increase in GluRs could result in excitotoxicity and sensitivity 
to glutaminergic agonists and antagonists. 

In fact, recent studies in a HTT mouse demonstrated that the onset of pathological 
symptoms is correlated to an increase in sensitivity to excitotoxic stimuli, as well as agonists 
of glutamate receptors [152]. The effect of aggregated HTT on specific subtypes of receptors 
has been studied in tissue culture systems [153], and it would be interesting to use the 
proteasome activity GFP reporter cell lines [140, 154] to determine if the pharmacological 
changes are coincident with an increase in GFP. Moreover, other studies with an HTT 
transgenic model has described resistance to quinolinic acid [155]. Both of these different 
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transgenic HTT models are consistent with the notion that the HTT protein has an effect on 
the Ub/proteasome pathway that impacts the normal regulation of cell surface proteins that 
can manifest in changes in neuropharmacology.  

As another example, a mouse model of ALS may also prove informative about early 
pharmacological changes that occur prior to overt symptomatic manifestation. 

For example, overexpression of the SOD protein will result in an accumulation of 
ubiquitinated SOD in aggresomes in cells and IPCs of SOD protein occurred prior to overt 
SOD aggresome formation in cells. Importantly, the IPCs of SOD occur prior to early 
symptomology in transgenic animals for mutant SOD1 protein [141]. Interestingly, a focal 
loss of glutamate transporter EAAT2 was reported to coincide with early symptomology in 
the SOD1 mutant transgenic mice [156]. It would be important to know if EAAT2 protein 
biosynthesis, or turnover from the plasma membrane, is regulated by the proteasome 
pathway. The accumulation of SOD1 IPCs may create a competition for proteasome activity 
resulting in alterations in EAAT2 protein levels. Specific pharmacological agents may be 
able to reveal the earliest time at which changes in EAAT2 appear. It would also be of value 
to cross the SOD1 mutant mice to a GFP-proteasome reporter animal [157] to determine if 
changes in proteasome activity coincide with the earliest symptomatic behavioral and 
biochemical changes.  

 
 

CONCLUSIONS 
 
In summary, the complex regulation of cell surface proteins in neurons that allows for 

appropriate neurotransmission depends on a functional UPS, and a few basic examples have 
been presented here. Factors that decrease the efficiency of targeting mechanisms and 
degradation capacity can have profound effects on neuronal function, even leading to disease. 
These effects may be manifest much earlier than the appearance of large cellular ubiquitin-
positive inclusions, and insightful pharmacological experiments in transgenic animals may 
allow for early detection of pathology, as well as reveal novel intervention points. As 
demonstrated by the HTT transgenic models, the inclusions and long-term proteasome 
inhibition does not kill cells [144], but the long term effects of dysregulated 
neurotransmission may lead to cell loss. A more detailed discussion of the theory of 
proteasome competition leading to neurological disease is presented in Johnston 2005 [158]. 
Undoubtedly, as we understand more of the protein players that regulate synaptic function, as 
well as identify specific E3 ligases involved, we will be able to understand the regulated 
choreography of neurotransmission and synaptic plasticity in health and disease. 
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ABSTRACT 
 

Organisms respond to acute environmental change by orchestrating a stress response 
to prevent further damage. The key aspect of the stress response is a reaction to any form 
of macromolecular damage that exceeds a set threshold, independent of the underlying 
cause. It is becoming clear that higher organisms developed a complex, sensitive and 
maybe equally important network of regulatory pathways, relying largely on protein 
interactions, post-translational modifications and proteolysis. Molecular chaperones help 
hundreds of signalling molecules to keep their activation-competent state, and regulate 
various signalling processes ranging from signalling at the plasma membrane to 
transcription. Furthermore, molecular chaperones recognize proteins of non-native 
structure, prevent them from irreversible intracellular aggregation, and then act with 
regulatory co-chaperones in the conversion of proteins to be properly folded and in a 
functional state, stabilizing the phenotypes of various cells and organisms. This may be 
related to their low affinity for the proteins they interact with, which means that they 
represent weak links in protein networks. However, not every non-native protein is 
folded successfully. Those proteins that are not accurately folded/refolded are then 
directed to the ubiquitin-proteasome system (UPS) for destruction. The UPS is the 
predominant nonlysosomal protein degradation pathway which insures the viability, 
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proliferation and signaling of eukaryotic organisms. In periods of stress, rapid 
elimination of denatured, misfolded and damaged proteins by proteasomes also becomes 
a critical determinant of cell fate. Stress response including its associated oxidative, 
nitrosylative and energetic stresses underlie neurodegeneration and evoke a discreet set 
of transcriptional events which have a complex and interdependent relationship with 
proteasomal function. Both chaperones and proteasomes act jointly together for selective 
removal of proteins with aberrant structure so as to keep protein homeostasis in cells. 
Though the precise nature of the cooperative linkage between chaperone and UPS 
pathways remains largely elusive so far, how slowly folding or misfolded polypeptides 
are targeted for proteasomal degradation, accumulating evidence from in vivo and in vitro 
studies shed some light on the molecular mechanisms that link proteasomes and 
molecular chaperones. Generally, selection of proteins for degradation is mediated by E3 
ubiquitin ligases of the mechanistically distinct HECT and RING domain sub-types. 
Recent studies suggest that the U-box protein family represents a third class of E3 
enzymes. CHIP, a U-box-containing protein, is a degradatory co-chaperone of heat-shock 
protein 70 (Hsp70) and Hsp90 that facilitates polyubiquitination of chaperone substrates. 
This mechanism affords time for a separate set of stressor-specific adaptations, designed 
to re-establish cellular homeostasis, to take action. Finally, the disruption of this protein 
folding quality control results in the accumulation of non-native protein species that can 
form oligomers, aggregates, and inclusions indicative of neurodegenerative disease. 
Many neurodegenerative diseases such as amyotrophic lateral sclerosis, Alzheimer’s 
disease, Parkinson’s disease and polyglutamine diseases, to cite the well studied, are 
characterized by conformational changes in proteins that result in misfolding, 
aggregation and intra- or extra-neuronal accumulation of amyloid fibrils. A common 
feature may be the formation of off-pathway folding intermediates that are unstable, self-
associate, and with time lead to a chronic imbalance in protein homeostasis acting on the 
correct functioning of molecular chaperones and the UPS with deleterious consequences 
on cellular function. This has led to a hypothesis that enhancement of components of the 
cellular quality control machinery, specifically the levels and activities of molecular 
chaperones and the UPS suppress aggregation and toxicity phenotypes to allow cellular 
function to be restored. A detailed understanding of the molecular basis of chaperone-
UPS mediated protection against neurodegeneration might lead to the development of 
therapies for neurodegenerative disorders that are associated with protein misfolding and 
aggregation. 
 

Keywords: cellular stress response, apoptosis, molecular chaperone, environmental stress, 
heat shock protein. 
 
 

ABBREVIATIONS 
 
α-Syn, α-synuclein; Aβ, amyloid β; AD, Alzheimer’s disease; ALS, amyotrophic lateral 

sclerosis; Apg-1, protein kinase essential for autophagy; APP, amyloid precursor protein; 
BAG, Bcl-2 binding athanogene; BiP, immunoglobulin heavy chain binding protein; CCT, 
Cytosolic Chaperonin containing TCP-1; CHIP, c-terminal HSC70 interacting protein; DLB, 
dementia with LBs; DJ1, Parkinson disease (autosomal recessive, early onset) 1; E1, Ub 
activating enzyme; E2s, Ub conjugating enzymes; E3s, ubiquitin ligase; ER, endoplasmic 
reticulum; GCIs, Glial cytoplasmic inclusions; GSH, glutathione; Grp78, glucose-regulated 
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protein 78; HD, Huntington’s Disease; HDAC6, Histone deacetylase 6; Hip, Hsc70-
interacting protein; Hop, Hsc70-Hsp90-organizing protein; HS, heat shock; HSBP1, heat 
shock protein binding factor 1; Hsc70, heat shock cognate protein (a constitutively expressed 
homolog of Hsp70); HSE, heat shock elements; HSF, heat shock factors; Hsp, heat-shock 
protein; HSPs, heat-shock proteins; Htt, huntingtin; IAPs, inhibitors of apoptosis proteins; 
JNK, jun kinase; LB, Lewy bodies; LBVAD, LB variant of Alzheimer’s disease; MAPK, 
Mitogen Activated Protein Kinase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; 
MSA, multiple system atrophy; NBD, N-terminal nucleotide binding domain; mtHsp70, 
mitochondrial Hsp70; NCBI, National Center for Biotechnology Information; NF-κB, nuclear 
factor-κB; NFT, neuro-fibrillary tangles; NEFs, nucleotide exchange factors; NMDA, N-
methyl-D-aspartate; NO, nitric oxide; NOS, nitric oxide synthase; PACE, proteasome 
activation control element; PD, Parkinson’s disease; PDI, protein disulfide isomerase; 
PINK1, phosphatase and tensin induced putative kinase 1; PolyQ, polyglutamine; PPIases, 
Peptidyl-prolyl cis-trans isomerases; QC, quality control; RNAi, RNA-mediated interference; 
SAPK, stress activated protein kinase; SBD, substrate binding domain; SBMA, spinal bulbar 
muscular atrophy; SCA, spinocerebellar ataxias; sHSP, small heat shock proteinheat shock 
protein; SN, substantia nigra; SOD, superoxide dismutase; TCP-1, tailless complex 
polypeptide; TRIC, TCP-1 Ring Complex; TPR, tetratricopeptide repeat motif; Ub, ubiquitin; 
UCHL1, Ub C-terminal hydrolase L1; UIM, ubiquitin interaction motif; UPR, unfolded 
protein response; UPS, ubiquitin-proteasome system¸ VHL, von Hippel–Lindau. 

 
 

INTRODUCTION 
 
The cellular stress response or so-called heat shock (HS) response can be defined as a 

reaction to the threat of macromolecular damage and it is one of the primordial intracellular 
defense mechanisms against stressful conditions that protect cells from sudden environmental 
change or frequent fluctuations in environmental factors. Prokaryotic and eukaryotic cells 
react to unfavorable environmental conditions by increased synthesis of stress proteins. The 
cellular stress response has been associated most clearly with protective effects during 
conditions that perturb both protein and DNA integrity following such environmental 
challenges in all three super-kingdoms, the archaea [1], the eubacteria [2] and eukaryotes 
[3,4]. Cells respond to chemical, environmental or physiological stress through a transient 
arrest of the cell cycle that is accompanied by widespread changes in macromolecular 
synthesis, degradation, trafficking, overall cellular metabolism and signal transduction 
pathways to cope with stressful conditions until more favorable conditions are encountered. 

The main essence of the cellular stress response consists of protection of macromolecules 
during the initial phase of exposure to any adverse environmental condition that significantly 
perturbs cellular homeostasis. It is well established that one consequence of environmental or 
chemical stresses is the destabilization of protein conformation, leading to protein misfolding 
and aggregation [5]. Many types of environmental stress have been shown to cause 
deleterious changes in protein conformation. These factors include changes in temperature 
[6,7], pressure [8], pH [9], osmolarity [1], exposition to ionizing radiation [10], higher 
concentration of heavy metals [11], hypoxia/ischemia [12] and reactive oxygen species 
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[13,14]. Likewise, many of these various stresses are also known to cause DNA damage 
[15,16]. Exposure of cells and organisms to stresses induce the cellular stress response 
leading to the preferential transcription and translation of heat shock proteins (HSPs) 
[3,13,17,18]. Thus, HSPs enable cells to survive when there are unfavorable conditions in the 
outer environment [19-22]. Optimal HS response in terms of HSP synthesis and activity is 
essential for cell survival. In contrast, inefficient and altered HS response has been implicated 
in abnormal growth and development [23], ageing and apoptosis [24,25]. In the case of 
ageing, it has been shown that cells isolated from aged tissues and organisms, and cells 
undergoing replicative senescence in vitro, have a reduced HS response and a higher 
incidence of death when submitted to stress. These aspects are extensively reviewed in 
Chapter 22. 

Under stressful conditions, when protein folding is disturbed, HSPs assist in protein 
refolding, in protein protection, in cellular protection from protein damage, in dissolving 
aggregated protein, in sequestering overloaded and damaged proteins into larger aggregates, 
in targeting damaged proteins for degradation and in interfering with the apoptotic program 
[26-28]. It seems that HSPs are able to distinguish between slightly misfolded proteins, which 
can be refolded, and severely misfolded proteins which should be degraded [25]. Some HSPs 
are known to be chaperones and are involved in the renaturation of misfolded proteins. 
Chaperones recognize and bind to other proteins when they are in non-native conformations 
and are exposing hydrophobic sequences (see Chapter 10). Their role is to minimize the 
aggregation of non-native proteins formed during stress. Typically, chaperones function as 
oligomers, if not as a complex of several different chaperones, co-chaperones and/or 
nucleotide exchange factors [3]. While the presence of protein chaperones facilitates the 
refolding of unfolded proteins, severe or prolonged stresses can lead to irreversible protein 
damage. Indeed, protein aggregation is associated with a number of disease states including 
Alzheimer’s Disease (AD), Huntington’s Disease (HD) Parkinson’s disease (PD), 
amyotrophic lateral sclerosis (ALS) and prion diseases [29]. This role of HSPs has made 
them an obvious target of interest. Typically, HSPs function either as oligomers or in a 
complex with other chaperones, co-chaperones and/or nucleotide exchange factors. 
Moreover, the cellular stress response may play roles as yet poorly known for the 
stabilization of other macromolecules, such as lipid structures (membranes) and RNA. 

The function of some the HSPs in ubiquitin-dependent protein degradation is also 
evident; ubiquitin itself also belongs to the HSP super-family [5,30-33]. The degradation of 
proteins by the ubiquitin-proteasome system (UPS) plays an important regulatory role in a 
broad range of biological processes such as cell cycle regulation, metabolic adaptations, gene 
regulation, development and differentiation [34-38] (see Chapter 2). Growing evidence 
indicates that failure to eliminate misfolded proteins can lead to the formation of potentially 
toxic aggregates, inactivation of functional proteins, and ultimately cell death3. The number 
of disease states linked to aberrant protein conformations underscores the importance of 
effective quality control for cell survival [39]. Importantly, the UPS degradation pathway 
also provides an efficient mechanism to remove damaged and aggregated proteins to prevent 
adverse consequences to cell maintenance and proliferation. The majority of proteasome 
substrates identified to date are marked for degradation by polyubiquitination. Usually, only 
substrates targeted to the proteasome by polyubiquitination are able to gain access to its 
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proteolytic core although several exceptions exist [40]. Exceptions to this principle, however, 
are well documented and can help us understand the process proteasomes use to recognize 
their substrates (see Chapter 8). Examples include ornithine decarboxylase, p21/Cip1, TCRα, 
IκBα, c-Jun, calmodulin and thymidylate synthase [40]. Degradation of these proteins can be 
completely ubiquitin-independent or coexist with ubiquitin-dependent pathways. Uncoupling 
degradation from ubiquitin modification may reflect the evolutionary conservation of 
mechanisms optimized for highly specialized regulatory functions. Ubiquitination proceeds 
by successive attachment of a ubiquitin moieties to target substrates via a serial reaction 
catalyzed by three enzymes, ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme 
(E2) and ubiquitin ligase (E3). Polyubiquitinated proteins are finally targeted to the 26S 
proteasome to be degraded [34-38] (see Chapter 3). Polyubiquitination of some proteins also 
requires so-called E4 enzymes that cooperate with E3 ligases to extend the polyubiquitin 
chain [41]. 

Because of this universal property, the cellular stress response consists of adaptations 
that maximize the stabilization, protection and repair of macromolecular structure and 
function. Such benefit carries the price of transiently decreasing the cells’ capacity for most 
of its normal functions by draining metabolic energy and reducing the conformational 
flexibility of proteins and DNA. Reduced conformational flexibility decreases the efficacy of 
enzymes by slowing the rate at which structural changes occur in the active site during 
catalysis. Through similar kinetic effects, conformational flexibility is also rate- limiting for 
functions of other macromolecules. Despite these disadvantages, the cellular stress response 
shelters the ultimate cell function during adverse environmental conditions – the survival of 
cells.  

Inducible HSPs are induced by stressful stimuli and are thought to assist in the 
maintenance of cellular integrity and viability, and HSPs are thought to prevent protein 
denaturation and incorrect polypeptide aggregation during exposure to physical and chemical 
insults. Although during stress the synthesis of stress proteins has increased considerably, a 
lot of the stress proteins are expressed as constitutive proteins, and they play the significant 
role even in cells which are not exposed to stress factors [42]. They are involved in antigen 
presentation [43], steroid receptor function [44], intracellular trafficking [45,46], nuclear 
receptor binding [44,47], and apoptosis [48-50], making it clear that they may also be 
involved in various cell signaling pathways. In the nervous system, the HSPs are induced in a 
variety of pathologic states, including cerebral ischemia [50], neurodegenerative diseases 
[51], epilepsy [52], and trauma [53]. Expression has been detected in a variety of cell 
populations within the nervous system, including neurons, glia, and endothelial cells [54].  

This review focuses on the events evoked by cellular stress response and the regulation 
of molecular chaperones with their impact on the UPS function in the nervous system as well 
as on how misfolded, aggregation-prone proteins are handled by these two machineries in 
neurodegenerative diseases. 
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NOMENCLATURE OF STRESS PROTEINS 
 

Nomenclature and the Basic Division of Stress Proteins  
 
In mammals, many HSP families comprise multiple members that differ in inducibility, 

intracellular localization and function (Table 1) [55]. The study of Tissieres et al. (1974) 
introduced the term ‘heat shock proteins’, and it belongs to the beginning of research on the 
stress proteins [56]. Until now, no uniform system of naming stress proteins has been adopted 
but several helpful conventions are in broad use. Some designations are linked historically 
with the induction conditions such as Hsp and glucose-regulated protein (Grp) followed by 
the estimated rounded molecular mass of the protein, e.g. Hsp90. However molecular mass 
has become an inadequate criterion, as e.g. some HSPs include a Hsp70 domain with masses 
ranging from 16 to 170 kDa. Sometimes we can see another abbreviation, ‘Hsc’ (heat shock 
cognates), which has been used for the constitutive forms of HSP. Those forms of HSP are 
also present in non-stressed cells, and in contrast to the majority of other proteins, their 
intracellular concentrations do not increase during HS. In eukaryotic cells, different stress 
factors induce the synthesis of another, even if similar proteins or the same proteins are 
localized in another cellular compartment [57]. The term ‘chaperone’ is used very often. This 
term points out the function of the protein directly. It concerns stress as well as non-stress 
proteins, which accompany unfolded polypeptides during their cellular transport, and they 
promote the translocation of proteins through membranes or their integration into cellular 
organelles. Increased knowledge about stress proteins has lead to division of the HSP super-
family into specific families based on their molecular masses and sequence homology [58]. 
The division of HSP into families is not yet precisely standardized. Earlier divisions into 
families: Hsp90, Hsp70, Hsp60 and small Hsp43 has been extended step by step to Hsp110, 
Hsp100, Hsp90, Hsp70, Hsp60, Hsp40, Hsp10 and small Hsp families (sHSP) [3]. Numeric 
indexing represents the protein molecular masses in kDa. Stress proteins are classified into 
appropriate families according to their approximate molecular masses, their functions in the 
cells and their homology in the primary structures. Currently, we have the largest amount of 
information about the Hsp90, Hsp70, Hsp60 and sHSP families of stress proteins. Recently a 
systematic nomenclature has been proposed by Sghaier, et al. [59] using a systematic 
nomenclature based on the accession number in the database of the National Center for 
Biotechnology Information (NCBI). 

 
 

The Small Heat Shock Proteins (sHsp) 
 
The precise functions of sHSPs including Hsp27 and the eye-lens protein αB-crystallin 

are incompletely understood. However, they seem to play a major role in preventing protein 
aggregation under conditions of cellular stress [60-64]. All members investigated so far form 
large oligomeric complexes of spherical or cylindrical appearance [64]. Complex formation is 
independent of ATP binding and hydrolysis, but appears to be regulated by temperature and 
phosphorylation. The structural analysis of wheat Hsp16.9 suggested that the oligomeric 
complex acts as a storage form rather than an enclosure for substrates, as the active chaperone 
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Table 1. Cellular localization and function of the major HSP families in mammals 
 

Family  HSP Location  Function  
Hsp10  Ubiquitin  Cytosol/nucleus  Tag protein for degradation  
 Hsp10  Mitochondria  Cofactor of Hsp60, tolerance of ischemia  
sHsp  Hsp27  

Hsp28/αB-
crystallin 

Cytosol/nucleus  Large oligomers, regulator of cytoskeleton, resistance to oxidative, 
UV and TNF stresses, tolerance of hyperthermia and ischemia, 
prevent aggregation, antiapoptotic 

Hsp30  Hsp32  
HO-1 

Cytosol/nucleus  Stress inducible, regulation of heme-protein turnover, iron 
metabolism and oxidative stress  

Hsp40  Hsp47  
 

Endoplasmic 
reticulum  

Heat inducible, procollagen chaperone 

 Hdj 1 
Hdj 2 

Cytosol/nucleus  Cofactor of Hsp70, increase ATPase activity and substrate release  

Hsp60  Hsp56  Cytosol  Stress inducible, bind the steroid hormone receptor complex and 
FK506, rotamase function 

 Hsp60  Mitochondria  Constitutive/inducible, weak ATPase activity, binding and folding of 
imported proteins, tolerance of hyperthermia and ischemia  

 Hsp65   Antitumorigenic action  
 TCP-1  Cytosol/nucleus  Constitutive, weak ATPase activity, folding of actin and tubulin  
Hsp70  Hsp70/Hsp72  Cytosol/nucleus  Stress inducible, ATPase activity, tolerance of hyperthermia, 

ischemia/hypoxia, resistance to oxidative, UV and TNF stresses, 
protection against protein aggregation, regulation of HS response, 
protection of transcription/translation, tumorigenicity, antiapoptotic 

 Hsp73/HSC70  Cytosol/nucleus  Constitutive, ATPase activity, folding, trafficking, tolerance of 
hyperthermia, promote lysosomal degradation  

 Grp75  Mitochondria  Constitutive/inducible, ATPase activity, transport and folding of 
polypeptides into matrix  

 Grp78 (BiP)  Endoplasmic 
reticulum  

Constitutive/inducible, ATPase activity, protein secretion and 
translocation and degradation into ER 

Hsp90  Hsp90 α/β  Cytosol/nucleus  Partly inducible, ATPase activity, autophosphorylation, tolerance of 
hyperthermia, ischemia, apoptosis, role in cell cycle and 
proliferation and in signal transduction, prevents aggregation  

 Grp94  Endoplasmic 
reticulum  

Constitutive/inducible, ATPase activity, protein folding and 
secretion 

ER, endoplasmic reticulum; TCP-1, tailless complex polypeptide; Grp, glucose-regulated protein; HSP, 
heat shock protein; BiP, immunoglobulin heavy chain binding protein; mtHsp70, mitochondrial Hsp70; 
HSF1, heat shock factor 1; Apg-1, protein kinase essential for autophagy. 

 
appears to be a dimer [64]. In agreement with this notion, dissociation of the oligomeric 

complex formed by yeast Hsp26 was found to be a prerequisite for efficient chaperone 
activity [65]. Subsequent refolding may occur spontaneously or may involve cooperation 
with other chaperones such as Hsp70 [66]. In response to HS several different sHSP change 
phosphorylation status and form large (300–800 kDa) oligomers with ATP-independent 
chaperone activity [58]. The sHSP and Hsp90 families are known to capture unfolded 
proteins and create a reservoir of folding intermediates preventing further aggregation. sHSP 
are also able to induce an increase in cellular glutathione (GSH) levels, which works together 
with ascorbic acid and coenzyme Q as a kind of redox buffer capacity for the cell, and 
protects the mitochondrial membrane [67]. Working together with Hsp70 the complex is able 
to work as a kind of cytoplasmic antioxidant by covering the sensitive sites of the proteins. 
Hsp90 and the sHSP αB-crystallin are able to stabilize a more active form of the proteasome 
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[58] and overexpression of Hsp27 confers proteasome inhibitor resistance in lymphoma cells 
[68,69]. 
 

 

Figure 1. Mechanism of chaperonin action. The bacterial chaperonin GroEL consists of two homo-
heptameric rings, which form a barrel-shaped structure: (a) GroeS; (b) domains of GroeL; (c) GroeL. 
(1) ATP molecules and misfolded protein binds to chaperonin; (2) ATP and GroES are bound by the 
same ring, which displaces the peptide into an enclosed cavity that is capped by GroES, where the 
peptide is folded; (3) Hydrolyses 7 ATP molecules; (4) Binding 7 ATP to trans ring and concomitant 
release of folded protein, ADP molecules and GroES from cis ring, binding of misfolded protein to 
trans ring; (5) Cis ring becomes trans ring and cycle can repeat. Some polypeptides require several 
cycles of binding and release to reach their native state. 

 
Chaperonins/Hsp60 

 
The chaperonins (the group of stress proteins belonging to the Hsp60 family) which are 

defined by a barrel-shaped, doublering structure [70,71], have significant roles in polypeptide 
folding and in protein transport in the cells as well. Members include bacterial GroEL, Hsp60 
of mitochondria and chloroplasts, and the TriC–CCT complex localized in the eukaryotic 
cytoplasm. Based on their characteristic ring structure, a central cavity is formed, which 
accommodates nonnative proteins via hydrophobic interactions. The Hsp60/Hsp10 
chaperonin system is localized primarily in the matrix space of mitochondria where it assists 
in folding, refolding and/or elimination of mitochondrial proteins [48,58]. Generally, 
chaperonins are able to form stable complexes with proteins, which are imported to 
chloroplasts and to mitochondria [58,72]. They perform their chaperone function also in co-
operation with the other molecules, e.g. cnp10 and Hsp70 [73,74]. Hsp60 also has other 
important functions in an immune response due to its immunodominant properties [75-77]. 
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Furthermore, bacterial Hsp60 and Hsp70 take a part in regulation of gene transcription 
coding for the stress proteins [78].  

Conformational changes of the chaperonin subunits induced through ATP hydrolysis 
change the inner lining of the cavity from a hydrophobic to a hydrophilic character [79-81] 
(Figure 1). As a consequence the unfolded polypeptide is released into the central chamber 
and can proceed on its folding pathway in a protected environment [82]. The chaperonins are 
therefore capable of folding proteins such as actin that cannot be properly folded via other 
mechanisms [83]. 

 
 

Hsp70 
 
The Hsp70 proteins bind to misfolded proteins promiscuously during translation or after 

stress-mediated protein damage [84,85]. Proteins in the Hsp70 family are known for their 
ability to bind peptide chains. Members of this family are highly conserved throughout 
evolution and are found throughout the prokaryotic and eukaryotic phylogeny. 
 

 

Figure 2. The structure of human Hsp70. Hsp70 proteins display a characteristic domain structure 
comprising an amino terminal ATPase domain (a), a peptide binding domain (b), and a carboxyl-
terminal domain (c) that is supposed to form a lid over the peptide-binding domain. In cooperation with 
other chaperones, Hsp70s stabilize preexistent proteins against aggregation and mediate the folding of 
newly translated polypeptides in the cytosol as well as within organelles. These chaperones participate 
in all these processes through their ability to recognize nonnative conformations of other proteins. They 
bind extended peptide segments with a net hydrophobic character exposed by polypeptides during 
translation and membrane translocation, or following stress-induced damage. Drawing made with 
DeepView / Swiss-PdbViewer Version 3.7 (SP5) [86]. 

Single cells contain multiple Hsp70 homologues, even within a single cellular 
compartment; for example, mammalian cells express two inducible homologues (Hsp70.1 and 
Hsp70.3) and a constitutive homologue Hsc70 in the cytoplasm. These homologues have 
overlapping but not totally redundant cellular functions. They act in: (i) folding of newly 
synthesized proteins, (ii) transport of proteins across membranes, (iii) refolding of misfolded 
and aggregated proteins, (iv) control of activity of regulatory proteins and (v) protein 
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degradation [86-88]. This versatility is achieved through the evolutionary amplification and 
diversification of hsp70 genes, which has generated both specialized Hsp70 chaperones and 
more diverged Hsp110 and Hsp170 proteins. Versatility is also achieved through extensive 
employment of cochaperones, J proteins, and nucleotide exchange factors (NEFs), which 
regulate Hsp70 activity. 

The structure of Hsp70 consists of three functional domains: an amino-terminal ATPase 
domain, a central peptide-binding cleft, and a carboxyl terminus that seems to form a lid over 
the peptide-binding cleft [71] (Figure 2) [89]. By X-ray analysis it was found that the ATPase 
domain has high structural homology with ATPase domains of hexokinases [90] and actin 
[91]. The chaperones recognize short segments of the protein substrate, which are composed 
of clusters of hydrophobic amino acids flanked by basic residues [92]. Such binding motifs 
occur frequently within protein sequences and are found exposed on nonnative proteins. In 
fact, mammalian Hsp70 binds to a wide range of nascent and newly synthesized proteins, 
comprising about 15–20% of total cellular proteins [82]. This percentage is most likely 
further increased under stress conditions. Hsp70 proteins apparently prevent protein 
aggregation and promote proper folding by shielding hydrophobic segments of the protein 
substrate via a substrate binding domain (SBD), thereby preventing aggregation and 
promoting proper folding. ATP binding to the N-terminal nucleotide binding domain (NBD) 
induces conformational changes in the adjacent SBD, which opens the substrate binding 
pocket and its helical lid. Conversely, substrate binding in synergy with the action of J 
proteins triggers ATP hydrolysis and concomitant closing of the SDB, which traps substrate 
proteins [93]. According to this model, ATP binding and hydrolysis by the amino-terminal 
ATPase domain of Hsp70 induce conformational changes of the carboxyl terminus, which 
lead to lid opening and closure [71] (Figure 3). ATP binding to the ATPase domain opens up 
the substrate binding cavity in the adjacent substrate binding domain; ATP hydrolysis closes 
the cavity and traps bound substrates. Stable holding of the protein substrate requires closing 
of the binding pocket, which is induced upon ATP hydrolysis and conversion of Hsp70 to the 
ADP-bound conformation. ATP binding may rearrange the interface between the NBD 
groove and SBD helix A, perhaps even disrupting it, thereby facilitating the opening of the 
SBD. Concomitantly, the linker may relocate and become more tightly associated with the 
connecting region, such that at no stage during the functional cycle of Hsp70 do the SBD and 
NBD become completely disconnected. It appears that the additional minor contact involving 
residues of the β sandwich of the SBD plays a critical role because a mutant with alteration in 
one of the involved residues has coupling defects [93]. Signal transduction between SBD and 
NBD thus seems to rely on integrated rearrangements of the linker and at least two contact 
sites within the SBD. The dynamic association of Hsp70 with nonnative polypeptide 
substrates thus depends on ongoing cycles of ATP binding, hydrolysis, and nucleotide 
exchange. Importantly, ancillary co-chaperones are employed to regulate the ATPase cycle 
[85,93,94]. Decreased association of certain proteins with Hsp90 and increased association 
with Hsp60/Hsp70 lead to their 20S proteasome-mediated degradation. Hsp70 has been 
shown to promote the poly-ubiquitination of damaged proteins. Ubiquitination seems also to 
be involved in the degradation of unfolded polypeptide by the lysosome. One major 
mechanism of the lysosomal degradation of proteins is dependent on Hsc73 and is 
responsible for the degradation of a significant amount of the cytosolic protein [95]. Co-
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chaperones of the Hsp40 family (also termed J proteins due to their founding member 
bacterial DnaJ) stimulate the ATP hydrolysis step within the Hsp70 reaction cycle and in this 
way promote substrate binding [96] (Figure 3). In contrast, the carboxyl terminus of Hsp70-
interacting protein (CHIP) attenuates ATP hydrolysis [97]. 

CHIP has been implicated in the decision as to whether a target protein enters the 
refolding or the degradation pathway. In contrast to other E3 ligases, CHIP forms 
homodimers through interaction via a central coiled coil region. Dimerization is a 
prerequisite for the activity of CHIP in ubiquitination and thus may provide a mechanism for 
regulation of CHIP activity. Similarly, nucleotide exchange on Hsp70 is under the control of 
stimulating and inhibiting cochaperones. The Hsp70-interacting protein (Hip) slows down 
nucleotide exchange by stabilizing the ADP-bound conformation of the chaperone [98], 
whereas nucleotide exchange is stimulated by the co-chaperone BAG-1 (Bcl-2-associated 
athanogene 1), which assists substrate unloading from Hsp70 [99,100]. By altering the 
ATPase cycle, the co-chaperones directly modulate the folding activity of Hsp70. In addition 
to chaperone-recognition motifs, co-chaperones often possess other functional domains and 
therefore link chaperone activity to distinct cellular processes [101]. Indeed, the co-
chaperones BAG-1 and CHIP apparently modulate Hsp70 function during protein 
degradation.  
 

 

Figure 3. The Hsp70 reaction cycle. The Hsp70 structure consists of three functional domains: an 
amino-terminal ATPase domain (ATP), a central peptide-binding cleft (P), and a carboxyl terminus that 
seems to form a lid over the peptide-binding cleft (C) (see Figure 2). In the ATP-bound conformation, 
the binding pocket is open, resulting in a low affinity for the binding of a chaperone substrate. ATP 
hydrolysis induces stable substrate binding through a closure of the peptide-binding pocket. Substrate 
release is induced upon nucleotide exchange. ATP hydrolysis and nucleotide exchange are regulated by 
diverse co-chaperones. 

 
The Hsp90 Family 

 
Members of the Hsp90 family constitute 1–2% of cytosolic proteins and have stress-

related as well as housekeeping functions. Hsp90 (Hsp83) is the most abundant cytosolic 
protein in eukaryotic cells. Its homologues were found in the endoplasmic reticulum (ER) of 
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higher eukaryotes (Grp94 also called endoplasmin) and in prokarytic cells (HtpG). Hsp90 
exists in vivo, as a dimer and it co-exists as a cytosolic protein in mammals. Two isoforms 
exist: Hsp90α and Hsp90β. Those are indicated as alpha and beta and are produced in the 
same quantity. In E. coli the HtpG (68 kDa) differs from Hsp90 by the absence of a charged 
area of approximately 50 amino acids, which is characteristic for the other Hsp90 
homologues [102]. The Hsp70 and Hsp90 families exhibit several common features: both 
possess ATPase activity and are regulated by ATP binding and hydrolysis, and both are 
further regulated by ancillary cochaperones [103-108]. Unlike Hsp70, however, cytoplasmic 
Hsp90 is not generally involved in the folding of newly synthesized polypeptide chains. 
Instead it plays a key role in the regulation of signal transduction networks, as most of the 
known substrates of Hsp90 are signaling proteins, the classical examples being steroid 
hormone receptors and signaling kinases. 

Hsp90 stabilizes damaged proteins during and after stress. Hsp90 interacts and either 
modulate the assembly, the stability and/or the activity of particular cellular proteins such as 
protein kinases, calcineurin, calmodulin, nitric oxide synthase, telomerase, steroid receptors, 
oncogenes and transcription factors [103-109]. Significant interest is dedicated to the pivotal 
role of Hsp90 into the regulation of hormonal receptors [110-115]. Receptors what are not 
bounded to their hormones are probably bound to Hsp90 shortly after their translation 
[110,116]. In case of the glucocorticotropic receptor, binding of Hsp90 leads to an 
enhancement capability of the receptor to bind to the steroid hormone [110,116]. The C-
terminal region of the Hsp90 molecule is responsible for the receptor binding [117]. In 
addition, Hsp90 appears to be closely linked to the protein degradation in the cell. Hsp90 also 
shows direct interaction with the proteasome and might possess regulatory roles, other than 
determination of the fate of unfolded proteins that cooperate with co-chaperones, PA28 and 
CHIP [118,119]. Initially, Hsp90 was considered to inhibit the 20S proteasome [120,121] and 
also to protect it from oxidative stress [122] but recently it was also shown that Hsp90 
interacts with the 26S proteasome and plays a principal role in the assembly and maintenance 
of the 26S proteasome.in yeast [123]. 

Hsp90 is presented as a suppressor of cryptic genetic variations by assisting mutant 
proteins to maintain a wild type structure and function [124]. On a molecular level, Hsp90 
binds to substrates at a late stage of the folding pathway, when the substrate is poised for 
activation by ligand binding or associations with other factors. Consequently, Hsp90 accepts 
partially folded conformations from Hsp70 for further processing. In the case of the 
chaperone-assisted activation of the glucocorticoid hormone receptor [110,115,116] and also 
of the progesterone receptor [111], the sequence of events leading to attaining an active 
conformation is fairly well understood (Figure 4). It appears that the receptors are initially 
recognized by Hsp40 and are then delivered to Hsp70 [125]. Subsequent transfer onto Hsp90 
requires the Hsp70/Hsp90 organizing protein (Hop), which possesses non-overlapping 
binding sites for Hsp70 and Hsp90 and therefore acts as a coupling factor between the two 
chaperones [126]. In conjunction with p23 and different cyclophilins, Hsp90 eventually 
mediates conformational changes that enable the receptor to reach a high-affinity state for 
ligand binding. Hsp90 and p23 play also a direct role in the regulation of the HS response by 
modulating the HSF1 activation/deactivation process. Hsp90, Hsp70, Hsp60 and p23 make 
heterocomplex with a variety of transcription factors and protein kinases involved in 
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mitogenic signal transduction. The major function of this complex may be to fold the client 
protein and to keep it inactive until it reaches its ultimate location. There is also a potential 
involvement of Hsp70 and Hsp90 in DNA replication since members of these families 
interact with components of the eukaryotic cell cycle. Hsp70, Hsp90, Hsp27 and TCP-1 are 
known to bind and stabilize actin, tubulin and the microtubules/microfilament network 
playing a role in cellular morphology and signal transduction pathways.  
 

 

Figure 4. Hsp90 chaperone system for the regulation of signal transduction pathways. The involvement 
of cofactors may change depending on the target protein. The inactive signaling protein, e.g., a steroid 
hormone receptor, is initially recognized by Hsp40 and delivered to Hsp70 (step 1). Subsequently, a 
multi-chaperone complex assembles: the co-chaperone Hop is recruited to establish a physical 
connection between Hsp70 and Hsp90. Hop stimulates recruitment of an Hsp90 dimer that accepts the 
substrate from Hsp70. Presumably, ATP hydrolysis by Hsp70 releases the bound signalling protein and 
transfers it to the Hsp90 dimer, thus resulting in the formation of the intermediate complex (step 2). At 
the final stage of the chaperone pathway, Hsp90 associates with p23 and diverse cyclophilins (cycloph.) 
to mediate conformational changes of the signaling protein necessary to reach an activatable state (step 
3). Upon activation, i.e., hormone binding in the case of the steroid receptor, the signaling protein is 
released from Hsp90. In the absence of an activating stimulus, the signaling protein folds back to the 
inactive state when released and enters a new cycle of chaperone binding and in the absence of a 
hormone ligand, the receptor protein may participate in another cycle (step 4).  

On other signaling pathways Hsp90 serves as a scaffolding factor to permit interactions 
between kinases and their substrates, as is the case for Akt kinase and endothelial nitric oxide 
synthase (NOS) [127,128]. Since many of the Hsp90 substrate proteins are involved in 
regulating cell proliferation and cell death, it is not surprising that the chaperone recently 
emerged as a drug target in tumor therapy [106,107]. The antibiotics geldanamycin [129] and 
radicicol [130] specifically bind to Hsp90 in mammalian cells and inhibit the function of the 
chaperone by occupying its ATP-binding pocket. Drugs based on these compounds are now 
being developed as anticancer agents, as they potentially inactivate multiple signaling 
pathways that drive carcinogenesis. Remarkably, drug-induced inhibition of Hsp90 blocks 
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the chaperone-assisted activation of signaling proteins and leads to their rapid degradation via 
the UPS [131-136]. Hsp90 inhibitors therefore have emerged as helpful tools to study 
chaperone–proteasome cooperation. 

 
 

TRANSCRIPTION OF GENES CODING FOR HSP 
 
Eukaryotic stress genes are generally controlled by HSE (heat shock elements) and HSF 

(heat shock factors), which are bound to them closely [137]. The induction of the HS 
response is through the HSF working as molecular links between environmental stresses and 
the stress response [48,58]. HSE are present as monomers in non-stressed cells, while they 
form trimers in stressed cells [138]. The trimer is distinguished by a higher asymmetry 
compared to the monomeric form [138]. Interaction HSF-HSE can contain various number of 
the basic HSE units. The smallest detectable part of HSE bounded to HSF is 10 bp long, and 
it exists in configuration ‘tail-to-tail’ or ‘head-to-head’. HSF covers these parts in same 
manner. HSF are also constitutive proteins in monomeric forms in eukaryotes (with the 
exception of yeasts) [139]. They are activated during the HS and form trimers [140]. HSF are 
redistributed from non-specific places on chromatin to separated chromosomal targets. A 
subpopulation of HSF molecules is transferred from the cytoplasmatic compartments into the 
nuclei during HS as well [138]. Thus, HSF and HSE interact if the HSF is in trimer form 
[141]. Binding activity of HSF is induced by various agents, which affect protein structure. 
These agents include: heat, slightly acidic pH, or presence of detergents [140]. Original 
hypothesis of HSF activation in vitro is based on direct formation of an oligomeric state 
(trimer) [142]. The impossibility of dissociation of trimers to the monomeric forms in normal 
conditions shows that it cannot be a reversible one-component system.  

 
 

Activation of Heat Shock Factors (HSF): a Stress Regulatory Network 
 
Vertebrates express four HSFs encoded by small multigene families and regulated by a 

diverse array of environmental and developmental signals [143]. The four vertebrate HSFs 
are expressed constitutively and co-operate functionally. HSF1 is a long-lived protein, which 
is present as an inactive monomer considered to be a general stress responsive factor. HSF1 is 
expressed ubiquitously and is activated by mild HS as well as by multiple environmental or 
physiological stresses [144,145]. HSF2 is a short-lived protein which is an inactive dimer 
refractory to typical stress stimuli except to proteasome inhibitors [146]. It is considered to be 
important during embryogenesis [147] and spermatogenesis [138,148-150]. HSF3 is also an 
inactive dimer and may exhibit complex interactions with other transcription factors 
governing development, growth and apoptosis, such as c-Myc and p53 [151]. HSF3 is also an 
important co-regulator of HSF1, activated by severe HS and chemical stress [152,153]. HSF4 
constitutively binds DNA even in non-stressed cells and is preferentially expressed in muscle, 
brain and pancreas [154-157]. Proteasome inhibitors are the common activators of HSF1, 
HSF2 and HSF3 [158-160]. 
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Regulation of HSP gene transcription is mediated by the interaction of the HSF (of which 
the principal one in vertebrates is HSF1) with HSEs in the HSP gene promoter regions [161]. 
In unstressed cells, HSF1 is located in the cytoplasm and in the nucleus. It is maintained as a 
non DNA-binding inactive complex both by internal coiled-coil interactions and by 
stoichiometric binding with Hsp90, Hsp70 and other chaperones. Under stressful conditions, 
cellular proteins undergo denaturation and/or polyubiquitination and sequester the 
chaperones capping HSF1. Inactive HSF1 is liberated and translocates into the nucleus. HSF1 
is activated by trimerization and subsequent phosphorylation [48]. HSF1 is 
hyperphosphorylated in a ras-dependent manner by members of the mitogen-activated 
protein kinase (MAPK) subfamilies (e.g. ERK1, JNK/SAPK, p38 protein kinase) [162,163]. 
HSF1 is converted to phosphorylated trimers with the capacity to bind DNA, and translocates 
from the cytoplasm to the nucleus [164]. 

The precise mechanisms for stress sensing and signalling to activate HSF1, and the 
mechanisms by which many distinct stresses activate HSF1, are poorly understood. The 
signal that activates HSF1 is thought to be a flux of newly synthesized non-native proteins 
[164]. Other pathways of Hsp induction were discovered through a sensor of the cellular 
redox status which allows the preexisting Hsp33 to respond much more quickly to stress than 
by regulation at the transcriptional or translational level [165] or through redox-dependent 
activation of HSF1 by hydrogen peroxide. Recombinant mammalian HSF1 directly senses 
both heat and hydrogen peroxide to assemble into a homotrimer in a reversible and redox-
regulated manner [166]. The sensing of both stresses requires two cysteine residues within 
the HSF1 DNA-binding domain that are engaged in redox-sensitive disulfide bonds [166]. 

Under conditions of moderate short-term stress, proteins may be partially unfolded and 
aggregate in a reversible manner that is dependent on the expression of a large family of 
protein chaperones under the transcriptional controls of HSF [167]. However, as a 
consequence of acute or prolonged stress, proteins may be irreversibly damaged and targeted 
for degradation. The downregulation of the UPS by pharmacological proteasome inhibitors 
causes HSF activation in yeast and mammals [168,169]. Severe HS, promote proteasome 
dissociation into 20S CP and 19S RP subcomplexes resulting in a rapid decline in 
intracellular proteolysis [123,170]. Conversely, proteasome levels increase in response to 
long-term mild stress. Under a multitude of mild stress conditions proteasome levels rapidly 
increase to participate in the removal of damaged proteins. For example in budding yeast, the 
transcription factor Rpn4 activates this elevated transcription. Rpn4 is a short lived protein 
that recognizes a proteasome activation control element (PACE) motif in their promoters, as 
well as in its own gene and numerous other genes [171]. Rpn4 is part of a negative feedback 
circuit being itself a substrate of the 26S proteasome [172-174]. Under stress conditions that 
require elevated levels of proteasomes to tackle the higher loads of damaged proteins, or 
when proteasome activity is compromised, degradation of Rpn4 is retarded. Under these 
circumstances transcription of RPN4 is elevated and in turn, this leads to upregulation of 
proteasome levels. In this sense, direct regulation of RPN4 by HSF provides an efficient 
mechanism to cope with the stress caused by unfolded proteins, through increasing the 
cellular protein degradation capacity [175]. HSF co-ordinates a feed-forward gene regulatory 
circuit for RPN4 activation. In addition to Rpn4, other HSF target genes are also likely to 
function in the degradation of damaged proteins [176-178], implying a role for HSF in co-
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ordinated regulation of ubiquitin-mediated proteolysis pathways. Therefore, HSF directs a co-
ordinated response for activation of the cellular ubiquitination and degradation machinery in 
the face of acute stress where protein unfolding is manifest. However, despite intensive 
searches in higher eukaryotes an Rpn4 homologue has not been identified. 

 

 

Figure 5. Regulation of transcription of heat shock protein genes by heat shock factor. Heat shock factor 
(HSF) is present in the cytoplasm as a latent monomeric molecule that is unable to bind to DNA. Under 
stressful conditions, the flux of non-native proteins (which are non-functional, prone to aggregation, 
protease-sensitive, and bind to chaperones) leads to phosphorylation (P) and trimerisation of HSF. The 
trimers translocate to the nucleus, bind the promoter regions of heat shock protein (hsp) genes and 
mediate hsp gene transcription. The activity of HSF trimers is downregulated by HSPs (e.g. Hsp70) and 
the heat shock binding protein 1 (HSBP1) that is found in the nucleus.  

The generation of HSPs must be only transient, even if exposure to stress is over a 
prolonged period, as a continued presence of HSPs would adversely influence protein 
homeostasis and a variety of intracellular functions (Figure 5). One mechanism, by which the 
activity of HSF1 is regulated, is via the binding of Hsp70 to its transactivation domain, 
thereby leading to repression of heat shock gene transcription [179]. The interaction between 
Hsp70 and HSF1 has no effect on DNA binding or the stress induced phosphorylation state of 
HSF1 [179]. A second mechanism that regulates Hsp synthesis is the interaction between heat 
shock protein binding factor 1 (HSBP1) and the active trimeric form of HSF1 and Hsp70, 
thereby inhibiting the capacity of HSF1 to bind to DNA [179]. HSBP1 is predominantly 
localized in the nucleus and levels of HSBP1 mRNA have been shown to be increased in a 
variety of cell lines and animal tissues and to be unaffected by HS [179]. A third regulatory 
mechanism is based on CHIP (carboxy terminus of Hsp70-binding protein), a dual-function 
co-chaperone/ubiquitin ligase that targets a broad range of chaperone substrates for 
proteasomal degradation (see below) [180]. CHIP not only enhances Hsp70 induction during 
acute stress but also mediates its turnover during the stress recovery process. Central to this 
dual-phase regulation is its substrate dependence: CHIP preferentially ubiquitinates 
chaperone-bound substrates, whereas degradation of Hsp70 by CHIP-dependent targeting to 
the UPS occurs when misfolded substrates have been depleted [180]. 
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FROM PROTEIN FOLDING TO STRESS RESPONSE  
 
One of the most critical events in the biogenesis of a protein is the conversion of its 

linear amino acid sequence into the properly folded three-dimensional structure (see Chapter 
12). Although the amino acid sequence of a protein contains all the information that is 
required to dictate proper folding into a functional, three-dimensional structure, the crowded 
intracellular milieu places constraints on the folding of polypeptides, thereby promoting 
misfolding and aggregation. As soon as a nascent polypeptide chain emerges from the 
ribosome, it is prone to misfolding and subsequent aggregation. As a consequence, protein 
folding in vivo is typically not spontaneous [181], and organisms have evolved a highly 
conserved class of proteins called molecular chaperones that prevent inappropriate 
interactions within and between non-native polypeptides, enhance the efficiency of de novo 
protein folding and promote the refolding of proteins that have become misfolded as a result 
of cellular stress [70,182-184]. Chaperones contain no specific information for polypeptide 
folding, but they are able to prevent production of aggregates from the nascent polypeptides 
[185]. It could be noticed that other heat induced proteins like peptidyl-prolyl cis-trans 
isomerases (PPIases) and protein disulphide isomerases (PDI) act directly in a formation of 
higher protein structures [186], and they are called ‘foldases’ [187]. Under certain conditions, 
when chaperones cannot repair misfolded proteins, chaperone-mediated targeting to the UPS 
or to lysosomes results in selective degradation. Thus chaperones are defined as proteins that 
assist other macromolecules in folding/unfolding and in assembly/disassembly of higher 
order structures without being components of these final structures. Several but not all stress 
proteins are molecular chaperones. A variety of co-chaperones are also present in the 
complexes with the HSPs. 

 
 

Molecular Chaperones and Protein Aggregation 
 
Protein folding occurs primarily in the cytoplasm (cytosolic protein folding for cytosolic 

proteins) and in the ER (oxidant protein folding for membrane associated or secreted proteins 
like antibodies among many others) [188]. The differing redox and ionic milieus inside these 
two compartments, and the different functions and destinations of the client proteins folded 
therein, have necessitated the existence of distinct chaperone networks [188,189]. The details 
on the posttranslational processes in the ER called protein quality control (QC) whereby the 
cell folds newly synthesized proteins and either refolds or degrades polypeptides that fail to 
attain or maintain a native structure are given in Chapter 13. Both networks exploit the 
exquisite sensitivity of cysteines to redox state, but they respond in opposite directions, 
reflecting the different conditions in the cytosol (reducing) and in the ER (more oxidizing) 
[190]. Thus, for example, the cytosolic chaperone Hsp33 forms active dimers in response to 
oxidation, linking the responses to thermal and oxidative stress. Folded proteins are released 
upon Hsp33 reduction, whereas unfolded substrates are released only in the presence of 
additional chaperone complexes that are able to refold them [190]. In contrast, the ER 
oxidoreductase PDI appears to function as a chaperone primarily when reduced. 
Mechanistically, cysteines are the main targets, because their thiol groups can be modified 
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according to redox conditions. Formation of a disulfide, in particular, imposes structural 
constraints on the polypeptide, which can result in novel functions. Cysteines therefore 
provide molecular switches, which can sense and transducer redox changes in the 
environment by modifying protein conformation in a rapid and reversible way (reviewed in 
[188]). PPIases catalyse the interconversion of a peptide bond that precedes a proline residue 
from the trans (extended) to the cis (bent) position, which is often needed for proper protein 
folding. Furthermore, up-regulation of PDI is an adaptive response to accumulation of 
misfolded proteins in the ER that helps protect neurons from apoptosis resulting from ER 
stress. Uehara et al. showed that S-nitrosylated PDI was present in the brains of people who 
had had PD or AD [191]. S-nitrosylation, a reaction transferring a nitric oxide (NO) group to 
a critical cysteine thiol, impaired the ability of PDI to act as a chaperone and an isomerase 
leading to the accumulation of polyubiquitinated proteins, and to activation of the the 
unfolded protein response (UPR). When coexpressed with synphilin-1 in a dopaminergic 
neuroblastoma cell line, PDI inhibited the development of synphilin-1-dependent Lewy-body 
(LB)-like inclusions, a protective effect that was attenuated by NO. Exposure of cultured 
cortical neurons to N-methyl-D-aspartate (NMDA) led to NOS-sensitive accumulation of S-
nitrosylated PDI, accumulation of polyubiquitinated proteins, and apoptosis; PDI 
overexpression decreased the number of polyubiquitinated and apoptotic cells and attenuated 
NMDA-dependent activation of the UPR [191]. In neuroblastoma cells, PDI overexpression 
inhibited cell death in response to ER stress, inhibition of the proteasome, or overexpression 
of a protein that induces the unfolded protein response, protective effects that were reversed 
by exposure to a NO donor. PDI has two domains that function as independent active sites 
with homology to the small, redox-active protein thioredoxin. During neurodegenerative 
disorders and cerebral ischemia, the accumulation of immature and denatured proteins results 
in ER dysfunction, but the upregulation of PDI represents an adaptive response to protect 
neuronal cells. 

Hsp70 and Hsp90 are major components of the cytosolic protein quality control (QC) 
machinery and facilitate both protein folding and degradation [84,101]. However, is not clear 
how chaperone substrates are partitioned between protein folding and degradation pathways. 
To fold cellular proteins, Hsp70 and Hsp90 function with folding factors, termed co-
chaperones (Table 2). Basic function of Hsp70 is the binding of unfolded proteins and their 
release. It proceeds in an ATP dependent cycle [192,193], in which: (i) partially unfolded 
protein associates with C-terminal domain Hsp70 [194,195], (ii) binding of co-chaperone 
Hsp40 started a dissociation of ATP with N-terminal domain of Hsp70 [196], which leads to 
a conformational change (Hsp70/ADP complex), (iii) Hsp40 dissociates, (iv) BAG-1 protein 
binds, (v) ADP/ATP exchange is initiated, (vi) BAG-1 dissociates, (vii) bounded proteins are 
released finally. Folding co-chaperones regulate nucleotide hydrolysis and deliver non-native 
proteins to the polypeptide-binding domains of Hsp70 and Hsp90. Co-chaperones that assist 
Hsp70 in protein folding include the Hsp40 proteins, Hip and Hop [84,101]. Hsp90 is 
regulated by co-chaperones that include Hop, p23 and the cyclophilins [197,198]. In some 
cases, Hsp70 and Hsp90 function sequentially to fold the same substrate protein and Hop acts 
as a coupling factor that links these chaperones to each other. To degrade proteins, Hsp70 
and Hsp90 appear to interact with a set of co-chaperones that have degradatory functions, 
such as BAG-1, CHIP and, possibly, scythe [101]. It is proposed that domains within these 
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co-chaperones enable them to interact both with chaperones and with components of the UPS 
(Table 2). The interaction of Hsp70 and Hsp90 with either folding or degradatory co-
chaperones provides a mechanism to explain how they chose between the biogenesis or 
destruction of their substrate proteins [199,200].  

 
Table 2. Co-chaperones of mammalian Hsp70 and Hsp90 that function as folding or 

degradation factors 
 

Co-chaperone Chaperone 
Hsp 70     Hsp 90 

Chaperone- 
binding 
domain 

Specialized 
sub-domains 

Cellular function 

Folding factors 

Hdj1/Hdj2 X  J-domain Polipeptide 
binding 

Helps to load Hsp70 with non-native proteins 
by regulating binding its ATPase activity and 
functioning as a chaperone. 

Hop  X X TPR  Binds C-terminal EEVD motifs present in 
Hsp70 and Hsp90 and tethers these chaperones 
together. Facilitates substrate exchange 
between Hsp70 and Hsp90. 

Hip X  TPR  Binds to the ATPase domain of Hsp70. 
Promotes protein folding by modulating the 
affinity of Hsp70 for ADP. 

Cyclophillin  X TPR Polipeptide 
binding 

A family of co-chaperones that contains a 
conserved binding chaperone domain that has 
peptidyl-prolylisomerase activity. Facilitates 
late-stage Conformational maturation events 
for Hsp90 substrates. 

P23  X  Polipeptide 
binding 

Binds to the N-terminus of Hsp90 to stimulate 
ATP-binding dependent substrate release. Has 
a N-terminal Hsp90-binding domain and a C-
terminal chaperone domain. 

Degradation factors 

BAG-1  X  BAG Ubiquitin-
like 

Binds to the ATPase domain of Hsp70 and 
functions as a nucleotide exchange factor. It 
utilizes its ubiquitin-like domain to target 
some Hsp70-bound substrates to components 
of the UPS.  

Scythe X  BAG Ubiquitin-
like 

Has functions similar to Bag-1 as both are 
anti-apoptotic proteins and modulate Hsp70 
chaperone activity. Interactions between 
Scythe and components of the UPS are 
proposed, but yet to be demonstrated. 

CHIP X X TPR U-box Binds Hsp70 and Hsp90 at a C-terminal TPR 
acceptor site. The U-box is proposed to recruit 
E2 enzymes to chaperones to promote 
ubiquitination of non-native proteins. 

TPR indicates tetratricorepeat motif. Hdj-1 and Hdj-2 are members of the Hsp40 family of co-
chaperones that utilize a conserved J-domain to regulate the ATPase activity of Hsp70.  
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Molecular Chaperones and Protein Degradation 
 
Molecular chaperones take a part in degradation of irreversibly damaged proteins. 

Selective recognition of non-native proteins is the first step towards their elimination. Based 
on their ability to interact with non-native folding intermediates, molecular chaperones are 
prime candidates to aid in the triage of misfolded proteins. Once potentially damaging 
conformers have been identified, the cell can respond to their presence in three ways. First, 
cellular factors may attempt to rescue the misfolded conformations by refolding them to a 
functional native state. Second, the cell can sequester misfolded proteins in an attempt to 
prevent toxic interactions. Accordingly, chaperones alleviate the toxicity associated with 
aberrant protein conformations in neurodegenerative disease models [201]. Chaperones seem 
to alleviate toxicity by sequestering the soluble toxic oligomeric species or by modulating 
their conformation [201,202]: overexpressing Hsp70 suppresses the toxicity associated with 
various proteins including amyloid-β (Aβ) and tau in AD, α-Synuclein (α-Syn) in PD, 
superoxide dismutase (SOD1) in ALS, and polyglutamine (polyQ)-expanded proteins in HD, 
spinal bulbar muscular atrophy (SBMA) and ataxias [201]. Hsp40, induces a conformational 
rearrangement in mutant huntingtin [203,204] and disfavours the accumulation of specific 
soluble polyQ fibril intermediates [202]. Aggresome formation is apparently a specific and 
active cellular response when production of misfolded proteins exceeds the capacity of the 
UPS to tag and remove these proteins (see Chapter 12). The pathways that regulate 
aggresome assembly are only now being explicated. Histone deacetylase 6 (HDAC6) appears 
to be a key regulator of aggresome assembly [205]. HDAC6 is a microtubule-associated 
deacetylase that has the capacity to bind both multi-ubiquitinated proteins and dynein motors 
and is believed to recruit misfolded proteins to the pericentriolar region for aggresome 
assembly. Deletion of HDAC6 prevents aggresome formation and sensitizes cells to the toxic 
effects of misfolded proteins. Components of the ubiquitin–proteasome system and 
chaperones such as Hsp70 are abundantly present in and are actively recruited to aggresomes 
[206-208]. Furthermore, elevating cellular Hsp70 levels can reduce aggresome formation by 
stimulating proteasomal degradation [209]. It appears that these subcellular structures are 
major sites of chaperone–proteasome cooperation to mediate the metabolism of misfolded 
proteins. 

The proteins, which are determined to degradation, have to be in a soluble state to be 
recognised by proteolytic enzymes. The precise role of chaperones in eliminating misfolded 
proteins is still unclear. In the simplest model, chaperones would be primarily dedicated to 
stabilizing and refolding nonnative polypeptides. In this case, their role in QC could be an 
extension of their primary role in folding; that is, to maintain the solubility of misfolded 
intermediates and facilitate sampling by the ubiquitination machinery. HSP preserves such 
state and therefore the chaperone function of HSP is essential not only for the repair of 
damaged proteins, but also for their degradation [210]. Not well understood are the events 
that lead to the cessation of efforts to fold a substrate, and the diversion of the substrate to the 
terminal degradative pathway. It is possible that chaperones and components of the UPS exist 
in a state of competition for these substrates and that repeated cycling of a substrate on and 
off a chaperone maintains the substrate in a soluble state and increases, in a stochastic 
manner, its likelihood of interactions with the ubiquitination machinery. Unfortunately, only 
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indirect evidences, manipulating the balance between folding and degradation activities of 
chaperones, confirm such conclusions. In cells treated with Hsp90 inhibitors, the chaperone-
assisted activation of signaling proteins is abrogated and chaperone substrates such as the 
protein kinases Raf-1 and ErbB2 are rapidly degraded by the UPS [131-136,211]. This 
appears to be due, in part, to transfer of the substrates back to Hsp70 and progression toward 
the UPS. Substrate interactions with chaperones and consequently their commitment, either 
toward the folding pathway or to their degradation via the UPS apparently serve as an 
essential post-translational protein QC mechanism within eukaryotic cells.  

Several HSP family members as well as sHSPs, Hsp70 and Hsp90 have all been 
implicated to participate in protein degradation. A function for chaperones in targeting 
misfolded proteins for degradation has been established in various ways. Hsp27 was recently 
shown to stimulate the degradation of phosphorylated IκBα via the UPS, which may account 
for the antiapoptotic function of Hsp27 [212]. Similarly, Hsp27 facilitates the proteasomal 
degradation of phosphorylated tau, a microtubule-binding protein and component of protein 
deposits in AD [213]. Cell lines which upregulate Hsp27 in response to the treatment with 
proteasome inhibitors are resistant to their proapoptotic effects [68,69]. Hsp70 is required for 
the in vitro degradation of some misfolded proteins [214], whereas in vivo experiments 
implicate the yeast Hsp40 homologue Ydj1p [215]. Hsp70 participates in the degradation of 
apolipoprotein B100 (apoB), which is essential for the assembly and secretion of very low-
density lipoproteins from the liver [216]. Hsp70 and Hsp90 are required for the degradation 
of the immaturely glycosylated and aberrantly folded forms of the cystic fibrosis 
transmembrane conductance regulator (CFTR) [200,216-219]. CFTR is an ion channel 
localized at the apical surface of epithelial cells. Its functional absence causes cystic fibrosis, 
the most common genetic disease in Caucasians [220,221]. Hsp70 also takes part in the 
degradation of and misfolded von Hippel-Lindau (VHL) variants [222]. In addition, 
overexpressing Hsp70 and Hsp40 increases the proteasome-mediated degradation of α-Syn 
and polyQ expanded proteins [201]. 

From a different point of view, recent analysis of the QC mechanisms of misfolded 
variants of the VHL tumour suppressor suggests that chaperones have an active role selecting 
proteins for degradation [222]. The observation that some chaperones specifically interact 
with E3s raises the possibility that, at least in some cases, chaperones could recognize 
misfolded proteins and subsequently mediate their polyubiquitination by directly recruiting 
an E3 ligase [223-225]. 

However, some data argue for a more direct role of chaperones in the degradation 
process. Although some misfolded proteins may be directly recognized by the proteasome 
[226], specific pathways within the UPS are probably relied on for the degradation of most 
misfolded and damaged proteins. Hsp70 plays an active and necessary role in the 
ubiquitination of some substrates [214]. This activity of Hsp70 depends on its chaperone 
function, indicating that conformational changes within substrates may facilitate recognition 
by the ubiquitination machinery. Finally, a post-ubiquitination function for chaperones has 
been proposed [224]. For instance, the neuronal Hsp70 cofactor HSJ1 stimulates the 
ubiquitination of Hsp70-bound proteins via its ubiquitin interaction motif (UIM) domains and 
their subsequent sorting to the proteasome [227]. A member of the Hsp70 family protein, 
Hsc73 is essential for the final maturation steps of the 20S proteasome from the 16S 
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precursor complex [228]. Removal of Hsc73 results in an immediate formation of aggregates 
of this precursor indicating that Hsc73 keeps the assembly of intermediate complex in a 
soluble and probably partially unfolded state to allow subunit processing and correct folding. 
Considering these notions, Hsc73 might regulate the amount of 20S complex under stressful 
conditions. Furthermore, Hsp90 participates in the ATP-dependent assembly of the 26S 
proteasome [223].  

Proteomics analysis of proteasome-interacting proteins revealed physical interactions 
between Hsp70 and Hsp90 with the 26S proteasome [223]. Evidence for a functional 
interplay between Hsp90 and PA28 also indicates that Hsp90 appears to compensate the loss 
of PA28 function in MHC class I antigen processing, suggesting that Hsp90 and PA28 
operate either redundantly or specifically for generation of MHC class I ligands [229]. 
However, the biological relevance of these interactions is not clear at this stage. These 
findings may provide new mechanistic insight into the cooperative interactions between the 
molecular chaperone and proteolysis systems. In vivo and in vitro inactivation of Hsp90 
caused dissociation of the 26S proteasomes into their constituents. Conversely, these 
dissociated constituents reassemble in Hsp90-dependent fashion both in vivo and in vitro. 
These processes are ATP-dependent and are suppressed by geldanamycin, an Hsp90 
inhibitor. These results strongly suggest that the ATPase activity of Hsp90 is essential to the 
assembly and maintenance of the 26S proteasome and that Hsp90 plays some regulatory roles 
on the UPS pathway through assembly and disassembly of the 26S proteasome [123]. Thus, 
Hsp70- or Hsp90-bound substrates may be directed to proteasomes by virtue of direct or 
indirect chaperone–UPS interactions. Considering this regulatory role of Hsp90, impairment 
of the UPS pathway caused by protein aggregation might be partially brought about by the 
collapse of this regulation. 

 
 

THE CHIP UBIQUITIN LIGASE: FROM CHAPERONE TO UPS 

LINK BETWEEN FOLDING AND DEGRADATION SYSTEMS 
 
Major insights into molecular mechanisms that underlie the cooperation of molecular 

chaperones with the UPS were obtained through the functional characterization of the co-
chaperone CHIP (reviewed in [101]). CHIP, originally identified as a co-chaperone of Hsp70 
[97] can associate with Hsp70 and Hsp90 through the amino-terminal tetratricopeptide repeat 
(TPR) domain and adjacent charged domain [199,200]. Proteins containing TPR domains are 
involved in many protein-protein interactions; in particular, several Hsp interaction 
partners—including Hip, Hop, and the cyclophilins—interact with Hsc70 or Hsp90 through 
TPR domains [98,230]. CHIP contains three TPR domains at its amino terminus, which are 
used for binding to Hsp70 and Hsp90 [97,199]. 

Since CHIP attenuates stimulation of ATPase activity of Hsc70 by Hsp40, addition of 
CHIP diminishes the refolding activity of the Hsc70-Hsp40 complex for denatured substrates 
[97]. Besides the TPR domains, CHIP possesses a U-box domain at its carboxyl terminus 
[97]. The U-box domain has a tertiary structure that resembles the RING-finger domain of 
ubiquitin-protein ligase (E3), which covalently attaches ubiquitin to target proteins, 
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designating them for destruction by the proteasome [231], but they lack the metal-chelating 
residues and instead are structured by intramolecular interactions [231]. 

The tissue distribution of CHIP supports the notion that it participates in protein folding 
and degradation decisions, as it is most highly expressed in tissues with high metabolic 
activity and protein turnover: skeletal muscle, heart, and brain. CHIP is also detectable in 
most cultured cells, and is particularly abundant in muscle and neuronal cells and in tumor-
derived cell lines [97]. Intracellularly, CHIP is primarily localized to the cytoplasm under 
quiescent conditions [97], although a fraction of CHIP is present in the nucleus [200]. In 
addition, cytoplasmic CHIP traffics into the nucleus in response to environmental challenge 
in cultured cells, which may serve as a protective mechanism or to regulate transcriptional 
responses in the setting of stress [232]. As anticipated from its tertiary structure, CHIP 
executes E3 ubiquitin ligase activity upon specific substrates; CHIP ubiquitinates substrates 
of Hsp70 and Hsp90 and stimulates their degradation by the proteasome [97,199,200,233] 

CHIP interacts with the terminal-terminal EEVD motifs of Hsp70 and Hsp90, similar to 
other TPR domain–containing co-chaperones such as Hop [126,230,234] Although the 
carboxy-terminal domain of the Hsp70 is the interaction domain for CHIP’s amino terminal 
TPR domain, it is the amino terminal ATP-binding domain of Hsp70-Hsc70 that regulates 
substrate binding in a nucleotide-dependent fashion. The molecular cochaperones Hip and 
Hsp40 promote substrate binding by stabilizing the adenosine diphosphate (ADP)- bound 
conformation and activating ATPase activity, respectively [98], whereas BAG-1 promotes 
substrate release by exchanging ATP for ADP [235]. CHIP attenuates the Hsp40-stimulated 
ATPase and refolding activities of Hsp70 [97] and acts as an E3 ligase to facilitate the 
transfer of a polyubiquitin chain to misfolded substrates [233]. This activity may facilitate 
protein folding, perhaps by slowing the Hsc70 reaction cycle [232,236] under stressful 
conditions, or it may assist in loading misfolded proteins into the UPS. 

Because Hsp90 also contains a TPR-acceptor site to interact with cochaperones, CHIP 
interacts with Hsp90 with approximately equivalent affinity to its interaction with Hsp70 
[199]. This interaction results in remodeling of Hsp90 chaperone complexes, such that the co-
chaperone p23, which is required for the appropriate activation of many, if not all, Hsp90 
client proteins, is excluded. CHIP should inhibit the function of proteins that require Hsp90 
for conformational activation. In any event, the studies are consistent in supporting a role for 
CHIP as a key component of the chaperone-dependent QC mechanism. CHIP efficiently 
targets client proteins, particularly when they are partially unfolded (as is the case for most 
Hsp90 clients when bound to the chaperone) or frankly misfolded as is the case for most 
proteins binding to Hsp70 through exposed hydrophobic residues). Consequently, CHIP 
appears to be chaperone-dependent E3 that ubiquitylates Hsp90-captured unfolded proteins 
[119]. Thus, CHIP is an ideal molecule acting as a protein QC E3 that selectively leads 
abnormal proteins recognized by molecular chaperones to degradation by the proteasome. For 
example, CHIP cooperates with Hsp70 during the degradation of immature forms of the 
CFTR protein at the ER membrane and during the ubiquitination of phosphorylated forms of 
the microtubule binding protein tau, which is of clinical importance due to its role in the 
pathology of AD [200,213]. These data indicate that CHIP plays a heretofore unsuspected 
role in coordinating the response to stress, not only by serving as a rate-limiting step in the 
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degradation of damaged proteins but also by increasing the buffering capacity of the 
chaperone system to guard against stress-dependent proteotoxicity. 

CHIP also mediates crosstalk between molecular chaperones and the UPS by associating 
with BAG-1, a protein that binds to the 26S proteasome and assists in the degradation of 
specific chaperone substrates [237]. Since both BAG-1 and CHIP are molecules that integrate 
molecular chaperones and UPS, cooperation of these two cofactors appears to reflect the fate 
of chaperone-captured proteins. CHIP converts Hsp70/Hsp90 chaperones into substrate 
recognition factors of a functional ubiquitin ligase complex, whereas BAG-1 supports 
binding of the Hsp70 complex to the proteasome and triggers the release of ubiquitylated 
substrates from HsclHsp70 for their transfer to the proteasome. Since BAG-1 and CHIP bind 
to different domains of Hsp70, these two co-chaperones are able to associate simultaneously 
with Hsp70. CHIP also regulates the association of BAG-1 with proteasome by K II-linked 
polyubiquitination of BAG-1 [238]. The formation of the ternary chaperone-cofactor 
complex might accelerate the degradation of chaperone-captured unfolded proteins by the 
UPS pathway [101,225,239,240]. 

The elucidation of CHIP’s roles in the cell has helped clarify the mechanism of linkage 
between the cells protein folding-refolding machinery and its degradation machinery — the 2 
pathways called upon to provide protein QC in the cell and thereby maintain normal cellular 
function, particularly in the setting of cellular stress. Characterization of CHIP function may 
therefore provide insights into how the cellular processes contribute to physiologic and 
pathologic processes at the cellular and organism level. Although a link with CHIP and 
pathophysiologic states is largely speculative at present, it is worth considering how the basic 
observations of CHIP at the level of biochemistry and cell biology can provide clues to 
understanding several neurological diseases. 

 
 

HSPS IN THE DISEASES OF THE NERVOUS SYSTEM 
 
Many systemic and neurodegenerative disorders, termed ‘protein-misfolding disorders’, 

or perhaps more appropriately ‘protein-conformational disorders’, are characterized by the 
accumulation of intracellular or extracellular protein aggregates (see Chapter 28). The HSR 
and Hsp have been implicated in many of these neurodegenerative diseases based on the 
association of chaperones with intracellular aggregates. Accumulation of protein aggregates 
might account for the observation that neurons, are particularly vulnerable to the detrimental 
effects of misfolded and/or aggregated proteins because they cannot dilute potentially toxic 
species through cell division and the late onset of neurodegenerative diseases that are linked 
to protein aggregation [241]. The difficulties of protein degradation together with an 
impaired protease activity and chaperone action in aging neurons, lead to a massive 
accumulation of these proteins and cause neurodegeneration [242]. The regulation of 
intracellular balance between refolding and degradation is a critical issue for cells. The 
collective activities of the molecular chaperones, the UPS and lysosome-mediated autophagy 
are normally sufficient to prevent the accumulation of misfolded proteins. Not only mutations 
of each protein, but also the deficiency of the chaperone or the UPS system may cause 
protein misfolding or aggregation. AD, PD, ALS and the polyQ diseases are all characterized 
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by the accumulation of distinct aggregated proteins, mutations of which cause severe, 
inherited forms of disease. It is noteworthy to point out that proteasome inhibitors increase 
the frequency of ubiquitin-positive intracellular inclusions that that are characteristic of many 
neurodegenerative disorders [243]. Therefore, one could assume that a critical aspect of 
various neuronal degenerative diseases is failure of protein QC mediated by molecular 
chaperones and/or UPS. In addition, to sharing common morphological and biochemical 
features, the plaques/inclusion bodies that are characteristic of AD, PD, ALS and the polyQ 
diseases all co-localize with several of the same proteins, including various molecular 
chaperones and components of the UPS [244]. Co-localization of the protein QC machinery 
with inclusion bodies might reflect an irreversible sequestration and subsequent loss of 
function, and/or a failed attempt to refold or degrade aggregated proteins. There is a great 
interest in the interaction between some putative protein folding diseases and the chaperone 
system or the UPS pathway. Collectively, these observations have led to the hypothesis that 
the elevated levels of Hsp reduce or dampen aggregate formation and cellular degeneration 
[245,246]. Neurodegenerative diseases often occur later in life when HS genes seem to be 
induced poorly [245,247]. The HSR has recently been implicated in the regulation of 
longevity in Caenorhabditis elegans in a pathway that overlaps with the insulin signaling 
pathway [205,248]. Reduction of heat shock transcription factor HSF1 levels cause a 
decreased life span in C. elegans, similar to life span effects observed in mutants of Daf-16, a 
FOXO transcription factor in the insulin signaling pathway. Daf-16 and HSF1 share a subset 
of downstream target genes, including sHSPs. RNA interference (RNAi) experiments show 
that a decrease in sHSPs and other HSPs leads to a decrease in longevity [205,248]. 
Therefore, in addition to the prevention of diseases of aging, increased levels of HSPs may 
lead to increases in life span. 

 
 

Alzheimer’s Disease (AD) and Related Tauopathies 
 
AD is characterized by amyloid-β peptide (Aβ) in extracellular senile plaques and tau in 

neuro-fibrillary tangles (NFT), aggregates that are major morphological indicators of the 
disease [249]. AD is the most common tauopathy, a group of familial neurodegenerative 
conditions distinguished by intracellular filamentous bodies composed of tau, a low 
molecular weight microtubule-associated protein [250] Neurons are the predominant location 
of tau pathology in Alzheimer’s, but glial pathology manifests in corticobasal degeneration 
and progressive supranuclear palsy. Several studies showed the induction of sHsp proteins 
(Hsp27, αB-crystallin), Hsp70 and ubiquitin in neurons affected by AD and in surrounding 
astrocytes [251]. Immunohistochemical and immunoblotting analysis of brain tissue of AD 
patients showed highly induced expression of the Hsp27 in proliferating astrocytes 
establishing a pattern of astrocytic gliosis (klazmatodendrosis) into the areas rich in senile 
plaques, neurofibrillary tangles and Hirano bodies [252,253]. Increased expression of αB-
crystallin is found in glial inclusions of both sporadic and familial tauopathies [250]. αB-
crystallin is usually observed in a subset of astrocytic and oligodendrocytic tau inclusions as 
well as the neuropil thread pathology in cellular processes, but the co-expression of αB-
crystallin with tau inclusions is relatively specific to tauopathies with extensive glial 
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pathology representing a response by glia to the accumulation of misfolded or aggregated tau 
protein that is linked to the pathogenesis of the glial pathology and distinct from mechanisms 
underlying neuronal tau pathology in neurodegenerative disease [250]. 

Accumulated chaperones are participating in the attempts of the affected neuron to 
sequester the Aβ and other damaged proteins in AD [254]. Hsp27 preferentially binds 
pathological hyperphosphorylated tau and paired helical filaments tau in human brain 
samples directly but not non-phosphorylated tau reducing its concentration by facilitating its 
proteasomal degradation and dephosphorylation [213]. Mass spectrometry reveals that three 
Hsp16 family members, in addition to other molecular chaperones, coimmunoprecipitate with 
human Aβ in transgenic C. elegans [255]. Moreover, Hsp27 rescues pathological 
hyperphosphorylated tau-mediated cell death in cell culture [213]. Human recombinant αB-
crystallin also interacts with Aβ in vitro and promotes β-sheet formation by Aβ [256]. 
Thioflavine T fluorescence assays and electron microscopy demonstrated that human Hsp27 
inhibits Aβ amyloidogenesis in vitro much more effectively than α-crystallin, which is almost 
without effect [257]. Nonetheless, study of Hsp27 suggests aging-related reduction in 
chaperone activity contributes to AD pathogenesis. Cytoplasmic Hsp60, a specific chaperone 
for actin and tubulin is decreased in AD-affected neurons leaving the cytoskeletal proteins 
deficient and aggregated [258]. 

The accumulation of molecular chaperones in extracellular senile plaques found in the 
brains of patients with AD is difficult to explain, as most cytosolic HSPs, including Hsp70, 
do not contain a secretory signal sequence, and release through the classic exocytic pathway 
is not likely. In cultured cells, the extracellular accumulation of Hsp70 might be facilitated by 
a calcium induced interaction with lipid rafts [259]. It is plausible that a small fraction of 
cytosolic chaperones could be targeted to lipid rafts and become associated with Aβ 
oligomers before their eventual secretion into the extracellular space. Experimental data from 
cell cultures have shown that Grp78, an Hsp70 that is found in the ER, binds amyloid 
precursor protein (APP) and decreases the secretion of amyloid-β40 (Aβ40) and Aβ42, 
indicating that Grp78 might retain APP in the ER and/or shield APP from β/γ-secretase 
cleavage [260]. RNAi of Hsp70 and Hsp90 in cell culture increases the accumulation of 
insoluble, aggregated tau and impairs the association of tau with microtubules showing a 
functional interaction between tau, Hsp70 and Hsp90 while Hsp70 / Hsp90 expression 
induction has an opposite effect indicating that the activity of these chaperones maintains the 
native fold and function of tau [261]. Overexpression of cytosolic Hsp70 rescues neurons 
from intracellular Aβ42-mediated toxicity [262], probably involving chaperone-stimulated 
ER-associated degradation of Aβ, a process by which misfolded secretory and/or membrane 
proteins are recognized by a QC mechanism in the ER, retro-translocated into the cytosol and 
degraded by the 26S proteasome [263] (see Chapter 13). Indeed, calreticulin, an abundant ER 
chaperone was shown to participate in the quality control of the amyloid precursor protein 
[264] and the ER-homologue of Hsp70, Grp78 had an increased expression in successfully 
surviving neurons [265]. There are reports to show that mutant presenilin-1, an ER 
transmembrane protein being the most prevalent cause of early-onset familial AD, impairs the 
ER chaperone response and thus sensitizes the affected neuron to apoptosis. However, this 
latter finding could not be confirmed in other systems [266]. Hsp60, Hsp70, and Hsp90 both 
alone and in combination provide differential protection against intracellular Aβ stress 
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through the maintenance of mitochondrial oxidative phosphorylation and functionality of 
tricarboxylic acid cycle enzymes. Notably, Aβ is found to selectively inhibit complex IV 
activity, an effect selectively neutralized by Hsp60. The combined effect of HSPs is to reduce 
the free radical burden, preserve ATP generation, decrease cytochrome c release, and prevent 
caspase-9 activation, all important mediators of Aβ induced neuronal dysfunction and death 
[267]. However, αB-crystallin inhibits Aβ fibril formation in vitro, although β-sheet content 
and neuronal toxicity of Aβ preparations increase. Possibly, αB-crystallin ⁄ Aβ complexes 
maintain Aβ -40  in a nonfibrillar, highly toxic form and Aβ toxicity is independent of fibril 
formation. In this scenario, sHSPs exacerbate rather than diminish, AD symptoms [268]. 

Finally, CHIP cooperates with Hsp70 during the ubiquitination of phosphorylated forms 
of the microtubule binding protein tau [200,213,269] and suppresses toxicity in cell culture 
[213], but paradoxically enhances the levels of insoluble, ubiquitylated tau [200,213] 
indicating that under certain pathological conditions CHIP-mediated ubiquitination might 
partition soluble, toxic forms of phosphorylated tau into an insoluble compartment. Similar 
results are also recently confirmend in AD patients and in a JNPL3 mouse brain tauopathy 
model [270]: CHIP was inversely proportional to sarcosyl-insoluble tau accumulation in both 
human and in mouse suggesting that increases in CHIP may protect against NFT formation in 
the early stages of AD. If confirmed, this would indicate that the quality-control machinery in 
a neuron might play an important role in retarding the pathogenesis of tauopathies [270] 

 
 

Parkinson’s Disease (PD) and Related α-Synucleinopathies 
 
PD is an age-related disorder characterized by a progressive degeneration of 

dopaminergic neurons in the substantia nigra and showing a corresponding motor deficit. An 
increasing number of evidence shows that besides oxidative stress and mitochondrial 
dysfunction protein folding defects are also key elements of PD etiology. Similarly to AD, 
glial and astroglial cells of PD patients showed the expression of αB-crystallin and similarly 
to neurofibrillary tangles aggregated proteins in LB had a large content of various HSP [268]. 
Hsp27 and αB-crystallin appear in PD with severe dementia [271].  

Familial PD is characterized by accumulation of the α-Syn protein in LB, and several 
studies have investigated the effects of molecular chaperones on α-Syn aggregation and 
toxicity. Overexpression of HDJ1 (an Hsp40) or Hsp70 in an α-Syn/synphilin 1 cell model 
markedly decreases the number of cells that contain inclusion bodies without effects on cell 
viability [272], the detergent-insoluble, high molecular mass α-Syn species and total α-Syn 
protein together with toxicity of transfected α-Syn [273].  

Hsp70 might enhance refolding and/or promote degradation of α-Syn or mediate a 
biochemical change in α-Syn that suppresses its toxicity [273]. Hsp90 is the predominant Hsp 
examined that co-localized with α-Syn in LB, Lewy neurites, and glial cell inclusions and 
Hsp90 co-localizes with α-Syn filaments of LB in PD (Figure 6). Hsp90 levels are most 
predominantly increased in PD brains, but are also evident in other α-synucleinopathies such 
as dementia with LB (DLB), and multiple system atrophy (MSA) characterized by 
filamentous α-Syn inclusions (Figure 7) [274]. Cell culture studies also revealed that α-Syn 
co-immunoprecipitated preferentially with Hsp90 and Hsc70 relative to other HSPs, and 
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exposure of cells to proteasome inhibitors resulted in increased levels of Hsp90 suggesting a 
role of Hsp90 in the formation of α-Syn inclusions in PD and related α- synucleinopathies 
[274]. Understanding the molecular interactions among -Syn, Hsp90, and ubiquitin in -Syn 
pathogenesis is a question relevant to both biological and pathological processes. Iit is 
plausible that when -Syn initially becomes denatured/aggregated by stress caused by genetic  

 

 

Figure 6. Immunoelectron Microscopy of Hsp90 and -syn in Substantia Nigra LBs of PD. Double-
immunoelectron microscopy reveals a close association of Hsp90 and -syn in filamentous LBs in 
dopaminergic neurons of the SN in PD brain (a, c, e). α-syn-positive (10 nm gold, arrow) filaments in 
the LB are also Hsp90-positive (18 nm gold, arrowhead), whereas unaffected dopaminergic neurons in 
the same SN section (f) reveal infrequent Hsp90 labeling (arrowhead). Image e is a high-power view of 
the inset in c, from the center of a LB. PG, neuronal pigment; N, nucleus. Courtesy of Dr. John Q. 
Trojanowski, Center for Neurodegenerative Disease Research and Marian S. Ware Alzheimer Drug 
Discovery Program, Department of Pathology and Laboratory Medicine University of Pennsylvania 
School of Medicine, Philadelphia, PA 19104-4283, USA [274]. Reprinted from Am J Pathol 2006 168: 
947-961 with permission from the American Society for Investigative Pathology. © 2006 American 
Society for Investigative Pathology.  
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Figure 7. Screening of HSPs using double-label fluorescent immunohistochemistry (FIHC) in α-
synucleinopathies. Screening of HSPs using double-label FIHC with different anti-HSP and anti- -syn 
antibodies visualized by Alexa Fluor 594 or Texas Red and Alexa Fluor 488, respectively, shows co-
localization of a subset of HSPs examined in LBs (a–g) and GCIs (h–n). Yellow color represents co-
localization of Hsp and α-Syn. Hsp27 (b), Hsp40 (c), Hsc70 (e), and Hsp90 (g) are located in LBs, 
whereas αB-crystallin (h) and Hsp90 (n) are located in GCIs and threads. Specificity of Hsp90 
antibodies (o), 9D2 (lanes 1 and 2), and AC88 (lanes 3 and 4) is shown in HS fraction of human (lanes 
1 and 3) and mouse (lanes 2 and 4) brain homogenates. Rat 9D2 does not recognize mouse Hsp90 (lane 
2). Photomicrographs in p–x show modest Hsp90 IR in neurons of normal brain (p), which also is seen 
in -synucleinopathy brains, in addition to more intense Hsp90 IR in LBs (arrowhead) of the PD SN 
(q), DLB amygdala (r), and GCIs (arrow) in the MSA pons (s). Little or no iHsp90 IR is seen in 
neurofibrillary tangles of AD (t, double arrowheads) and DLB (r). t: IHC profile with an antibody 
against Hsp90 (9D2) or tau (AT8) (inset) from adjacent sections in the CA1 region of AD hippocampus 
are presented for comparison. It is apparent that Hsp90 IR is reduced in neurofibrillary tangles. u: 
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Modest Hsp90 IR is noted in ubiquitin inclusions in the hippocampus of the FTD-MND brain. Inset 
shows ubiquitin IR in inclusions on the adjacent section. v and w show double-label IHC with 
horseradish peroxidase-DAB and β-galactosidase-X-gal to illustrate co-localization of iHsp90 IR 
(brown) with -Syn IR (blue) in LBs (arrowhead) in the midbrain of PD (v) as well as GCIs (arrow) in 
the pons of MSA (w). x: No CHIP IR was found on GCI in the pons of MSA, whereas the adjacent 
section indicates descent -Syn IR inclusions (inset). Scale bars, 10 µm. Courtesy of Dr. John Q. 
Trojanowski, Center for Neurodegenerative Disease Research and Marian S. Ware Alzheimer Drug 
Discovery Program, Department of Pathology and Laboratory Medicine University of Pennsylvania 
School of Medicine, Philadelphia, PA 19104-4283, USA [274]. Reprinted from Am J Pathol 2006 168: 
947-961 with permission from the American Society for Investigative Pathology. © 2006 American 
Society for Investigative Pathology. 

or environmental factors, Hsp90 may engage -Syn and successfully rescue -Syn from 
further denaturing processes at this step. However, if stress persists chronically, -Syn may 
eventually attain a firmly aggregated stage, wherein Hsp90 fails to rescue -Syn from 
misfolding. Subsequently Hsp90 may redirect the protein to the proteasome system by 
facilitating its ubiquitination for degradation. Alternatively, Hsp90 may engage -Syn 
preferably when it becomes denatured and/or aggregated, to promote its degradation by 
facilitating ubiquitination. However, the presence of HSPs and ubiquitin in inclusions points 
to an unsuccessful attempt to remove aggregated proteins by the proteasomal machinery. 
Proteasomal inhibition by MG-132 or lactacystin causes up-regulation of Hsp90, and leads to 
the accumulation of ubiquitinated proteins [274]. Thus, a chronic impairment of the 
proteasomal system, which might occur insidiously during the onset or progression of 
neurodegenerative diseases, may not be counteracted by the induction of HSPs, and the 
increase and association of Hsp90 with -Syn aggregates might contribute to cell death. 

Recent studies in Drosophila melanogaster indicate that Hsp70 might have a protective 
role in PD [275,276]. Co-expression of human Hsp70 prevents α-Syn-mediated toxicity, but, 
paradoxically, has no visible effect on the inclusion body phenotype at the level of light 
microscopy. The protective effect of Hsp70 might be attributed to the destabilization of toxic, 
misfolded α-Syn monomers and/or small micro-aggregates that are not visible using light 
microscopy. Co-expression of a dominant-negative form of D. melanogaster Hsp70 with α-
Syn accelerates the loss of dopaminergic neurons, indicating that endogenous chaperones 
modestly suppress α-Syn-mediated neurodegeneration [275]. Consistent with these results, 
administration of geldanamycin, that specifically binds to and interferes with the activity of 
the molecular chaperone Hsp90 [277], a negative regulator of HSF1 protects against α-Syn 
toxicity in this fly model [276]. The effect of Hsp70 on neurodegeneration has been 
investigated also in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model 
of idiopathic PD [278]. Hsp70 gene transfer to dopamine neurons by a recombinant adeno-
associated virus significantly protects the mouse dopaminergic system against MPTP-induced 
dopamine neuron loss, the associated decline in striatal dopamine levels and tyrosine 
hydroxylase-positive fibers and reduces MPTP-induced apoptosis in the substantia nigra. 
Overexpression of Hsp70 in mice that are transgenic for α-Syn significantly reduces the 
formation of high molecular mass, detergent-insoluble material by α-Syn [273]. It was also 
recently suggested that mutant α-Syn might antagonize the receptor that is involved in 
chaperone-mediated autophagy, thereby enhancing the accumulation of toxic misfolded 
proteins and resulting in cellular dysfunction [279]. Similar protective results were found in a 
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lactacystin-induced proteasomal dysfunction model of PD [280] where Hsp70 shows to 
reduce lactacystin-induced dopaminergic neuronal death in the substantia nigra in part by 
fostering aggresome formation and lysosome-mediated autophagy [281]. Finally, 
overexpression of wild type DJ-1 gene, which is mutated in early onset PD with autosomal 
recessive inheritance, in dopaminergic cells protects cells from death induced by hydrogen 
peroxide and 6-hydroxydopamine through increased expression of Hsp70 [282].  

 
 

Familial Amyotrophic Lateral Sclerosis 
 
For reasons that remain unclear, motor neurons have a high threshold for induction of the 

HSR, which might contribute to the selective degeneration of motor neurons observed in 
familial-ALS probably for an impaired ability to activate the HSF1 [283]. A mouse model of 
familial ALS displays down-regulation of sHSPs in motor neurons and up-regulation in 
astrocytes [283]. Remarkably, primary spinal cord cultures fail to upregulate Hsp70 in 
response to heat shock, glutamate excitotoxicity or expression of mutant SOD1 with a 
glycine→alanine substitution at residue 93 (G93A), nor was Hsp70 increased in spinal cords 
of G93A SOD1 transgenic mice or sporadic or familial ALS patients [283], whereas 
cerebellar, cortical and pyramidal neurons, as well as astrocytes, efficiently upregulate Hsp70 
in response to HS. Mouse Hsp25 colocalizes with mutant SOD1 [284], similar to results 
obtained with a cultured neuronal cell line. Interaction with mutant, but not wild-type SOD1 
may limit antiapoptotic potential and decrease cell protection by Hsp25. αB-crystalline binds 
mutated SOD1 characteristic of familial ALS [285]. Over-expression of either Hsp27 or 
Hsp70 has a protective effect against SOD1 disease associated mutant-induced cell death. 
However, over-expression of Hsp27 and Hsp70 together has a greater potent anti-apoptotic 
effect, than when expressed singly, against the damaging effects of mutant SOD1. Familial 
ALS-associated SOD1 disease mutants possess enhanced death-inducing properties and lead 
to increased apoptosis which can be prevented by either the use of specific caspase inhibitors 
or Hsp27 and/or Hsp70 over-expression [286]. Increasing the level of the Hsp70 by gene 
transfer reduced formation of mutant SOD-containing proteinaceous aggregates in cultured 
primary motor neurons expressing G93A SOD1 and prolonged their survival [287].  

A physical interaction between HSP70 and mutant SOD1 probably mediates 
neuroprototection: however, the precise mechanism remains unclear. Hsp70, Hsp40 and αB-
crystallin co-immunoprecipitate with SOD1 in cell lines that express mutant, but not wild-
type, SOD1 [285,288]. The interaction between Hsp70 and mutant SOD1 is evident in total 
cell extracts, but barely discernible in an isolated supernatant fraction of soluble proteins, 
indicating that Hsp70 interacts specifically with detergent insoluble SOD1 complexes 
suggesting that mutation-induced alteration of protein conformation may not in itself be 
sufficient for direct interaction with HSPs [288]. Hsp70 or Hsc70, and CHIP are also 
involved in proteasomal degradation of mutant SOD1. Only mutant SOD1 interacts with 
Hsp/Hsc70 in vivo, and in vitro experiments revealing that Hsp/Hsc70 preferentially interacts 
with apo-SOD1 or dithiothreitol-treated holo-SOD1, compare with metallated or oxidized 
forms. CHIP interacts only with mutant SOD1 and promotes its degradation. Both Hsp70 and 
CHIP promotes polyubiquitination of mutant SOD1-associated molecules, but not of mutant 
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SOD1, indicating that mutant SOD1 is not a substrate of CHIP. Moreover, mutant SOD1-
associated Hsp/Hsc70, a known substrate of CHIP, is polyubiquitinated in vivo, and 
polyubiquitinated Hsc70 by CHIP interacts with the S5a subunit of the 26S proteasome in 
vitro [289].  

 
 

Polyglutamine (polyQ) Expansion Diseases 
 
Polyglutamine diseases designate a group of neurodegenerative disorders characterized 

by the presence of a toxic polyglutamine expansion in specific target proteins. Those diseases 
include HD, spinocerebellar ataxias types 1 and 3 (SCA1, SCA3), and SBMA. A feature of 
these diseases is the presence of ubiquitinated intraneuronal inclusions derived from the 
mutant proteins, which colocalize with HSPs in SCA1 and SBMA and proteasomal 
components in SCA1, SCA3, and SBMA [208,290]. The effect of chaperones on the 
aggregation and toxicity of proteins with polyQ expansions has been intensely investigated in 
a diverse range of models, including in vitro systems, yeast, worms, flies and mice. Many 
studies have analyzed the effect that chaperone overexpression has on inclusion body 
formation and toxicity of pathogenic polyQ fragments in cell culture. 

Overexpression of Hsp40 consistently suppresses the formation of polyQ inclusion 
bodies and their toxicity [290-292]. Overexpression of TriC–CCT (Hsp60) can prevent the 
formation of mutant huntingtin (Htt) aggregates when it is expressed in yeast cells, 
mammalian cell lines and neuronal cells [293-295]. In all cases, this was associated with 
reduced cell death. Mutant Htt still oligomerizes in the presence of TriC–CCT, but it forms 
aggregates with different properties that do not seem detrimental to cell survival.  

Tam et al. [295] investigated the effect of overexpressing each of the eight subunits of 
TRiC. Whereas most subunits did not prevent the formation of cellular inclusions, subunit 1 
strongly inhibited toxic Htt aggregation and increased neuron viability. This protective 
activity was found to reside in the apical domain of the protein, which has been recently 
shown to contain the protein's polypeptide binding site. However, RNA knockdown of just 
one of the other eight subunits was enough to stimulate Htt aggregation and neuronal 
toxicity, which, instead, indicates that only the fully assembled TriC–CCT chaperonin 
complex can provide neuroprotection against mutant Htt. So, it seems that mutant Htt can 
oligomerize by mechanisms that can lead to the formation of either toxic or benign 
aggregates [295].  

Finally, the protective function of TriC–CCT depends on the presence of Hsp70, and that 
TriC–CCT could only act on Htt after it had been processed by Hsp70 [294]. This fits with 
the well-known role of these proteins in normal protein regulation: Hsp70 interacts first at the 
point of translation to prevent premature folding events, whereas TriC–CCT functions 
downstream to regulate the correct folding and aggregation of proteins. TriC–CCT 
specifically prevents the aggregation of newly synthesized proteins by recognizing 
hydrophobic β-strands. Interestingly, toxic conformations of mutant Htt adopt a β-sheet 
structure, thereby providing a glimpse of how TriC–CCT might recognize and regulate the 
conformation of Htt. 
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Overexpression of Hsp70 also suppresses polyglutamine toxicity, and typically correlates 
with a decrease in inclusion body formation [296], although the ability of Hsp70 to suppress 
apoptosis depends on inhibition of the pro-apoptotic factors caspase 3 and caspase 9 [297]. 
Hsp70, which is known to inhibit JNK during the HSR, suppresses polyQ-mediated 
aggregation of JNK phosphatase M3/6 and activation of JNK and AP-1. Interestingly, levels 
of Hsp70 are down-regulated by polyQ expansion [298]. The Hsp70 chaperone increases 
CHIP-mediated ubiquitination of ataxin-1 in vitro, and the TPR domain, which mediates 
CHIP interactions with chaperones, is required for ataxin-1 ubiquitination in cell culture 
[299]. Interestingly, CHIP also interacts with and ubiquitinates unexpanded ataxin-1. 
Overexpression of CHIP in a Drosophila model of SCA1 decreases the protein steady-state 
levels of both expanded and unexpanded ataxin-1 and suppresses their toxicity. Transient 
overexpression of CHIP increases ubiquitination and the rate of degradation of polyQ-
expanded huntingtin or ataxin-3 [300]. CHIP is not effective in suppressing the toxicity 
caused by a bare 127Q tract with only a short hemagglutinin tag, but it is very efficient in 
suppressing toxicity caused by a 128Q tract in the context of an N-terminal huntingtin 
backbone [299] and the suppressive effect is more prominent when CHIP is overexpressed 
along with Hsc70 [300]. Overexpression of Hsp27 was seen to decrease polyQ toxicity 
without altering inclusion body formation, but in a manner that correlates with a decrease in 
free radical production [301]. These studies highlight the possibility that chaperones facilitate 
neuroprotection through several distinct mechanisms, but because small, diffusible, 
potentially toxic polyQ assemblies could not be evaluated, an essential role for the refolding 
activity of chaperones cannot be ruled out. Furthermore, the stoichiometry of chaperones 
relative to the polyQ proteins might determine their effect on aggregation, equally important 
is the identification of other cellular factors that may be induced as part of the polyQ stress 
response. 

 
 

CONCLUSIONS 
 
HSPs and neurological diseases are evidently linked, but consequences are uncertain. 

There is overwhelming experimental evidence that molecular chaperones are crucial 
modulators of protein aggregation and neurodegeneration. Chaperoning can prevent or 
promote aggregate formation, and either outcome may be favorable or unfavorable, 
depending on the disease. The mechanism by which chaperone activity facilitates 
neuroprotection remains poorly understood. Prevention of abnormal protein aggregation 
obviously does not always benefit cells, an observation with important implications when 
choosing therapeutic approaches to neurological diseases. Chaperones might also help to 
prevent neuronal dysfunction by assisting intracellular trafficking, including synaptic 
transmission. The ability of molecular chaperones to interfere with oxidative stress and block 
apoptotic signalling pathways should also not be overlooked. A proximal step in the 
pathogenesis of neurodegenerative diseases linked to protein aggregation probably stems 
from aberrant protein interactions due to altered conformations in disease-causing proteins, 
effectively triggering a cascade of pathogenic events that culminates in neuronal dysfunction 
before the appearance of inclusion bodies. Effective therapies will probably require the 
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simultaneous modulation of several components of the protein QC apparatus, and molecular 
chaperones will have a key role in these types of approach. 
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ABSTRACT 
 

Glucocorticoid hormones exert a variety of effects on the brain and impact memory, 
anxiety, and CNS responses to stress. The action of these hormones is mediated primarily 
by soluble receptors, the corticosteroid or glucocorticoid receptors, which primarily act 
directly in the nucleus to regulate select networks of target genes. Multiple mechanisms 
account for the diversity of glucocorticoid action including cell and tissue-specific 
response of target genes, the differential action of receptor variants as well as complex 
interactions between a plethora of accessory factors that directly or indirectly modulate 
glucocorticoid receptor activity. Furthermore, many in vitro and in vivo model studies 
have revealed a relationship between expression levels of glucocorticoid receptors and 
cellular responsiveness to glucocorticoid hormone. Various intrinsic and extrinsic factors 
influence the expression of the glucocorticoid receptors and thereby impact cellular 
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output to glucocorticoid hormone exposure. This review will focus on the current state of 
knowledge regarding the regulation of glucocorticoid receptor protein expression and 
highlight a number of recent studies that illustrate the critical importance of cellular 
maintenance of appropriate receptor levels in complex neuronal responses. 
 

Keywords: glucocorticoid receptor, ubiquitin, proteasome, protein degradation, stress. 
 
 

ABBREVIATIONS 
 
AS, Angelman’s Syndrome; CHIP, carboxyl-terminus of hsp70 interacting protein; CNS 

, central nervous system; DBD, DNA-binding domain; DUB, deubiquitinating enzymes; E6-
AP, E6-Associated protein; GR, glucocorticoid receptor; Hdm2, human Mdm2 ortholog; 
HPA, hypothalamic pituitary adrenal axus; LBD, ligand-binding domain; Mdm2, Murine 
double minute 2; MR, mineralocorticoid receptor; NR, nuclear receptor; RPF1, receptor 
potentiation factor; RSP5, reverse Spt phenotype 5; UPS, ubiquitin-proteasome system.  

 
 

INTRODUCTION 
 
The efficient and appropriate turnover of proteins is an important mechanism that 

maintains dynamic cellular function and operates in many subcellular compartments. In 
highly specialized cells such as neurons, protein degradation is particularly critical as discrete 
changes in cellular morphology and response to external signals ensures the coordinated 
development of complex neuronal circuits and plasticity of individual cells that comprise a 
response network. An analysis of many components of complex intracellular signaling 
pathways have revealed the importance of regulated protein turnover in the termination of 
resulting intracellular responses. Furthermore, in many cases, the termination of signaling 
pathways that results from the degradation of specific protein components of the pathway 
occurs following an acute stimulus. Neuronal responses to steroid hormones such as 
glucocorticoids can be elicited following both acute and chronic exposures to hormone that 
occurs within normal physiological contexts. In fact, the duration and magnitude of 
glucocorticoid exposure has an impact on neuronal activity in various regions of the brain. 
Since the glucocorticoid hormone signal within cells is principally mediated by the two 
corticosteroid receptors, the mineralocorticoid and glucocorticoid receptor (MR and GR), this 
signaling pathway is particularly amenable to molecular and genetic dissection of the 
relationship between receptor expression and/or turnover and physiological outcome. This 
review will focus on the current state of knowledge regarding the regulation of GR turnover 
and highlight a number of recent studies that illustrate the critical importance of cellular 
maintenance of appropriate receptor levels in complex neuronal responses. 
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THE GR GENE AND PROTEIN 
 
The corticosteroid receptors are involved in a number of processes in the brain, e.g. 

neuronal cell birth and cell death in the dentate gyrus [1], transmitter-evoked excitability [2], 
dendritic morphology [3] and long-term potentiation as well as long term depression [4-6]. 
These effects are mediated by the actions of glucocorticoids on select gene networks in the 
brain [7] and are thought to be the underpinnings of the plethora of physiological effects of 
these hormones, including the regulation of stress, memory, and anxiety among others. The 
physiological importance of GR expression becomes obvious from the widespread 
observation of the precipitation of pathologies through chronically elevated glucocorticoids 
[8]. 

Historically, two proteins were designated as corticosteroid receptors, the type I and type 
II corticosteroid or glucocorticoid receptors. These receptors were distinguished primarily on 
differences in their ligand-binding affinity [9]. However, the type II receptor is now 
considered the bona fide GR. The type I GR, although having the capacity to bind natural 
corticosteroids, is the mineralocorticoid receptor (MR) [10] and functions primarily, but not 
exclusively (see below), to mediate aldosterone effects in target tissue. The designation of 
type I and type II GRs is rarely used now. 

GR is expressed ubiquitously and MR expression is more restricted. It is found in both 
sodium transporting epithelia and non epithelial tissues including the brain [11]. Since 
circulating corticosteroids reach every organ this allows for coordinated actions of these 
hormones in the CNS and peripheral tissues. MR, which in the brain lacks aldosterone 
specificity, has high-affinity for cortisol/corticosterone sufficient for hormone binding at 
basal levels and is thus occupied with glucocorticoid under conditions where circulating 
glucocorticoid levels are not elevated [12]. In contrast, GR has an about 10 fold lower 
affinity and is thus occupied by hormone mainly at elevated levels of glucocorticoid reached 
under stressful conditions or at the circadian peaks of hormone levels in the circulation (i.e. 
early morning in humans). However, differences in glucocorticoid binding affinity alone are 
not the sole determinant of the specificity of MR versus GR action in the brain as regional 
differences in the expression of these receptors occurs in brain. In particular, MR expression 
in the brain is more restricted as compared to the ubiquitous GR. Limbic neurons express MR 
at high levels, which can impact neuronal activity in cases of low-level glucocorticoid 
exposure [13]. Furthermore, the ability of MR to form a heterodimer with GR gives rise to 
further fine-tuning of hormone responsiveness [14,15].  

Though very similar in structure, MR and GR are likely to regulate distinct gene 
networks [16]. Thus the relative occupancy of the various potential corticosteroid receptor 
species (i.e. MR/MR homodimers, GR/GR homodimers, MR/GR heterodimers) would be 
expected to elicit distinct physiological responses to hormone in cells that express both 
receptors. 

Diversity of glucocorticoid action is also generated by the presence of multiple distinct 
forms of the GR. The products of the single GR gene, which is located on chromosome 5q31-
32 in humans [17], mediate glucocorticoid effects in nearly all target tissues. The major 
protein generated by the GR gene is called GRα [18]. Alternative splicing of the major 
transcript from this gene generates an mRNA species that when translated generates a variant 
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receptor isoform designated GRβ [19-21]. GRβ differs from GRα it its C-terminal region and 
does not have the capacity to bind glucocorticoid hormone. In addition GRβ is not as widely 
expressed as GRα. In cells that co-express both isoforms of the receptor, GRβ has been found 
to act as a dominant negative protein to limit the action of GRα [19]. GRβ may be involved in 
glucocorticoid resistance in peripheral tissues but its role in influencing glucocorticoid 
responsiveness in the brain appears to be limited [22]. 

In addition to distinct α and β isoforms of GR protein, various amino-terminal truncated 
forms of the GRα protein exist in human tissue [23]. In model cell culture experiments, these 
receptor variants generate unique profiles of glucocorticoid-regulated gene expression [23]. 
The relevance of these GRα isoforms, which are generated by usage of alternative AUG start 
codons, to human physiology and pathophysiology particular in the brain is not well 
established. The remainder of this review will focus exclusively on GRα, which will hereafter 
be referred to simply as GR. 

 
 

GR: A MEMBER OF THE NUCLEAR RECEPTOR SUPERFAMILY 
 
The GR is a member of a large super-family of nuclear receptors (NRs) that number 

approximately 48 in the human genome [24]. The NRs share a common structural 
organization with a highly conserved, centrally localized zinc-finger DNA binding domain 
(DBD), a less-well conserved carboxyl-terminal ligand binding domain (LBD), and a 
divergent amino terminal domain. The nucleotide sequence specificity for DNA binding by 
the NRs is dictated by the precise amino acid sequence of the NR DBDs [25] although these 
receptors also have the capacity to activate or repress transcription of target genes in the 
absence of direct DNA-binding [26-29]. NRs interact with a wide variety of DNA-binding 
transcription factors, and coregulator proteins that do not directly associate with DNA. The 
association of the receptors with these various gene regulatory proteins influences the wide-
ranging transcriptional effects of NRs [30,31]. A recent review [32] summarizes studies that 
analyzed the expression and potential impact of various GR coregulatory proteins in the 
brain. 

 
 

REGULATION OF GR PROTEIN TURNOVER 
 
In most glucocorticoid responsive cells and tissues, chronic hormone treatment leads to 

downregulation of GR protein [33,34]. Human leukemic cells represent an exception to this 
property as GR levels in these cells are increased in response to prolonged hormone treatment 
[35]. Interestingly, glucocorticoid induced apoptosis in leukemic cells appears to require this 
auto-induction of GR. While both transcriptional and posttranscriptional mechanisms 
contribute to hormone-dependent GR downregulation [37], this review will focus on the 
enhanced protein degradation for discussions of hormone-dependent GR downregulation.  

The degradation of GR [37,38], like MR [39] and other steroid hormone receptors, 
occurs mainly via the ubiquitin-proteasome system (UPS) [40]. Proteins that are targeted to 
the proteasome for degradation are covalently tagged with multiple ubiquitin moieties (see 
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Chapter 3). The addition of ubiquitin, a 76 amino acid peptide, to target proteins is regulated 
by the sequential action of an ubiquitin activating enzyme (E1), ubiquitin conjugating 
enzyme (E2) and ubiquitin ligase (E3) [40]. E3 ligases, which are the most diverse 
components of the ubiquitin modification pathway are primarily responsible for generating 
specificity in protein ubiquitylation. The human genome contains approximately 62 known 
E3 ligase genes (including subunits of the multiprotein complexes) while ubiquitin 
conjugating enzymes and ubiquitin activating enzymes are only encoded by 25 and 2 genes, 
respectively. Nearly all E1-E3 genes are also expressed the brain. In general, E3 ligases fall 
into two broad categories: the RING (really interesting new gene)-type and the HECT 
(homologous to the E6-associated protein C-terminus)-type E3 ligases. The RING-type E3 
ligases can be further categorized into single-protein ligases such as GRAIL and multi-
subunit ligases such as SCF complexes. 

A number of E3 ligases have been characterized that target GR to the proteasome. For 
example, the E3 ligase Hdm2 is responsible for hormone-induced downregulation of GR in 
cultured human umbilical vein endothelial cells exposed to DNA damaging agents or hypoxia 
[41]. Furthermore, in human breast cancer cell lines, the enhancement of GR degradation by 
estrogens is due to the estrogen-dependent induction of Hdm2 expression [42]. This 
represents a novel form of steroid hormone cross talk that operates at the level of regulated 
GR degradation. It is not known whether hormone regulation of other E3 ligases or UPS 
components contributes to cross talk with glucocorticoid hormone signaling pathways. 
Furthermore, while it seems likely that different E3 ligases will be responsible for promoting 
UPS-driven degradation of GR (e.g. see Table 1), it is unclear whether physiological 
regulation of specific E3 ligases contributes to cell or tissue specific differences in steady 
state GR levels either under basal or hormone stimulated conditions. 
 

Table 1. Components of the UPS that Influence GR Function 
 

UPS Component Notes References 
E6-Associated Protein (E6-AP) E3 ubiquitin protein-ligase: Ubiquitin 

ligase activity not required for GR 
coactivation 

[56] 

Receptor potentiation factor 
1/Reverse Spt phenotype 5 
(RPF1/RSP5) 

E3 ubiquitin protein-ligase: Ubiquitin 
ligase activity not required for GR 
coactivation 

[101] 

UBCH7 Ubiquitin-conjugating enzyme: 
Ubiquitin conjugating activity required 
for steroid receptor coactivation 

[102] 

Murine Double Minute 2 (Mdm2) 
and human Mdm2 ortholog (Hdm2) 

E3 ubiquitin protein-ligase: 
Ubiquitylation of glucocorticoid 
receptor requires p53 

[41, 42] 

Carboxy terminus of Hsp70 
Interacting Protein (CHIP) 

E3/E4 ubiquitin protein-ligase: 
Promotes hormone-independent and 
hormone-dependent degradation of 
glucocorticoid receptor 

[43, 44] 
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The carboxyl-terminal hsp70 interacting protein (CHIP) has also been identified as an E3 
ligase for GR that promotes GR degradation [43]. In model studies in fibroblast cell lines, 
CHIP appears to be function in maintaining basal levels of GR expression operating to 
enhance GR degradation in the absence of a hormonal signal [43]. However, in the HT22 
hippocampal cell line, CHIP overexpression selectively triggered GR degradation in response 
to glucocorticoid treatment [44]. In fact, in both HT22 cells and primary rat embryonic 
hippocampal neuron cultures, chronic glucocorticoid treatment did not lead to GR 
downregulation [45]. CHIP overexpression restored hormone-dependent downregulation of 
GR in the HT22 cells [44]. These model in vitro experiments suggest that the apparent lack of 
GR downregulation observed in rat fetal neurons in vivo [46] and in primary culture could be 
due to reduced expression or activity of specific E3 ligases (e.g. CHIP) that act on the 
receptor in neurons. As mentioned above, many E3 ligases are expressed in the brain and 
may be subjected to unique cell-specific and developmental stage-specific profiles of 
expression. It remains to be tested whether such diversity in E3 ligase expression in the brain 
impacts the level or GR expression or impacts glucocorticoid responsiveness. 

It should be noted that, analogous to most other posttranslational modifications of 
proteins, ubiquitylation is a reversible process. There are different classes of ubiquitin 
proteases (also called deubiquitinating enzymes, DUBs, see Chapter 4). A recent survey 
found approximately 79 putative DUBs in humans that are functional [47]. Although DUBs 
may be physiologically as important as the ubiquitylation machinery, they are much less well 
understood. At least some of the DUBs act in the brain with an impact on important brain 
activities, e.g., synapse function [48, 49]. We are not aware of a study explicitly linking 
DUBs to regulation of GR. Nevertheless, it appears that the physiological function of DUBs 
is just beginning to be elucidated. DUBs may provide a proofreading mechanism that 
enhances the fidelity of the UPS. 

Many components of the UPS and accessory factors are differentially expressed in 
developing mouse hippocampus [50]. In addition some proteasome subunit mRNAs are also 
differentially regulated during development in the rat midbrain [51]. Alternative splicing of 
specific proteasome subunits has been found to generate distinct proteasome forms during 
development [52]. Thus, the UPS machinery may exhibit some plasticity during 
development. These changes in composition and function of the UPS may therefore affect the 
expression levels and turnover of specific substrates throughout development. Differential 
expression or function of specific UPS components is well established in the brain. For 
example, mutations in the E6-AP ubiquitin-protein ligase are associated with Angelman’s 
syndrome (AS), a human disease that is characterized by severe mental retardation and motor 
dysfunction [53,54; and Chapter 38]. Furthermore, increased abundance of one E6-AP 
substrate, the p53 oncoprotein, results from an E6-AP deficiency and could underlie deficits 
in contextual learning and long term potentiation that occur in mouse models of AS [55]. 
While E6-AP has been found to interact with the progesterone receptor, its impact on nuclear 
receptor function, including GR, appears to be more related to its transcriptional coactivator 
activity [56]. 
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RELATIONSHIP BETWEEN GR PTOTEIN LEVELS AND 

HORMONE RESPONSIVENESS 
 
In principle, the crucial task of limiting responsiveness to glucocorticoid can be achieved 

at different levels and by different modes of action. Access of hormone to cells or organs may 
be limited by the action of steroid transporters in the membrane like the multidrug resistance 
p-glycoprotein [57]. GR function may be reduced by the expression of GR-inhibitory proteins 
like FKBP51 [58]. Finally, glucocorticoid action may be limited by regulation of GR protein 
levels. Many in vitro and in vivo model studies have examined the relationship between GR 
expression and cellular responsiveness to glucocorticoid hormone. In the first model study to 
examine this relationship, Yamamoto and co-workers engineered hepatoma cell lines by 
transfection with cloned GR to create sublines with varying levels of GR protein expression 
[59]. These studies though informative, have been superseded by recent analyses in 
transgenic mice, which have exquisitely illustrated the importance of GR expression levels to 
tissue-specific physiological effects of glucocorticoids (see Figure 1 for summary). GR was 
overexpressed to varying extents (i.e. approximately 20-60%) by Schütz and co-workers in 
various tissues of transgenic mice. Overexpression of GR in these animals led to various 
alterations in stress responses, glucocorticoid-induced apoptosis in thymocytes, reduced 
inflammatory responses and an increase resistance to endotoxic shock [60]. Furthermore, 
transgenic mouse models with multi-tissue increases or decreases in GR expression exhibit 
many alterations in behavioral responses to selective stresses [61].  
 

 

Figure 1. Summary of CNS Effects in Transgenic Mice Engineered with Alterations in GR Expression 
Levels. Genetic manipulation of GR gene and citation are indicated in rectangle linked to GR 
expression. Summary of consequences in the CNS of individual genetic manipulation of GR expression 
is shown in connected ovals. 
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The impact of altered GR expression in select brain regions has also been analyzed with 
transgenic mice models. Specifically, transgenic mice with reduced postnatal expression of 
GR in forebrain exhibit an increase in depression-like behavior as assayed by forced swim 
and tail suspension tests [62]. Transgenic mice with increased GR expression in forebrain 
showed increased anxiety-like behavior as assessed by the elevated plus maze test [63]. 
Forebrain overexpression and underexpression of GR also alters behavioral and biochemical 
responses to anti-depressants [62,63]. If these results are relevant to human behavior, genetic 
or environmental influences on GR expression, particularly in the brain, could have important 
consequences for individual responses to stress or the efficacy of anti-depressive drugs. 

There is also significant evidence establishing that modulation of GR protein levels 
represents an important mode of action for some drugs that alter brain function. For example, 
since it has been recognized that the function of GR is crucial in the etiology and cure of 
major depression [64], a potential effect of antidepressants on GR has been investigated in 
numerous studies. Chronic treatment with the tricyclic antidepressant amitriptyline or with 
moclobemide indeed altered GR levels in rats in a dose-, time-, and brain region-specific 
manner [65,66]. Similarly, administration of amitriptyline or desipramine for 14 days in rats 
led to a significant increase of GR in hippocampus, but not in parietal cortex [67]. In contrast, 
exposure for only 9 days with the antidepressants fluoxetine or venlafaxine decreased GR 
levels in the CA3 subfield of the hippocampus [68]. Interestingly, the effect of chronic 
fluoxetine treatment in rats on GR levels was dependent on the age of the animals [69]. In 
cellular model systems, the mood stabilizer valproate pronouncedly decreased GR protein 
levels [70]. Similarly, a modulatory effect on GR expression by diverse antidepressants was 
shown in numerous other cellular model systems including primary neurons [71-74]. Since 
the function of the HPA axis, and thus also GR, is considered important in a number of other 
brain-related pathologies [8,75-77] effects of other brain-targeting drugs on GR expression 
were also explored. For example, the psychostimulants methamphetamine and cocaine were 
found to alter GR expression levels [78-82].  

The plethora of findings on drug-modulated GR expression levels contrasts with the lack 
of mechanistic understanding of these effects in most cases. Some of the effects apparently 
are exerted at the transcriptional level, including GR promoter choice [83]. It is intriguing, 
however, that treatment with the antidepressants imipramine or citalopram affects the 
expression of a number of UPS genes [84]. Thus, it is tempting to speculate that the effects of 
antidepressant treatment on GR levels are, at least in part, due to their action on UPS genes. 
Further support for this hypothesis comes from the discovery that the RING finger protein kf-
1 is induced in rat frontal cortex after chronic treatment with the selective serotonin reuptake 
inhibitor antidepressant sertraline or the tricyclic antidepressant imipramine, as well as after 
acute and chronic electroconvulsive treatment [85,86], a method widely used for therapy of 
depression. Moreover, kf-1 is induced in rat brain also by repeated transcranial stimulation, a 
non-invasive method used for treatment of depression [87].  

Finally, a study on 24 control cases and 22 patients with schizophrenia, which is one of 
the brain diseases often associated with hypercortisolemia and altered GR expression [88,89], 
found impressive changes in proteasome and ubiquitin genes [90]. In this study, laser capture 
dissection was used to isolate dentate granule neurons from postmortem brain tissues for 
microarray expression profiling. Nine proteasome and six ubiquitin genes were 
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downregulated in patients, one ubiquitin gene was upregulated. There is a debate about 
whether or not UPS dysfunction is causally related to Alzheimer’s disease pathogenesis 
[91,92]. In any case, since the HPA axis abnormalities in Alzheimer’s disease have 
therapeutic implications [93], it will be worthwhile exploring a possible relation between 
HPA axis activity, GR levels and UPS proteins, even more so since GR mutation analyses so 
far have not discovered alterations in Alzheimer’s disease [94]. Similarly, in multiple 
sclerosis HPA axis activity has been found associated with disease progression [95,96] and 
changes in the UPS has also been detected with this disease [97], but a specific connection of 
GR and UPS has not yet been investigated in multiple sclerosis. 

 
 

CONCLUSIONS 
 
Hormone-dependent downregulation of GR is an important feedback mechanism that 

limits potential negative effects of chronic glucocorticoid stimulation as hormone 
responsiveness should be limited as GR levels decline. Thus, cells or tissues that are unable 
to downregulate GR could be particularly vulnerable to prolonged glucocorticoid exposure. 
This could be particularly problematic for patients undergoing chronic or high dose 
glucocorticoid therapy. For example, glucocorticoid therapy is widely used to promote lung 
maturation and cardiovascular function in premature infants [98]. However potential risks to 
neuronal development and metabolism may result from perinatal or neonatal glucocorticoid 
treatment [99]. The mechanisms responsible for these potentially adverse effects of 
glucocorticoids are unknown. However, since the absolute levels of GR can have an impact 
on complex behavioral responses (see above), the inability of fetal or neonatal neurons to 
downregulate GR levels [44,45] could be one result of non-physiologic, prolonged hormone 
exposure that alters neurodevelopment and generates subsequent behavioral or cognitive 
deficiencies. Selective disruptions of the GR downregulation pathway will be required in 
model in vitro and in vivo systems to reveal the importance of this feedback mechanism to 
physiological effects of prolonged glucocorticoid exposure. In human leukemic cells, 
glucocorticoid induced apoptosis depends not on the absolute steady state levels of GR, but 
on the auto-induction of receptor levels following hormone treatment [100]. Thus, the 
adaptation of GR protein expression to chronic glucocorticoid treatment may be more 
relevant to biological response to hormone than the absolute levels of the receptor expressed 
within that given cell type. Importantly, the dramatic results establishing behavioral 
consequences of altered GR expression provides compelling rationale for more detailed 
mechanistic analysis of the regulation of GR expression and turnover in the CNS. 
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ABSTRACT 
 

The apoptotic pathway and the ubiquitin- and proteasome system (UPS) are 
mutually dependent and interconnected. Active caspases are able to cleave proteasomal 
subunits leading to a decrease in proteasome activity, while proteasomes are able to 
degrade active caspases. Proteasome inhibitors easily induce apoptosis in rapidly cycling 
cells and in particular in malignant cells, however they are relatively well tolerated by 
differentiated, postmitotic cells such as neurons. Moreover, they confer neuroprotection 
likely through the induction of heat shock proteins and inhibit apoptotic and excitotoxic 
neuronal death triggered by different mechanisms. Nevertheless, at higher doses they 
eventually induce apoptosis. Some populations of neurons are more susceptible to the 
proapoptotic effects of proteasome inhibitors than other, in particular the dopaminergic 
neurons in the striatum. Proteasome dependent steps are located both in the induction and 
the execution stages of apoptosis, upstream and downstream from caspase activation. 
Multiple mechanisms of action may be involved such as inhibition of the cell cycle, 
oxidative stress, protein aggregation and inhibition of NFκB activation, just to name a 
few. The clinical use of proteasome inhibitors raises the question of their possible 
neurotoxic effect, which may surface when this class of drugs will be used in the 
treatment of chronic disorders such as rheumatoid arthritis. The relationship between the 
UPS and apoptosis in neuronal cells is therefore highly complex and far from being fully 
understood. 
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ABBREVIATIONS 
 
BIR, baculovirus inhibitor of apoptosis; Cdks, cyclin-dependent kinases; DIAP, IAP 

from Drosophila; IAP, inhibitor of apoptosis; nNOS, neuronal isoform NO synthase; ODC, 
ornithin decarboxylase; ROS, reactive oxygen species; UBL, ubiquitin-like; UPS, ubiquitin 
and proteasome dependent proteolytic system. 

 
 

INTRODUCTION 
 
Apoptosis is one of the processes which shape our central nervous systems during 

development as well as in the post-natal life. While apoptosis of multiple neuronal and glial 
precursor cells is a prerequisite for a normal development of the nervous system [1], 
apoptosis in the adult nervous system often is a result of different kinds of injury and leads to 
irreversible neuronal loss. Strong injuries, such as ischemia at the core of a cerebral infarct, 
lead to cell death by necrosis, while apoptosis is triggered by more discrete kind of insults, 
such as hypoxia in the penumbra of an ischemic lesion, the action of different kinds of 
excitotoxins, environmental poisons and pathogens as well as through intracellular 
accumulation of undegraded proteins [2-10]. Ageing of the central nervous system (CNS) is 
characterized by a progressive apoptotic loss of neurons and there is growing evidence of 
apoptosis in neurodegenerative disease. However, it is still unclear whether the pathological 
manifestations observed in slow neurodegenerative diseases are due to neuronal loss or 
whether they are related to independent degenerative events in the axodendritic network [11]. 
Moreover, due to the plasticity and adaptability of the nervous system the loss of neuronal 
cells through apoptosis can proceed without clinical manifestations until the damage is 
considerable. It is therefore clear that therapeutic intervention aimed at the prevention and 
inhibition of neuronal apoptosis is of pristine importance [10,12-15].  

Since the discovery of apoptosis over 30 years ago our understanding of this process has 
increased dramatically [16]. Last years have seen great advances in the molecular dissection 
of the apoptotic pathways, which are beyond the scope of this chapter [17]. While basic 
apoptotic machinery is similar in all cell types, neuronal cells have some peculiarities 
resulting from their postmitotic state and unique structure and function [8,9,18-20].  

The apoptotic process can be usually divided into an induction and an execution phase. 
Despite the plethora of diverse stimuli leading to apoptotic induction, the execution of 
apoptosis involves a common step consisting usually on the activation of caspases. The latter 
are a family of cytoplasmic cystein proteases which cleave after aspartate residues [21]. 
Caspase-dependent cleavages selectively inhibit some proteins, while activate another, which 
in turn leads to the phenotype characteristic of apoptotic cells. Apoptosis of neuronal cells 
have various distinguishing features. Classic Bcl-2-dependent and caspase-mediated events 
account only partially for neurodegenerative changes in injured neurons. Blockage of the 
caspase execution machinery only temporarily rescues damaged neurons and classical 
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apoptotic features can still appear in caspase-inhibited neurons which are characterized by 
cytochrome c release, chromatin condensation to irregularly shaped clumps, DNA- 
fragmentation, and exposure of phosphatidylserine [11]. 

 

 

Figure 1. Schematic representation of the involvement of the UPS in apoptosis. Ubiquitination and 
subsequent substrate degradation by 26S proteasomes control different steps in the apoptotic pathways 
performing both prosurvival and proapoptotic functions (see text for details). Therefore, inhibition of 
the proteasome produces either prosurvival or proapoptotic effects depending on the cell type  as well 
as depending on the duration and extent of proteasome inhibition. Complete and prolonged proteasome 
inhibition inevitably leads to apoptosis since it mimicks caspase-dependent inhibition of  proteasome 
function, which is downstream of caspase-3 activation (not shown on the figure). 

Most cytoplasmic proteolysis in eukaryotic cells is mediated by a different class of 
proteolytic enzymes, called proteasomes [22]. Proteasomes mediate not only the bulk of 
intracellular proteolysis but are able of selectively degrading multiple regulatory proteins. 
Most of the proteins degraded by the proteasomes are first tagged by the attachment of 
multiple ubiquitin moieties (ubiquitination) and therefore the term ubiquitin-proteasome 
system (UPS) is used to describe this proteolytic pathway [23]. The mechanisms of 
ubiquitination as well as structure and function of the proteasomes have been described in 
detail in the preceding chapters and therefore will not be discussed further here. Taking into 
account the importance of the UPS in physiology and pathology, the discovery that it is also 
involved in apoptosis came without a major surprise. The link between the UPS and 
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apoptosis have been established during the study of programmed cell death in the 
intersegmental muscles of the hawkworm Maduca sexta [24]. The intimate intermingling and 
crosstalk of those pathways has been the subject of several reviews, however there are 
constantly new data which are added to this puzzle [25-31]. Figure 1 offers an overview of 
the multiple events on the apoptotic pathways which are controlled by ubiquitination. 

 
 

EFFECTS OF PROTEASOME INHIBITORS  
ON NEURONAL APOPTOSIS 

 
The UPS has recently become the subject of therapeutic intervention through the clinical 

use of Velcade® (bortezomib), a boronate proteasome inhibitor known formerly as PS-341. 
Velcade® has been approved for the treatment of patients with chemotherapy-resistant 
multiple myeloma [32]. A different proteasome inhibitor known as MLN-519 is evaluated for 
clinical trials in the early treatment of stroke [33,34]. Other proteasome inhibitors as well as 
drugs affecting the different enzymes of the ubiquitination cascade are down the drug 
discovery pipeline [35]. A detailed description of the different proteasome inhibitors is given 
in Chapter 40. Interestingly, the current and proposed clinical use of proteasome inhibitors is 
based either on their property to induce apoptosis (in cancer cells) or to prevent apoptosis (in 
neuronal cells), showing that proteasome inhibitors are a double-edged sword, which must be 
used with caution.  

The proapoptotic effects of proteasome inhibitors have been studied first in different 
cancer cell lines [30,31]. It has been soon discovered, that in contrast to cancer cells, primary 
and terminally differentiated cells are relatively resistant to the action of proteasome 
inhibitors, requiring much higher concentrations and longer incubation times [36,37]. 
Moreover, in terminally differentiated resting cells such as neuronal cells, low doses of 
proteasome inhibitors were preventing apoptosis, for example induced by NGF deprivation in 
sympathetic neurons [38] or by serum deprivation of cerebellar granule cells [39]. This 
phenomenon was not limited to neuronal cells, since proteasome inhibitors also prevented 
dehamethasone-induced apoptosis of thymocytes [40] and apoptosis of lens-derived αTN4-1 
cells following INF-γ treatment [41]. The cytoprotective effects of proteasome inhibitors may 
go beyond apoptosis, since they protects neuronal cells from glutamate toxicity, which does 
not involve activation of caspases and has mixed morphological features with necrosis [42]. 
Proteasome inhibitors are also able to delay Wallerian degeneration of axons [43,44]. 
Inhibition of proteasome however does not prevent neuronal necrosis [45]. Despite the lack 
of proapoptotic action at lower concentrations, higher doses of proteasome inhibitors and 
prolonged treatment inevitably induced cell death [38,40]. Caspase-9 is likely the initiator 
caspase in proteasome inhibitor-induced apoptosis [46].  

Injection of the proteasome inhibitor PSI into the lateral ventricle of rats results in 
widespread neuronal apoptosis in various regions of the brain, as detected by the appearance 
of the ladder of fragmented apoptotic DNA [47]. Proteasomal inhibition leads to apoptotic 
death of mouse sympathetic neurons through the intrinsic pathway. Inhibition of caspases as 
well as deletion of Bax or overexpression of Bcl-2 provides complete protection against 
proteasomal inhibition-induced death. This proves that proteasome inhibition activates the 
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intrinsic apoptotic pathway involving bcl-2 family members and the mitochondria [48]. The 
mechanism of action of proteasome inhibitors in primary neurons does not therefore seem 
much different from its mechanism in other cell types, such as myeloid leukemia cell lines 
where Bcl-2 antagonizes apoptosis induced by proteasome inhibitors [49]. Treatment with 
Velcade® decreases Bcl-2 expression on a transcriptional level, without effect on Bax or Bak 
[50]. Overexpression of Bcl-2 induces an increase in proteasome activity [51]. These results 
imply that Bcl-2 may be the main regulator of the effects of proteasome inhibitors.  

Proteasome inhibition in cultures of primary neurons activates at first an initial 
neuroprotective pathway involving heat shock proteins, antioxidants and cell cycle inhibitors, 
which likely offers protection against damage caused by hypoxia such as found at the 
penumbra of the ischemic stroke. However, a continuous proteasome inhibition leads finally 
to the activation of the apoptotic pathway [52]. Pharmacological suppression of proteasome 
function induces apoptosis of primary neurons via the release of cytochrome c from 
mitochondria and activation of caspase-3-like proteases [53]. Moreover, proteasome 
inhibitors block the protective effects against apoptosis and glutamate toxicity of pigment 
epithelium-derived factor (PEDF) on immature cerebellar granule cells [54]. They induce 
apoptosis in cerebellar granule cells, which can be reverted through inhibitors of transcription 
and translation, as well as by specific caspase inhibitors, demonstrating that proteasomes act 
upstream from caspase activation preventing apoptosis [55,56]. However, proteasome 
inhibitors block apoptosis of cerebellar granule cells induced by reduction of extracellular 
potassium, preventing caspase activity and calpain-caspase-3-mediated processing of tau 
protein, suggesting that proteasomes are indeed involved upstream of the caspase activation, 
however by actually augmenting the apoptotic signal [57]. The role of the UPS in neuronal 
apoptosis is even more complex. Inhibitors of the proteasome reduce apoptotic-like features 
of the neuronal soma induced by different agents even in the presence of caspase inhibitors, 
suggesting that some proteasome-dependent steps act downstream of caspase activation in the 
execution phase of apoptosis [11].  

Therefore, it looks like proteasome-mediated events take place both early and late in 
apoptosis, i.e. both at the initiation and execution phase, before and after activation of 
caspases. The final outcome of the treatment with proteasome inhibitors strongly depends on 
the timeframe of their action, their concentration and also on the cell type used. It looks like 
even among the cells found in the central nervous system, there are big differences in the 
involvement of the UPS in apoptosis. For example, in neurons of the cerebral cortex, thyroid 
hormone produces apoptosis associated with an increase of the levels of polyubiquitinated 
proteins, while the opposite results are obtained in cerebellar granular cells. In 
oligodendrocytes thyroid hormone increases apoptosis but does not produce changes in the 
UPS [58]. Moreover, cultured striatal neurons were more vulnerable than cortical neurons to 
the proapoptotic action of proteasome inhibitors, while astrocytes have shown resistance 
when compared to neurons [59]. Dopaminergic neurons of the substantia nigra are 
particularly susceptible to induction of apoptosis through the action of proteasome inhibitors, 
as evidenced in primary cultures of embryonic rat ventral midbrain, where proteasome 
inhibitors lead to apoptotic death specifically within phenotypically defined tyrosine 
hydroxylase (TH)-positive dopaminergic neurons, with little or no apoptotic death induced in 
GABAergic neurons [60].  
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TARGETS OF PROTEASOME-DEPENDENT  
DEGRADATION DURING APOPTOSIS 

 
Since basically any cytosolic, nuclear or ER protein can be degraded by the UPS, the fact 

that numerous proapoptotic and antiapoptotic proteins are indeed substrates of this system 
was not surprising. Inhibition of the degradation of those proteins was used and abused as an 
explanation for the mechanism of action of proteasome inhibitors. The proapoptotic proteins 
reported to be degraded by the UPS, are for example p53, Bax, Bak, Bid, Bik, Smac, Grim, 
Reaper and active caspases [61-67]. The antiapoptotic proteins which are substrates of the 
UPS include Mcl-1 and IAPs [68,69]. Moreover, degradation of both positive and negative 
cell cycle regulators such as cyclins [70], and cdk inhibitors [71] is controlled by the UPS.  

Multiple targets of proteasome-mediated degradation during corticosteroid-induced 
apoptosis have been identified. They include transcription factors that regulate genes 
necessary for cell proliferation (e.g. c-Fos, NFκB, AP-1 [72,73]), enzymes whose activity is 
essential for cell proliferation (e.g. ornithine decarboxylase [74]), cell cycle regulatory 
proteins (e.g. p27Kip1 [75]), and proteins that normally repress caspases (e.g. IAPs, inhibitors 
of apoptosis [76]). Since Bcl-2 have been reported to inhibit the increase in proteasome 
activity associated with corticosteroid-induced apoptosis, as well as degradation of c-Fos and 
p27Kip1, the proteasome-mediated degradation of pro-survival factors may be an important 
control point by Bcl-2 [77]. Additional substrates have been identified in endothelial cells 
exposed to pro-apoptotic stimuli, such as lipopolysaccharide, TNFα and interleukin 1β in the 
presence of cycloheximide, where proteasome inhibitors prevent apoptosis by blocking the 
degradation of antiapoptotic proteins FLIP and Mcl-1 [78]. 

Cytochrome c release from mitochondria is a key step in the apoptotic process, since 
cytochrome c associates with Apaf1 and procaspases to form the apoptosome, where initiator 
caspases are activated, leading to the activation of executor caspases. The UPS rapidly 
degrades cytochrome c released from the mitochondria, as evidenced by a study in mouse 
knocked out for Apaf1. Apaf1(-/-) neuronal cells are resistant to common apoptotic stimuli 
and neurodegenerative inducers such as amyloid-beta peptide (typical of Alzheimer's disease) 
and mutant G93A superoxide dismutase 1 (typical of familial amyotrophic lateral sclerosis) 
[79]. Degradation of cytochrome c by the UPS may therefore prevent apoptosome formation 
unless the leak of this mitochondrial protein is massive and the UPS can not degrade it in 
time, before caspase activation. 

The most important of all factors degraded by proteasomes during apoptosis may be the 
IAPs (inhibitors of apoptosis). IAPs are a family of proteins containing one or more 
characteristic BIR (baculovirus inhibitor of apoptosis) domains, which have multiple 
biological activities that include binding and inhibiting caspases, regulating cell cycle 
progression, and modulating receptor-mediated signal transduction. Several IAPs including 
XIAP and c-IAP1 in addition to three BIR domains contain a RING finger domain, which 
confers ubiquitin protease ligase (E3) activity. In response to an apoptotic stimulus IAPs 
undergo auto-ubiquitination and degradation. IAPs can bind a variety of proteins, such as 
caspases and TRAFs. They inactivate caspases by binding them and by targeting for 
degradation [80]. They also can ubiquitinate and target for degradation the IAP inhibitor, 
mitochondria-derived Smac/Diablo [67]. Proteasome inhibitors promote cell survival by 
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stabilizing the IAPs [76,81]. Indeed, in sympathetic neurons a full length XIAP is rapidly 
degraded by the UPS upon the action of different proapoptotic stimuli, however when the 
RING finger is deleted preventing the E3 activity XIAP is stable and protects neurons from 
apoptosis, despite the fact it can not ubiquitinate caspases, Smac or other substrates. The 
protective effect is caused by its association with those proapoptotic proteins [69]. In an IAP 
from Drosophila (DIAP), active caspases clip the N-terminal peptide producing a functional 
E3 molecule, which is however very unstable within cells due to the presence of a 
destabilizing N-terminal residue. Caspase-cleaved DIAP is therefore quickly removed from 
the cells through the so called ‘N-end rule’ pathway [82,83]. 

 
 

COMPONENTS OF THE PROTEASOME  
SYSTEM DEGRADED BY CASPASES 

 
As shown above by the degradation of E3s from the IAP family, the crosstalk between 

UPS and apoptotic pathway does not go only into one direction. During the execution phase 
of apoptosis of cerebellar granular cells a perturbation in normal UPS function occurs, and 
high levels of ubiquitinated proteins accumulate in the cytoplasm. Such accumulation 
correlates with a progressive decline of proteasome chymotrypsin and trypsin-like activities 
and, to a lower extent, of peptidyl-glutamyl peptide hydrolyzing activity. Both 
intracytoplasmic accumulation of ubiquitinated proteins and decline of proteasome function 
are reversed by caspase inhibitors [84], suggesting that components of the proteasome may be 
targets of caspase activity. Indeed, caspases cleave different UPS components too, including 
three subunits of the 26S proteasome itself. Capsase-mediated cleavage of the Rpt5, Rpn2 
and Rpn10 subunits of the 26S proteasome, all forming part of the base of the PA700 (see 
Chapter 7) severe the proteolytic activity of the holoenzyme [85]. This impairment of 
proteasome activity can account for the increased levels of ubiquitin conjugates associated 
with early stages of apoptosis. It also can explain the decreased ability of the proteasome to 
degrade antiapoptotic proteins such as as Smac and Omi and an ubiquitin-independent 
substrate ornithin decarboxylase (ODC). In vitro induced cleavage of 26S proteasome by 
active caspase 3 clearly impaired its ability to degrade ODC. Inactivation of 26S proteasome 
activity early in apoptosis prevents the degradation of active caspases, Smac and other 
proapoptotic molecules providing a positive feedback loop for caspase activation and 
apoptotic commitment of the cell [85,86]. Moreover, 26S proteasome may be inactivated in 
neuronal cells through the modification of selected subunits of the PA700 with the O-linked 
N-acetylglucosamine moiety [87]. Drug-induced increment in this selective modification 
favored accumulation of polyubiquitin conjugates and p53 on the hippocampus, followed by 
apoptosis of some hippocampal neurons [88]. Additional evidence points out that O-linked 
N-acetylglucosamine modification of many neuronal proteins plays a role in 
neurodegeneration and therefore in neuronal apoptosis [89]. 

Not only components of the PA700 proteasome activator are targeted for cleavage 
through caspases, but also subunits of a different proteasome activator highly expressed in 
the brain called PA28γ/REG γ (see Chapter 7). It was degraded by caspases-3 and -7 during 
FAS-induced apoptosis of HeLa cells and cisplatin-induced apoptosis of MCF7 cells [90]. It 
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is difficult to judge at this point about the possible significance of this finding, since not 
much is known about the possible functions of PA28γ [91,92]. Knockout mice without 
PA28γ do not show detectable neurological abnormalities [93]. It is worth mentioning, that it 
has been proposed that PA28γ contributes to the pathology of poly-glutamine tract expansion 
diseases, since it suppresses the proteasome active sites principally responsible for cleaving 
after glutamine residues [94]. 

There are at least three groups of E3s being inactivated during apoptosis by caspase-
mediated cleavage, IAPs, parkin and Ufd2. IAPs have been discussed in the previous section. 
Parkin in neuronal cells is inactivated by caspases, what may directly lead to the 
accumulation of toxic parkin substrates and triggering cell death of dopaminergic cells in the 
course of Parkinson’s disease [95]. Loss-of-function mutations in the parkin gene are known 
to result in autosomal recessive juvenile parkinsonism, which causes selective degeneration 
of nigrostriatal dopaminergic neurons in the absence of Lewy bodies. Overexpression of 
parkin protects cells of the PC12 neuronal line from the neurotoxicity of the proteasome 
inhibitor lactacystin, increasing at the same time the accumulation of ubiquitin-protein 
conjugates in the form of defined aggresomes [96]. During apoptosis induced by various 
stimuli caspase 6 specifically cleaves UFD2 producing an inactive 110 kDa fragment from 
the whole length 130 kDa protein [97]. UFD2 is the human homologue of the yeast 
polyubiquitination factor (E4) Ufd2p [98]. Its function is lost in congenital DiGeorge and 
velo-cardio-facial syndromes [99]. Recombinant UFD2 has an in vitro ubiquitin ligase 
activity, which is lost after the caspase mediated cleavage [97]. It is unknown what are the 
substrates of UFD2 in human cells and whether it performs a role similar to yeast E4. UFD2 
tightly binds to cytoplasmic chaperone/ATP-ase called p97 or VCP (valosin-containing 
protein). The latter is very similar to the ATP-ases forming the base of the 19S cap (PA700) 
of the 26S proteasome and have a role in the degradation of selected ubiquitinated proteins 
[100], specially those exported from the ER [101]. Taking into account the fact, that it is 
induced by various stimuli in several cell lines, the inactivation of UFD2 during apoptosis 
may be an important event. It can be speculated, that UFD2 inactivation may prevent the 
ubiquitination and therefore proteasome-mediated degradation of a specific subset of 
substrates. It is tempting to speculate, that IAPs may be among UFD2 substrates. 

 
 

ACCUMULATION OF UBIQUITINATED PROTEINS  
AS A POSSIBLE TRIGGER OF APOPTOSIS 

 
After considering a series of proteins whose accumulation can trigger apoptosis one must 

also consider the non-specific accumulation of bulk ubiquitinated proteins within the cells as 
a possible apoptosis trigger. Accumulation of high molecular weight ubiquitin conjugates 
(usually in the form of an organized perinuclear aggregate or ‘aggresome’) and depletion of 
monomeric ubiquitin is a characteristic feature of the treatment with proteasome inhibitors of 
diverse cell types [102-106]. Details of this process have been described in Chapter 12. It has 
been suggested that aggresomes represent an in vitro model of the inclusion bodies found in 
the different types of neurodegenerative disorders [107,108].  
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Whether aggresomes and corresponding cytoplasmic inclusions found in vivo contribute 
to neuronal death or protect cells from the toxic effects of misfolded proteins remains 
controversial. After treatment with proteasome inhibitors aggresomes were observed in both 
viable as well as apoptotic neurons [60]. Moreover, quantitative analysis revealed 
aggresomes in 60% of nonapoptotic cells but only in 10% of apoptotic cells. Apoptosis 
induced by overexpression of α-synuclein was not coupled with increased prevalence of 
aggresome-bearing cells [109]. Upon treatment with proteasome inhibitors mouse neurons 
isolated from p53-deficient animals show delayed apoptosis associated with an increased 
numbers of inclusions, which likely represent enhanced survival [110]. In a different model, 
inhibition of neuronal Cdks prevents apoptosis induced by proteasome inhibition without 
affecting the formation of aggresomes [111]. Therefore, rather than a trigger of apoptosis, the 
formation of intracellular aggregates recruits otherwise toxic and/or apoptogenic proteins to a 
well delimited place, where they can be stored with less harm to the cells than in a dispersed 
form [112].  

However, accumulation of misfolded proteins induces a decrease in proteasome activity, 
probably by recruiting ubiquitin and proteasomes [113]. Formation of macroscopically 
visible aggresomes is not a prerequisite for this effect [114]. Expression of aggregation-prone 
proteins, such as mutant α-synuclein in neuronal cell lines results in increased sensitivity to 
proteasome inhibitors, leading to mitochondrial abnormalities and apoptosis [115]. Therefore, 
formation of aggresomes likely has a dual role: at the beginning it rescues neurons from the 
cytotoxic effects of dispersed aggregated proteins, however when it persists, recruitment of 
UPS components to the inclusion body makes the cell more vulnerable to the action of other 
nocive insults.  

Nuclear and cytoplasmic inclusions found in polyglutamine disorders such as 
Huntington’s disease and several ataxias are also related to aggresomes. Indeed, 
polyglutamine containing proteins are resistant to proteasome degradation. The longer the 
poly-Q repeat, the slower the degradation by the proteasome [116]. The shift of the 
proteasomal components from the total cellular environment to the nuclear aggregates, as 
well as the comparatively slower degradation of proteins with longer polyglutamines, 
decrease the proteasome's availability for degrading other key target proteins [114]. 
Expression of polyglutamine repeats is associated with altered proteasomal function and 
apoptosis. Impaired proteasomal function plays an important role in polyglutamine protein-
induced cell death [116]. Moreover, UBB+1, a mutant ubiquitin that accumulates in the 
neurons of patients with Alzheimer's disease and Huntington’s disease induces formation of 
aggresome-like inclusion bodies and neuronal apoptosis [117,118]. 

 
 

HEAT SHOCK PROTEIN IN PROTEASOME  
INHIBITOR-INDUCED APOPTOSIS 

 
When misfolded proteins appear in the cell as a result of an external stimulus such as 

heat shock or as the result of the expression of mutated proteins such as the polyglutamine 
repeat-bearing proteins, heat shock proteins or molecular chaperones are induced. The 
interplay between the UPS and the chaperone system is described in Chapter 10 and 19. 
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Molecular chaperones associate with the misfolded protein trying to refold it properly. If this 
fails, the misfolded protein is ubiquitinated and targeted for degradation by the proteasome 
mediated by its association with specialized adaptors such as CHIP and Bag-1 (see below). 
Degradation and refolding are two complementary mechanisms for the rescue of extensive 
damage to cellular proteins [119]. When there is an excess of unfolded proteins and not 
enough chaperones available, or when the proteasome activity is impaired, the unproperly 
folded proteins tend to aggregate recruiting the chaperones, proteasomes and ubiquitin into 
the aggresomes or inclusion bodies [107,108]. Proteasome inhibitors are known to induce 
heat shock proteins in the cytosol and the ER lumen [120,121]. Interestingly, dopaminergic 
neurons, unlike other neurons within these cultures or cultured cortical neurons, fail to induce 
the chaperone Hsp70 in response to proteasomal inhibition. This failure may explain in part 
the increased sensitivity of these neurons to proteasomal inhibitors [122]. Overexpression of 
Hsp70 in dopaminergic neurons in vivo protects them from cell death induced by 
pharmacologic agents used to induce animal models of Parkinson’s disease [123]. 

Induction of heat shock proteins after low level proteasome inhibition offers a 
neuroprotective mechanism, as it was found to protect cardiomyocytes from ischemia-related 
injury [124]. A recent study has shown that the stress inducible Hsp70 protects hippocampal 
CA1 neuronal cells from both global and focal ischemia in vivo and in cell culture models of 
ischemia/reperfusion injury in vitro. Hsp70 also reduced the number of protein aggregates in 
those neurons. Induction of Hsp70 protects also astrocytes from cell death by apoptosis and 
necrosis [125]. Proteasome inhibition in cultures of primary neurons activates at first an 
initial neuroprotective pathway involving heat shock proteins [52]. 

Bag-1 has been first identified as a supressor of apoptosis, which binds Bcl-2 [126]. 
Mammals possess several paralogues of this protein. All the Bag family members have a C-
terminal BAG domain, which interacts with the ATP-ase domain of Hsp70 accelerating the 
ADP-ATP exchange and therefore stimulating substrate protein release [127]. Bag-1 and 
Bag-6 (Scythe, BAt3) have in addition to the BAG domain also an amino-terminal ubiquitin-
like (UBL) domain. The UBL domain of Bag-1 mediates its association with the 26S 
proteasome, and since it also binds Hsp70 it recruit this major Hsp to the proteasome [128]l. 
Bag-1 can act as an unloading factor promoting direct delivery of unfolded proteins, 
substrates of Hsp70 activity, for degradation. Bag-1 interacts with CHIP, an ubiquitin ligase 
interacting with Hsp70 and Hsp90, which mediates ubiquitination of unfolded proteins 
[129,130]. CHIP co-immunoprecipitates with the polyglutamine-expanded huntingtin or 
ataxin-3 and associates with their aggregates. Overexpression of CHIP suppresses the 
aggregation and cell death mediated by expanded polyglutamine proteins and the suppressive 
effect is more prominent when CHIP is overexpressed along with Hsc70 [131]. 

 
 

ROLE OF NFKB IN NEURONAL APOPTOSIS 
 
NFκB is a dimeric factor recruited normally in the cytoplasm by the IkBα protein, which 

is a specific inhibitor of its activity. Upon stimulation by various cytokines (IL-1, TNFα, 
TRAIL etc.), bacterial lipopolysaccharide, UV radiation, ionizing radiation or oxidative stress 
a signal transduction cascade is activated which leads to the phosphorylation of IkBα, its 
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ubiquitination, degradation by the 26S proteasome, release of NFκB its entry into the nucleus 
and transcription of NFκB dependent genes [132,133]. However, the very same cytokines and 
other stimuli may also trigger apoptosis [134]. The ultimate outcome depends on which one 
of the branches of this dual reponse prevails. Proteasome inhibitors greatly enhance the 
proapoptotic action of those stimuli by abolishing the NFκB response. This effects have been 
observed in vitro [135-138] and in vivo [139] in different cell types. 

NFκB plays important roles in the regulation of many activities of neuronal cells, such as 
synaptic transmission, inflammation, neuroprotection, and neurotoxicity. In resting neurons, 
NFκB is present both in the cytoplasm, as an inducible-inactive complex, and in the nucleus, 
as a constitutive form. Regulation of its inducible activity relies on degradation of IκB(s) 
through the UPS [140]. A decrease in the nuclear NFκB is associated with the induction of 
apoptosis in cerebellar granular cells whether induced by potassium withdrawal or 
proteasome inhibitors [56,141]. Prosurvival signaling by neurotrophin or NGF in the central 
nervous system is mediated by NFκB and it becomes impaired during the ageing process 
[142]. Induction of NFκB protects neurons from apoptosis resulting from different insults and 
therefore is beneficial to the cell, however on the other side induction of NFκB pathway is 
associated with inflammation, which in turn may elicit more damage to the central nervous 
system. Therefore, while NFκB is beneficial for single cells, it is not beneficial for the 
nervous tissue as a whole. Inhibition of NFκB activation through proteasome inhibition 
elicits a strong antiinflammatory effect, which is the base of the planned use of those agents 
in the aftermath of stroke, to decrease the secondary tissue damage [34]. However, the use of 
proteasome inhibitors in stroke must be evaluated very carefully since experimental data have 
shown that intraventricular injection of a proteasome inhibitor induces a significant inhibition 
of NFκB activity in vivo which is associated with neuronal apoptosis [47,143]. Indeed, 
systemic administration of PSI, a lipid soluble proteasome inhibitor of old generation, has 
induced apoptosis of dopaminergic neurons associated with parkinsonism [144]. On the other 
hand, clinically available proteasome inhibitors do not penetrate the blood-brain barrier and 
their action in stroke is therefore limited to cerebral vasculature and limited regions of 
nervous tissue where the blood-brain barrier is impaired as a consequence of stroke. 

 
 

OXIDATIVE STRESS IN NEURONAL APOPTOSIS 
 
Oxidative stress is pivotal for the modulation of critical cellular functions of neurons and 

glial cells, including activation of apoptosis. Neurons are particularly susceptible to oxidative 
stress due to the high rate of oxidative metabolism in the brain and the low level of 
antioxidant enzymes compared to other somatic tissues. This is supported by fact that 
oxidative stress is the intracellular end point of many neurotoxic stimuli. It also represents a 
major cause of the neuropathology underlying a variety of neurodegenerative diseases. 
Mitochondrial dysfunction, involving impairment in the energetic supply of the cells, 
apoptosis and overproduction of reactive oxygen species (ROS) is a final common 
pathogenic mechanism in aging and in neurodegenerative disease [145,146]. Oxidative stress 
causes extensive damage to proteins, lipids and nucleic acids, either triggering apoptosis or 
prompting different repair mechanisms. Oxidatively damaged proteins are known substrates 
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of the proteasome, in particular the 20S proteasome, which for its activity does not require 
ATP or ubiquitination [147]. Therefore, degradation of oxidized proteins in hypoxic 
conditions in the penumbra seems to be an important mechanism promoting neuronal survival 
by prevention of excessive accumulation of damaged proteins. On the other hand oxidized 
proteins are removed from the cytosol and delivered to the proteolytic center of the cell, 
where they form an organized inclusion or aggresome [148]. Oxidative stress can however 
damage the proteasome itself leading to a decrease in its activity [149]. Treatment of 
neuronal cells with agents known to promote oxidative stress, such as hydrogen peroxide or 
heavy metal ions induce an increase in the levels of polyubiquitinated proteins and associated 
apoptosis [150]. Enzymes of the antioxidant system, which exhibits a huge activity increase 
up to 3 h after apoptosis induction in neuronal cells, are subject to UPS-dependent 
proteolysis. Prevention of their proteolysis by proteasome inhibitors blocks the ROS-
dependent release of cytochrome c and caspase-3 activation [151]. Neuronal apoptosis 
induced by proteasome inhibitors is associated with increased nitric oxide production 
mediated by nNOS (neuronal isoform of the NO synthase), whose inhibition decreases levels 
of apoptosis, indicating that cell death induced by proteasome inhibitors it is at least in part 
mediated by nitric oxide [152]. 

DNA is another target of oxidative damage, which is countered by a complex defense 
mechanism, the DNA damage response, which involves activation of cell cycle genes in 
postmitotic cells [146]. Increased levels of nucleic acid oxidation have been described as part 
of normal brain aging and have been demonstrated to occur in multiple neurological 
disorders. Low level proteasome inhibition increases the level of nucleic acid oxidation in 
primary neuron and astrocyte cultures [153]. 

 
 

INHIBITION OF THE CELL CYCLE 
 
The transitions of the cell cycle are regulated by UPS-dependent proteolysis of either 

cyclins or cdk inhibitors [154]. It is therefore logical, that another mechanism of proapoptotic 
action of proteasome inhibitors involves the induction of a block in the cell cycle, which is 
usually generalized and involves all phases [155,156]. At first glance, this mechanism of 
action seems inapplicable to post-mitotic neurons, however neuronal apoptosis in general is 
often associated with an abortive activation of cell cycle genes [146]. Therefore the inhibitory 
effect of proteasome inhibitors on cell cycle progression may be actually beneficial to 
neuronal cells. Apoptosis induced in neuronal cells by proteasome inhibitors can be 
prevented by flavopiridol, a specific inhibitor of cyclin-dependent kinases (Cdks), and by 
overexpression of natural Cdk inhibitors. Flavopiridol blocks the phosphorylation of 
retinoblastoma protein (pRb) that normally occurs after proteasome inhibition. Moreover, 
expression of a mutant pRb that lacked phosphorylation sites was neuroprotective. It 
therefore seems that in cortical neurons, proteasomal inhibition leads to an apoptotic pathway 
dependent on Cdk activation and pRb inactivation [111]. 

Another protein whose stabilization by proteasome inhibitors may be resposible for 
induction of apoptosis is p53. p53 is the ‘guardian of genome integrity’ since it elicits block 
in the cell cycle, DNA repair and eventually apoptotic response after stress insults 



Role of the Ubiquitin- and Proteasome System in Neuronal Apoptosis 525

compromising genomic inegrity, oncogene activation and hypoxia. p53 is acting as a 
transcriptional regulator inducing expression of several crucial genes mediating those effects 
[157-159]. p53 levels are normally low in the cells, since it is constantly ubiquitinated by 
Mdm2 RING-finger ubiquitin ligase and then degraded by the proteasome [160]. Mdm2 
ubiquitinates also itself, what targets its for degradation by proteasomes during apoptosis 
even in absence of active p53, while it is also cleaved by caspase-3 in p53-mediated 
apoptosis [161]. 

In situations of cellular stress p53 degradation is stopped and its levels rapidly rise. 
Cultured cortical neurons treated with proteasome inhibitors show an early increase of p53 
levels, accompanied by nuclear translocation, while at later time points p53 is found 
sequestered within ubiquitinated inclusions. Neurons isolated from p53-deficient mouse 
neurons show delayed apoptosis upon proteasome inhibition when compared to controls, 
indicating the role of p53 [162]. 

Proteasome inhibitors can also cause accumulation of c-Myc oncoprotein, which is a 
critical transcriptional regulator of cellular proliferation involved in the induction of 
apoptosis. For example, in human glioma cells proteasome inhibitors cause elevation of c-
Myc protein levels, which induces transiently FasL message, and expression of FasL protein 
in turn stimulates the Fas receptor-ligand apoptotic signaling pathway [163].  

 
 

CONCLUSIONS 
 
The ubiquitin- and proteasome-dependent system of protein degradation is an important 

player in neuronal apoptosis. Since the UPS is involved in multiple cellular functions, its 
mechanism of action is multimodal and involves accumulation of ubiquitinated proteins, 
inhibition of NFκB activation, oxidative stress, block in the degradation of cell cycle 
proteins, p53 and oncogene products, just to name a few. Proteasome-dependent steps on the 
apoptotic pathway are both upstream and downstream of caspase activation. While 
proteasomes can cleave and degrade caspases, active caspases on the other hand can cleave 
proteasomal subunits.  

Proteasome inhibitors used at low doses confer neuroprotection by induction of heat 
shock proteins and prevention of apoptosis induced by other stimuli, however at longer 
expositions and higher doses they themselves induce apoptotic cell death. Certain populations 
of neurons, in particular dopaminergic neurons of the substantia nigra are more susceptible to 
proteasomal inhibition than others. This observations raises a red flag, since proteasome 
inhibitors have already entered the clinical realm for the treatment of multiple myeloma and 
other cancers. Moreover, they are evaluated for the treatment of stroke, since in animal 
models of cerebral ischemia they were shown neuroprotective. This fact may be due to the 
inpenetrability of the brain-blood barrier to proteasome inhibitors currently used in clinic. 
There seem to be no acute toxicity of the proteasome inhibitor Velcade® (bortezomib) 
towards the dopaminergic neurons, since there have been no reports of neurotoxicity of this 
compound other than peripheral neuropathies [164,165]. However, since this process may 
take years it is unknown if parkinsonism is not going to appear as a very late effect after 
adminsitration of Velcade® if patients enter a complete remission. The beneficial effects of 
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proteasome inhibitors in stroke are on the other hand related to the effect of those drugs on 
the endothelium of brain vessels and the cells of inflammatory infiltrate in the ischemic area, 
where proteasome inhibitors suppress NFκB signaling resulting in a proinflammatory effect. 
The use of proteasome inhibitors will likely expand to other areas, including 
immunosupression or the treatment of severe inflammatory diseases such as rheumatoid 
arthritis [35,166]. When their administration will become chronic, adverse neurological 
effects are likely to be unmasked.  
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ABSTRACT 
 

Unrepaired protein damage leads to the formation of lethal protein aggregates in 
cells and ultimately causes cell death. Protein damage accumulates in cells due to 
oxidative stress, transduction with prion particles with dominant conformations or due to 
genetic alterations in proteins that lead to formation of insoluble aggregates. All 
prokaryotic and eukaryotic cells possess two main strategies to counteract these changes 
and avoid the accumulation of protein aggregates. These pathways for protein quality 
control include: (1) the protein chaperone and refolding systems and (2) targeted 
proteolysis of the malfolding protein. In mammalian cell the molecular chaperones heat 
shock proteins 70 and 90 (Hsp70 and 90) appear to play key regulatory roles in protein 
triage after damage. These molecular chaperones can bind to malfolded proteins, deter 
the aggregation cascade and then target the protein substrates towards either: (1) the 
pathways of refolding by chaperonin- containing folding structures or (2) can promote 
ubiquination of its target through mechanisms involving the ubiquitin ligase CHIP and 
deliver the ubiquinated protein to the proteasome for degradation. Dysregulation of this 
system occurs during aging and is amplified during a range of degenerative disease 
states. Failure of this defense system may occur at many levels and decreased expression 
of proteins that mediate pathways 1 and 2 appears to be involved in aging, particularly of 
neuronal cells. 
 

Keywords: molecular chaperone, CHIP, proteasome, heat shock factor protein. 
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ABBREVIATIONS 
 
BAG, BCl-2-associated athanogene; C. elegans, Caernorhabtitis elegans; CHIP, carboxy-

terminus of Hsp70 interacting protein; CNS, central nervous system; Cyp40, cyclosporin A-
binding immunophilin; E. coli, Escherichia coli; E3 ligase, ubiquitin E3 ligase; FKBP, 
FK506-binding protein; GSK3, glycogen synthase kinase 3; GrpE, glucose-regulated protein 
E; Hip, hsc70-interacting protein; Hop, Hsp70-Hsp90-organizing protein; HSF, heat shock 
transcription factor, Hsp, heat shock protein; HSPBP1, Hsp70-interacting protein; PCD, 
programmed cell death; sHsp, small heat shock proteins; TPR, tetratrico peptide repeat.  

 
 

INTRODUCTION: HEAT SHOCK PROTEINS 
 
The heat shock proteins (Hsp) are products of a number of distinct gene families required 

for cell survival during stress, named for the approximate molecular mass of their products 
and include Hsp10, 27, 40, 60, 70, 90, and 110 (Table 1) [1-4]. The cytoprotective properties 
of the Hsps are closely linked to their primary functions as molecular chaperones [1,5,6]. 
Molecular chaperones are proteins with the primary function of interacting with sequences in 
target proteins, an interaction that results in the stabilization or enhanced folding of the target 
polypeptide. The intracellular reactions catalyzed by the Hsps, which led to their designation 
as molecular chaperones, are divided into two main categories which have been described as 
(1) ‘protein holding’ and (2) ‘protein folding’ [7,8]. The principal holding proteins belong to 
the Hsp70 and Hsp90 families which bind to unfolded sequences in polypeptide substrates, 
showing preference for hydrophobic regions [8,9]. Such holding interactions occur during: 
(1) mRNA translation when Hsp70 binds to the elongating polypeptide chain in order to 
prevent premature self-associations within the nascent protein, (2) during heat shock when 
proteins partially unfold and expose hydrophobic sequences which are bound by Hsp and (3) 
constitutively when Hsp90 binds to proteins with unstable tertiary structures [8,10]. Hsp70 
and Hsp90 function in large complexes or chaperone machines which also contain a number 
of accessory proteins or co-chaperones, that bind the primary chaperone in order to mediate 
substrate selection, and cycles of association with and disassociation from the substrate 
(Table 1) [9,10]. After completion of their molecular chaperone function, Hsp 70 and 90 are 
actively released from protein substrates using intrinsic ATPase domains [2]. Protein folding 
(2), involves the Hsp60 ‘chaperonin’ family as well as a number of other related chaperonin 
proteins [11,12]. Chaperonins have the primary function of folding previously unfolded 
polypeptide sequences. For this purpose, they self-associate in order to form large folding 
chambers in which the substrate protein can undergo the appropriate intramolecular 
interactions required to attain its correct tertiary structure in an ATP-dependent process 
[11,12]. These distinctions are however not absolute and Hsp70 can mediate protein folding 
[9]. Molecular chaperone substrates have been carefully evaluated in Escherichia coli (E. 
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coli), in which at least 340 cytosolic proteins have been shown to require the Hsp70 homolog 
DnaK for folding, while a distinct group of proteins is folded by the Hsp60 homolog GroEL 
[13]. Protein folding also involves the Hsp27 family; the small Hsp assemble into large 
aggregates that mediate holding and folding in an ATP independent manner [14]. In addition 
to this humble molecular chaperone role the Hsps also play key parts in the control of cellular 
metabolism [10]. Cell regulation by largely Hsp70 and Hsp90, each of which can bind stably 
to a number of regulatory molecules [10]. Hsp90 plays a major role in regulation of 
mitogenesis and cell cycle progression through such association and Hsp70 is closely 
involved in protection from programmed cell death (PCD) each through interaction with a 
number of key regulatory proteins.  
 

Table 1. Heat Shock Proteins and co-chaperones 
 

Protein Function Co-chaperones References 
Hsp27 Molecular Chaperone none [14] 
Hsp60 Chaperonin Hsp10 [11, 12] 
Hsp70 Molecular Chaperone Hsp40, GrpE, BAG, HspBP1, Hip, 

Hop, CHIP 
[8, 9, 10] 

Hsp90 Molecular Chaperone p23, HOP, FKBP51, FKBP52 Cyp40, 
cdc37 

[7, 8, 10] 

Hsp110 Molecular Chaperone none [4] 
 
Of central importance to the regulation of the Hsp70 and Hsp90 co-chaperone systems is 

the presence of acceptor sites for proteins that contain the tetratricopeptide repeat (TPR) 
domain at the extreme carboxy-terminus [9,10,15]. The TPR domain is formed af a number 
of helical structures arrayed in such a way that it forms binding region for TPR acceptor sites 
in interacting proteins [15]. TPR domain proteins involved in molecular chaperone function 
include the scaffold protein Hop with at least 2 TPR domains [15]. Hop is thus able to bind 
simultaneously to both Hsp70 and Hsp90 and by stabilizing their interactions, permit their 
coordinated activity in protein folding [9,10]. In addition, another TPR domain protein Hip 
aids to the ATPase cycle of Hsp70 while the immunophilins Cyp40, FKBP51 and FKBP52 
bind to Hsp90 through its C-terminal TPR acceptor site and catalyze further steps in protein 
folding [9,10,16]. Association of the primary molecular chaperones Hsp70 and Hsp90 with 
these TPR domain proteins is thus essential for many of the properties of Hsp70 and Hsp90 
required for protein folding. 

The molecular chaperone properties of Hsps are harnessed during heat shock when a 
large number of cellular proteins undergo synchronous unfolding due to the chaotropic 
effects of heat and threaten with the cellular catastrophe of protein aggregation [17]. A 
similar process appears to occur in aging when proteins damaged by oxidative stress or 
undergoing aggregation due to dominant conformations that tend towards aggregation begin 
to accumulate [18,19]. Such protein aggregation is deterred by engagement of the heat shock 
response and the accompanying abundant expression of the Hsp cohort which recognizes 
denatured proteins through the holding properties of Hsp27, 70 and 90 and refold such 
denatured proteins with the aid of the chaperonins [20]. Interestingly studies in E. coli have 
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shown that aggregation during heat shock largely involves a group of unstable proteins 
whose aggregation can be inhibited by upregulation of the E. coli Hsp70 DnaK [13]. In 
addition, as protein denaturation and aggregation are powerful triggers of PCD, Hsp have 
developed powerful anti-apoptotic properties that deter PCD and thus permit a time window 
for subsequent repair of the proteome [6,21]. The massive Hsp expression that occurs during 
the heat shock response involves facilitation of expression at each level, including the 
activation of the potent heat shock transcription factor 1 (HSF1), Hsp mRNA stabilization, 
selective Hsp translation and Hsp stabilization at the protein level [1,22].  

 
 
MOLECULAR CHAPERONES AND PROTEASES COMBINE TO 

MEDIATE PROTEIN QUALITY CONTROL 
 
In all organisms there are proteins of differing degrees of stability which tend to become 

denatured and aggregated and this process occurs progressively during aging. Two major 
strategies exist for dealing with protein aggregates and these include (1) protein folding by 
molecular chaperones and (2) protein degradation by proteases. In E. coli, the processes are 
tightly coupled and the genes encoding the major cytosolic chaperones and proteases are 
under common control by the transcription factor Sigma32 which controls the heat shock 
regulon [13] At the functional level however, the molecular chaperones and proteases appear 
to operate individually to resolve protein aggregates and each can protect E.coli against heat 
shock.  

Unlike in E.coli, in mammalian cells, proteases are not prominent members of the heat 
shock family [1,13]. However numerous functional links between molecular chaperones and 
proteases are emerging [23]. It was shown a number of years ago that HSP70 family member 
HSC70 plays a role in recruiting substrates to the lysosome and recent studies indicate that 
HSC70 mediates the entry of such substrates into the lysosomal lumen prior to degradation 
[23]. However, the most compelling connection between these two systems involves the 
protein CHIP (carboxyl terminus of HSP70 interacting protein) which bridges the molecular 
chaperone and ubiquitin-proteasome systems [24]. CHIP contains a U box domain that 
permits it to conjugate ubiquitin to its substrates and a TPR domain that permits it to bind to 
molecular chaperones and other TPR domain proteins [25,26].  

 
 

FUNCTIONAL AND STRUCTURAL COUPLING  
OF MOLECULAR CHAPERONES AND THE UBIQUITIN 

PROTEASOME SYSTEM THROUGH CHIP 
 
The detailed features of the ubiquitin-proteasome system are reviewed in other chapters 

of this volume and will not be repeated here (see Chapter 3). In brief, the ubiquitin-
proteasome system permits the specific covalent tagging of proteins that are selected for 
degradation through a protein degradation machine called the proteasome [27,28]. The 
proteasome contains multiple proteins including a number of proteases arranged in the form 
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of a degradation chamber which permits rapid degradation of substrates to small polypeptides 
[27,28]. Proteins selected for degradation by the proteasome are first tagged by the addition 
of a chain of low molecular proteins called ubiquitin [27,28]. Ubiquitin residues are added 
sequentially to specific lysine residues in the protein to be degraded [27,28]. This process, 
known as ‘ubiquilation’ is catalyzed by a three enzyme cascade: Enzymes in the cascade 
include E1 which recruits ubiquitin, E2 which receives ubiquitin from E1 and E3 the 
ubiquitin ligase that receives ubiquitin from E2 and couples it to the substrate [27,28]. While 
there is only one E1 enzyme and a limited number of E2s, there are many E3 ligases which 
reflect the varied number of substrates in the cell. The E3 ligases which are members of a 
number of families (the single subunit RING finger type, the multi-subunit RING-finger type 
and the HECT domain type, UFD2 homology (U box) proteins) permit the selection of a wide 
variety of motifs in the substrate in order to select the target for ubiquilation; In some cases 
for instance relative degrees of phosphorylation differentially regulate E3 binding permitting 
the regulation of protein degradation through protein kinase cascades [29]. This is 
exemplified by the widely studied the multi-subunit RING-finger type Fbw1 containing E3 
ligases that catalyze the ubiquilation of phosphorylated IκBα, β-catenin and Cdc25 and thus 
control key regulatory pathways [29]. CHIP is a member of the U-box domain family [26,30]. 
Significantly, its target specificity is provided by its TPR domain which can bind to the 
molecular chaperones Hsp70, HSC70 and Hsp90 [26,30]. Thus by binding to molecular 
chaperones, CHIP can target denatured proteins bound to Hsp70, HSC70 or Hsp90 for 
degradation by catalyzing the poly-ubiquilation of the bound denatured protein [25]. 

 
 

MOLECULAR CHAPERONES AND  
PROTEASOMAL DEGRADATION 

 
When denatured proteins and protein aggregates accumulate within the aging cell, at 

least three scenarios can be envisaged based on the known interactions between molecular 
chaperones and CHIP, as depicted in (Figure 1). Aggregates can continue to form as in 
pathway (1) and lead to cell inactivation and death. However, denatured / aggregated proteins 
are recognized by the denatured protein binding domains of Hsp70 (and Hsp90) and form 
complexes with such denatured proteins. Such complexes can next be assembled into protein 
refolding chaperone machines as in pathway (2). The Hsp use the TPR acceptor sites in their 
C-terminal domains to bind to the TPR domain-containing scaffold protein HOP as well as 
co-chaperones Hip, Cyp40, FKB51 and FKB52 in order to initiate an ATP dependent cycle 
of reactions that leads to refolding of proteins towards native, functional conformations. 
However, the proteins can take an alternative pathway (3) when the TPR acceptor site of 
Hsp70 is bound to the TPR domain of CHIP instead of the other co-chaperones; in this case, 
the substrate protein is brought close to the U box domain of CHIP, becomes polyubiquilated 
in cooperation with adjacent E1 and E2 enzymes, and finally targeted to the proteasome and 
is rapidly degraded. Thus the cell has at least two potentially competing pathways for the 
resolution of protein aggregates. By competing with co-chaperones such as HOP for the TPR 
acceptor sites on Hsp70 and Hsp90, CHIP can inhibit the refolding pathway while other TPR 
domain proteins can, in turn inhibit the CHIP pathway [30].  
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There are in addition, further levels of regulation of the pathways which are mediated 
through additional co-chaperones that bind to Hsp70. For example, when Hsp70 binds to the 
co-chaperone BAG-1, there is enhanced interaction of the Hsp70-CHIP1 complex with the 
proteasome and increased degradation of Hsp70-bound substrates such as glucocorticoid 
receptor [25]. By contrast, another member of the BAG family, BAG-2 which also binds to 
Hsp70 inhibits ubiquilation by CHIP and enhances the activity of the refolding pathway [31]. 
Likewise another Hsp70 co-chaperone, HSPBP1 inhibits substrate ubiquilation and enhances 
the refolding pathway [32]. These proteins, each of which interact with the ATPase domain 
of Hsp70 are thus plausible regulatory molecules for the competing pathways of protein 
aggregate resolution by refolding or degradation and provide further layers of regulation. 
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Figure 1. Quality control and salvage pathways for aggregated proteins. Functional proteins may 
become denatured and aggregated through damage, mutation or interaction with proteins with dominant 
conformations that lead to aggregation. If not arrested such aggregation [(pathway (1)] may lead to cell 
death. Denatured and aggregated proteins are however recognized by molecular chaperones such as 
Hsp70 and Hsp90, which form complexes with them. Binding to the Hsp may lead to salvage of the 
denatured protein through pathway (2) in which the denatured protein is refolded through a pathway 
involving sequential interactions with molecular chaperones Hsp70 and Hsp90 which are bridged 
through binding to the TPR domains of HOP. However, the proteins may enter a third pathway (3) 
through binding of the Hsp70 to the TPR domain of the ubiquitin E3 ligase CHIP. Recruitment of CHIP 
leads to polyubiquilation of the denatured protein and its degradation through the proteasome pathway. 
These two pathways (2 and 3) thus compete for the denatured proteins through the binding of key TPR 
domain proteins in each pathway to the TPR acceptor motifs on Hsp70 and Hsp90. 
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CHANGES IN HSP EXPRESSION AND  
PROTEIN QUALITY CONTROL WITH AGING 

 
Aging is associated with the degeneration of Hsp expression with time and the loss of 

resistance to cellular oxidants: elevated HSF1 leads to significant increase in lifespan in 
Caernorhabtitis elegans (C. elegans) and Drosophila [18,19,33-36]. The effects of HSF1 and 
Hsp on longevity appear to be particularly mediated through their ability to protect motor 
neurones and for instance Hsp knockdown in the motor neurones of Drosophila causes an 
equivalent effect on longevity compared to a whole body knockdown [37,38]. The already 
fragile heat shock response of neuronal cells becomes additionally burdened during exposure 
to a range of neurodegenerative diseases that lead to the increasing accumulation of 
insoluble, aggregated proteins and inclusion bodies and the inactivation of components of the 
proteasomal degradation pathway [39-41]. We will discuss here the mechanisms underlying 
the loss of heat shock response in aging with particular emphasis on neuronal cells. 

Many of the processes in neurodegeneration are accompanied by decreased expression of 
molecular chaperones with time and the accumulation of tangled and aggregated proteins 
which are toxic to neurones [42-44]. Studies on mechanisms of aging have implicated HSF1 
as an important factor in longevity [33,45]. As mentioned, inhibition of HSF1 expression or 
function decreases lifespan while extra copies of HSF1 increase lifespan in C. elegans 
[33,45]. This increase appears to be due to the transcriptional activation of small heat shock 
proteins (sHsp: Hsp16.1, Hsp16.49; Hsp12.6) in C. elegans [33]. This increase in longevity 
due to elevated Hsp expression appears to be related to protection of neuronal function as 
RNAi antagonism of HSF1 expression led to the accelerated onset of polyglutamine 
aggregates in C. elegans [33]. The sHsp (as well as Hsp70) also play a key role in longevity 
in Drosophila [46,47]. Inactivation of the sHsp family Hsp22 gene in Drosophila markedly 
decreases lifespan and, more significantly, a similar decrease in lifespan is seen if only motor 
neurones are targeted, strongly implicating a critical role for these tissues in aging and 
dependence on Hsp [37,38]. The effects of the sHsp may be related to ability to resist the 
toxicity associated with oxidative stress. A similar role for sHsp in human disease is provided 
by recent findings showing protective effects for Hsp27 in Huntington’s disease [48]. 
Naturally occurring polymorphisms in Hsp22 and Hsp27 are also associated with motor 
neurone neuropathy [49]. Thus the decreased expression of sHsp or the occurrence of 
inactivating mutations in sHsp are associated with neuronal cell death particularly in motor 
neurones [49]. Heat shock transcription factor 1 (HSF1) is the mammalian regulator of the 
response to protein stress (including heat, oxidative, ischemic stress) and activates the 
transcription of heat shock protein (HSP) genes [50,51]. Aggregated, denatured and damaged 
proteins are the common proximal inducers of HSF1 activity which can be observed acutely 
during the response to heat shock, a potent protein denaturant [52-54]. Disruption of the hsf1 
gene in mouse embryonic fibroblasts leads to a profound loss of thermotolerance in such 
(hsf1-/-) cells and markedly increased susceptibility to heat-induced apoptosis [55]. The 
aging process is also associated with degeneration of the heat shock response and the 
thermostability of DNA binding activity of HSF1 was significantly reduced with age in a 
cell-free system as well as in isolated hepatocytes [56]. Two additional members of the 
mammalian HSF family HSF2 and HSF4 have also been discovered (reviewed by [51]). 
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Although their physiological function is not entirely clear, one isoform of HSF2 (HSF2A) 
cooperates with HSF1 in HSP gene transcription [57]. HSF4 functions as an HSF1 repressor 
[58]. One consistent finding in neuronal cells and tissues is that while glial cells express 
abundant HSF1 and HSF2, and mount a sturdy heat shock response, the heat shock response 
is deficient in aging neurones [59-61]. Similar findings were made by Batalan et al. who 
showed that HSF1 fails to be activated in motor neurones even when microinjected with 
plasmids encoding HSF1 expression vector, suggesting a block to the signal transduction 
pathways leading to HSF1 expression in these cells [62]. 
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Figure 2. Heat shock factor 1 and HSP gene transcription. (A) Functional domains of HSF1: HSF1 
contains an N-terminal DNA binding domain (DNA) adjacent to a trimerization domain containing 
arrays of leucine zipper regions (LZ). The C-terminus of HSF1 contains two trans-activation domains 
(TAD). The TAD is under control of the regulatory domain (REG), which converts stress signals into 
trans activation of Hsp promoters. (B) HSF1 response to stresses that lead to protein aggregation. Under 
resting conditions, intracellular HSF1 is maintained in an inactive form in high Mr complexes 
containing the molecular chaperone Hsp90, co-chaperones and other molecules. HSF1 is also repressed 
by phosphorylation in the regulatory domain by protein kinases ERK1 and GSK3 that mediate nuclear 
export and cytoplasmic sequestration. Exposure of cells to oxidative stress and damaged proteins results 
in HSF1 activation by a multi-step reaction, including escape from repressor complexes, nuclear 
localization, trimerization, hyperphosphorylation and activation of Hsp promoters and requires the 
expression of CHIP. HSF1 activation is downregulated under conditions in which GSK3 is activated as 
in aging neuronal cells and when CHIP levels are decreased. 

In understanding the deficit in expression of Hsp during aging, it is important to consider 
what we know about the regulation of HSF1. Under non-stress conditions, HSF1 is 
transcriptionally repressed and Hsp transcription is minimal [63,64]. In the inactive complex, 
HSF1 is monomer that is constitutively phosphorylated and lacks the ability to bind the cis-
acting heat shock elements (HSE) located in the promoters of HSP genes (Figure 2) 
[51,65,66]. Increased levels of denatured and aggregated proteins result in the conversion of 
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HSF1 from inactive monomer to DNA-binding trimer [65-68]. Activation of HSF1 is a multi-
step process, involving trimerization, acquisition of HSE-binding activity and inducible 
phosphorylation, which results in the transcription of Hsp genes [50,51,63,64]. Hsp90 is the 
principal cellular repressor of HSF1 in unstressed cells and plays a major role in retaining 
HSF1 in an inactive state; HSF1 trimerization is accompanied by the sequestration of Hsp90 
in protein aggregates and escape from Hsp90-containing HSF1 complexes in response to 
stress [69,70]. However, little is known regarding the potential role of Hsp90 in the decline of 
HSF1 during aging. Other important levels of regulation also control HSF1 activity and it 
was shown recently that 14-3-3 mediated nuclear exclusion represses HSF1 after activation 
by the protein kinases ERK1 and GSK3 and subsequent recruitment of 14-3-3 [71-73]. HSF1 
thus resembles a number of factors in being subject to regulation by phosphorylation and 14-
3-3 dependent alterations in nucleocytoplasmic shuttling (Figure 2) [74].  

 
 

POTENTIAL MECHANISMS FOR DECREASED HSF ACTIVITY 

AND HSP EXPRESSION IN AGING 
 
The increased levels of protein aggregation with increasing age of the organism may be 

due to (i) progressive accumulation of insoluble protein products with time, (ii) the decreased 
ability of the molecular chaperone / protein degradation system to deal with increased 
concentrations of aggregated proteins or, more likely (iii) a combination of both processes. 
Most studies show a decrease in hsp gene transcription and HSF1 activity in neurones and 
degeneration of HSF1 activity during aging seems a feature of most tissues [75,76]. The 
decrease in stress-induced Hsp expression with age was first ascribed to a decrease in HSF1 
expression at the protein level and a reduced ability of HSF1 to form DNA binding trimers 
[59,60]. HSF1 concentration is at critical levels in most cells and activation requires 
trimerization, a kinetically rare event favored by higher HSF concentrations – reviewed in 
[51]. Decreases in HSF1 levels thus place the response beneath a key threshold for activation. 
Subsequent studies also indicated defect in HSF regulation in cultured motor neurones and 
Batalan et al showed that, while HSF1 was not activated in cultured neuronal cells even 
under conditions of HSF1 overexpression, a construct lacking the regulatory domain could be 
activated (Figure 1) [62]. The regulatory domain of HSF1 is a major protein interaction 
region and phosphorylation of this domain by the protein kinases ERK1 and GSK3 leads to 
HSF1 repression through recruitment of the adaptor protein 14-3-3 and nuclear exclusion 
(Figure 2) [72,77-79]. Nuclear exclusion leads to loss of HSF1 from HSP gene promoters and 
repression of HSP transcription [71,72]. In addition, our recent studies indicate that this 
domain may also represent a phosphodegron site for ubiquitin E3 ligase binding and 
modulation of GSK3 may up-and down-regulate HSF1 levels [80]. Interestingly abnormal 
increases in GSK3 levels occur in some neuronal disorders such as Alzheimer’s disease, an 
effect which may lead to HSF1 repression [81]. 14-3-3 levels also become altered in areas of 
the brain subjected to prion diseases and the appearance of 14-3-3 proteins in the 
cerebrospinal fluid is characteristic of some neurodegenerative diseases [82]. It thus seems 
likely that age-related changes in GSK3 and 14-3-3 levels and activities are involved in the 
progressive loss of capacity in the heat shock response with time particularly in the CNS. The 
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studies of Batalan also showed that increased expression of HSF2, as opposed to HSF1 in 
cells exposed to inhibitors of the proteosome leads to activation of Hsp expression [62]. 
HSF2 can cooperate with HSF1 in the activation of HSP promoters, and our studies showed 
that increased expression of the active isoform of HSF2, (HSF2A) causes a marked increase 
in stress-induced HSP transcription [57]. Altered regulation of both HSF1 and HSF2 may 
therefore mediate the high threshold for induction of the stress response in motor neurones. 
HSF1 has also been shown to be regulated by CHIP which mediates the ubiquination of 
denatured proteins, targeting them for degradation through the proteasomal pathway [83-85]. 
CHIP is essential for the transcriptional activation of HSF1 [83]. It may be significant that 
CHIP and HSC70 cooperate with another ubiquitin E3 ligase, Parkin in the degradation of the 
receptor Pael-R and that defects in this system mediate the changes involved in Parkinson’s 
disease [86]. It would thus be instructive to examine age related CHIP activity in relation to 
Parkin inactivation in neuronal cells [83,86]. In addition, it has been shown that when CHIP 
associates with Hsp70 and Hsp90 through its TPR domains it can lead to polyubiquilation of 
the molecular chaperones themselves in addition to their protein cargo [26]. Dysregulation of 
Hsp-CHIP interactions and altered Hsp degradation may thus also underlie some of the 
changes in Hsp levels that accompany aging [26]. It may also be significant that CHIP 
associates with expanded polyglutamine repeats that accumulate in cells over time and 
sequestration of CHIP by high concentrations of proteins bearing polyglutamine repeats may 
mediate the inhibition of HSF1 in neurodegeneration and aging [87]. Finally changes in the 
transcription of Hsp genes could occur on chromatin, at steps after the signaling stages 
described above, and alterations in DNA methylation and histone modification may mediate 
some of the changes in activity of HSF1 and heat shock promoters during aging. 

As discussed earlier, our understanding both of HSF1 regulation and HSP promoter 
function is increasing. The reduced levels of Hsp during aging, a decrease which makes 
neuronal tissues particularly vulnerable to protein damage and cell death, is due to age-
related alterations in expression at a number of regulatory levels. Alterations in HSF1 levels, 
modulations in the functional regulation of HSF1 and changes in the properties of HSP 
promoters have been observed. Although it is known that HSP promoters are coordinately 
regulated by HSF, stress induction of such promoters also involves other independent effects 
that influence RNA polymerase II activity and chromatin structure [88,89]. In addition other 
transcription factors target Hsp genes including the FOXO factor DAF 16 and STAT1 and 
changes in the activity of these factors are likely to make an impact on age-related gene 
expression [33,90].  

 
 

CONCLUSIONS 
 
Mammalian cells possess powerful mechanisms for protein quality control which permit 

(1) the resolution of aggregated proteins by molecular chaperones and (2) the degradation of 
proteins that fail to be salvaged by the molecular chaperone pathway through the ubiquitin-
proteasome system. Cross talk between these pathways is regulated by TPR domain proteins 
such as the scaffold protein HOP that permits assembly of molecular chaperone complexes 
and CHIP a ubiquitin E3 ligase that mediates the ubiquination and degradation of denatured 
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proteins. These TPR domain proteins compete for Hsp-denatured protein complexes and the 
outcome of this competition determines the fate of the damaged protein. During aging, the 
rate of transcription of the Hsp genes decreases and the Hsp as well the co-chaperones 
become sequestered in protein aggregates. This leads to a decline in activity of the protein 
quality control pathways, loss of vigor and the symptoms of aging.  
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ABSTRACT 
 

The causes of various neurodegenerative diseases, particularly sporadic cases, 
remain unknown, but increasing evidence suggests that these diseases may share similar 
molecular and cellular mechanisms of pathogenesis. One prominent feature common to 
most neurodegenerative diseases is the accumulation of misfolded proteins in the form of 
insoluble protein aggregates or inclusion bodies. Although these aggregates have 
different protein compositions, they all contain ubiquitin and proteasome subunits, 
implying a failure of the ubiquitin-proteasome system (UPS) in the removal of misfolded 
proteins. A direct link between UPS dysfunction and neurodegeneration has been 
provided by recent findings that genetic mutations in UPS components cause several 
rare, familial forms of neurodegenerative diseases. Furthermore, it is becoming 
increasingly clear that oxidative stress, which results from aging or exposure to 
environmental toxins, can directly damage UPS components, thereby contributing to the 
pathogenesis of sporadic forms of neurodegenerative diseases. Aberrations in the UPS 
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often result in defective proteasome-mediated protein degradation, leading to 
accumulation of toxic proteins and eventually to neuronal cell death. Interestingly, 
emerging evidence has begun to suggest that impairment in substrate-specific 
components of the UPS, such as E3 ubiquitin-protein ligases, may cause aberrant 
ubiquitination and neurodegeneration in a proteasome-independent manner. This chapter 
provides an overview of the molecular components of the UPS and their impairment in 
familial and sporadic forms of neurodegenerative diseases, and summarizes present 
knowledge about the pathogenic mechanisms of UPS dysfunction in neurodegeneration.  
 

Keywords: Neurodegenerative disorders, Aggregation, E3 ubiquitin-protein ligase, 
Deubiquitinating enzyme, Oxidative stress, Proteasome, Ubiquitin. 
 
 

ABBREVIATIONS 
 
Aβ, β-amyloid; AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis; APP, 

amyloid precursor protein; AR-JP, autosomal recessive juvenile Parkinsonism; CHIP, C 
terminus of Hsc70-interacting protein; CMT, Charcot-Marie-Tooth disease; DUB, 
deubiquitinating enzyme; E1, ubiquitin-activating enzyme; E2, ubiquitin-conjugating 
enzyme; E3, ubiquitin-protein ligase; ER, endoplasmic reticulum; ERAD, ER-associated 
degradation; HD, Huntington’s disease; HECT, Homologous to E6AP C terminus; HOIL-1, 
Haem-oxidized iron regulatory protein 2 ubiquitin ligase-1; IRP2, iron regulatory protein 2; 
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NO, nitric oxide; PD, Parkinson's 
disease; PGJ2, 15-deoxy-delta (12, 14)-prostaglandin J2; PrP, Prion protein; RING, Really 
Interesting New Gene; RNS, reactive nitrogen species; ROS, reactive oxygen species; SCA, 
spinocerebellar ataxia; SCA-3, spinocerebellar ataxia type-3; SIMPLE, small integral 
membrane protein of the lysosome/late endosome; Ub, ubiquitin; UBA, ubiquitin-associated; 
UBL, ubiquitin-like; UBP, ubiquitin processing protease; UCH, ubiquitin carboxy-terminal 
hydrolase; UCH-L1, ubiquitin carboxy-terminal hydrolase L1; UIM, ubiquitin-interacting 
motif; UPS, ubiquitin-proteasome system. 

 
 

INTRODUCTION 
 
Neurodegenerative diseases are characterized by the selective loss of neurons in specific 

brain regions and the deposition of misfolded proteins into aggregates or inclusions, such as 
neurofibrillary tangles and neuritic plaques in Alzheimer's disease (AD), Lewy bodies in 
Parkinson's disease (PD), Bunina bodies in amyotrophic lateral sclerosis (ALS), and nuclear 
and cytoplasmic inclusions in polyglutamine expansion disorders such as Huntington’s 
disease (HD) and spinocerebellar ataxias (SCAs) [1,2]. The accumulation of protein 
aggregates in these diseases is likely due to a chronic imbalance between the generation and 
clearance of misfolded proteins. Misfolded proteins can be generated by genetic mutations or 
chemical modifications such as oxidation and glycation. Pathogenic mutations, such as PD-
linked missense mutations in α-synuclein and HD-associated polyglutamine expansions in 
huntingtin, have been shown to cause neurodegeneration directly by inducing abnormal 
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protein conformations and aggregation [3]. Oxidative stress, which results from aging or 
exposure to pesticides and other environmental toxins [4], is a major cause of protein 
misfolding responsible for the progressive buildup of damaged proteins in common sporadic 
forms of neurodegenerative diseases. Since the ubiquitin-proteasome system (UPS) plays a 
major role in selective degradation of misfolded and damaged proteins, the accumulation of 
protein aggregates enriched with ubiquitin and components of the UPS in various 
neurodegenerative diseases [2,5] suggests a potential involvement of dysfunctional UPS in 
the formation of these aggregates.  

Remarkable progress has been made over the past several years in our understanding of 
the UPS and its diverse roles in regulation of numerous cellular processes, including neuronal 
function and dysfunction. We now know that the UPS is not just a constitutive degradation 
machine for garbage disposal, but rather, it is a complex and tightly regulated system for 
controlling ubiquitination and degradation of abnormal (misfolded or damaged) as well as 
normal proteins in cells [6,7]. Recent identification of mutations in UPS components as the 
genetic defects responsible for several monogenic familial forms of neurodegenerative 
diseases points to a causative role of UPS dysfunction in neurodegeneration. Studies of the 
mutant gene products have begun to suggest that abnormal protein ubiquitination could cause 
neurodegeneration in a proteasome-dependent and/or a proteasome-independent manner. 
Moreover, emerging evidence indicates that oxidative stress directly damages the UPS, and 
thereby contributes to the pathogenesis of sporadic forms of neurodegenerative diseases. In 
this chapter, we review recent advances in our understanding of the UPS and its regulation, 
and discuss the pathogenic mechanisms by which impaired UPS components cause 
neurodegeneration in familial and sporadic forms of neurodegenerative diseases.  

 
 

MOLECULAR COMPONENTS OF THE  
UBIQUITIN-PROTEASOME SYSTEM 

 
Protein degradation via the UPS is a major intracellular proteolytic pathway that not only 

eliminates misfolded and damaged proteins, but also selectively degrades normal cellular 
proteins, and thereby regulates diverse biological processes, including differentiation, 
neurotransmission, and apoptosis [7,8]. In the UPS, substrates are first tagged by covalent 
linkage to multiple molecules of ubiquitin, a 76-amino-acid polypeptide. The ubiquitinated 
substrate proteins are subsequently recognized and degraded by the 26S proteasome (Figure 
1). Conjugation of ubiquitin to a substrate is a multi-step process that requires sequential 
action of three enzymes. First, ubiquitin is activated by the ubiquitin-activating enzyme (E1) 
at the expense of ATP (see Chapter 3). The activated ubiquitin is then transferred to an 
ubiquitin-conjugating enzyme (E2). The ubiquitin-protein ligase (E3) specifically recognizes 
the substrate, which can be either a normal or an abnormal protein, and catalyzes the last step 
of the ubiquitination process, i.e., the transfer of the activated ubiquitin from the E2 to the 
substrate. In most cases, ubiquitin is covalently conjugated to the substrate through formation 
of an isopeptide bond between the carboxyl group of the C-terminal glycine residue on 
ubiquitin and the ε-amino group of a lysine residue on the substrate. Successive conjugation 
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of ubiquitin moieties to a lysine residue of the previously conjugated ubiquitin results in the 
formation of a polyubiquitin chain.  

A polyubiquitin chain containing at least four ubiquitin moieties linked through K48 
serves as a signal to target substrates for degradation by the 26S proteasome [6]. The 
proteasome is composed of a barrel-shaped 20S catalytic core, capped on either end by a 19S 
regulatory complex [9]. The 19S complex recognizes polyubiquitinated substrates and assists 
in unfolding and translocation of the substrate into the proteolytic chamber of the 20S core 
for degradation into small peptides. The polyubiquitin chain is removed from the substrate 
prior to entering the proteolytic core, and is recycled to free ubiquitin by the action of a 
deubiquitinating enzyme (DUB) (see Chapter 4). Recent evidence indicates that additional 
factors, such as proteins containing ubiquitin-like (UBL) and ubiquitin-associated (UBA) 
domains, are involved in the recognition and delivery of polyubiquitinated substrates to the 
26S proteasome for unfolding and degradation [10; and Chapter 5]. 
 

 

Figure 1. Molecular mechanisms of protein ubiquitination and degradation by the UPS. Ubiquitination 
involves a highly specific enzyme cascade in which ubiquitin (Ub) is first activated by the ubiquitin-
activating enzyme (E1), then transferred to an ubiquitin-conjugating enzyme (E2), and finally 
covalently attached to the substrate by an ubiquitin-protein ligase (E3). Ubiquitination is a reversible 
posttranslational modification in which the removal of Ub is mediated by a deubiquitinating enzyme 
(DUB). Substrate proteins can be either monoubiquitinated or polyubiquitinated through successive 
conjugation of Ub moieties to an internal lysine residue in Ub. K48-linked poly-Ub chains are 
recognized by the 26S proteasome, resulting in degradation of the substrate and recycling of Ub. 
Monoubiquitination or K63-linked polyubiquitination plays a number of regulatory roles in cells that 
are proteasome-independent. 

Although proteasome-mediated degradation is the best-known role of ubiquitination, it is 
becoming increasingly clear that ubiquitination also serves non-proteasomal functions to 
modulate protein activity, location, and interactions in a manner analogous to 
phosphorylation [11]. Monoubiquitination at single or multiple lysine residues of a substrate 
plays a signaling role in various biological processes, including endocytosis, endosomal 
sorting, histone modification, and viral budding [12]. Polyubiquitination linked through K63 
has been shown to modulate a number of cellular functions, such as DNA repair, translation, 
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kinase activation, and protein trafficking [6,11]. Interestingly, a recent study suggests that 
K63-linked polyubiquitination might have a role in the formation of protein inclusions in 
Parkinson’s disease [13] 

Protein ubiquitination and degradation via the UPS are highly specific and tightly 
regulated processes. Among the molecular components of the UPS, the E3 ligases are 
perhaps the most important players because they recruit the substrates for ubiquitination and 
determine the timing and specificity of protein degradation. E3 ligases are either single 
proteins or multi-subunit protein complexes. They are classified into two major groups: 
HECT (Homologous to E6AP C terminus) domain- and RING (Really Interesting New Gene) 
finger-containing E3s [7,14]. Another class of E3s that has been recently described is the U-
box-containing E3s, such as CHIP (C terminus of Hsc70-interacting protein), which may 
operate as an elongation factor (also known as E4) for the assembly of polyubiquitin chains 
on a substrate [15]. Furthermore, E3-mediated substrate recognition and ubiquitination can be 
modulated by phosphorylation, oxidation, and interactions with other proteins. This 
modulation is the primary regulated step in ubiquitin-mediated proteolysis [7]. Consistent 
with a crucial role for E3 ligases in selective protein ubiquitination, it is estimated that the 
human genome contains more than six hundred E3 ligases, in contrast to a single E1 
ubiquitin-activating enzyme and about two dozen E2 ubiquitin-conjugating enzymes 
[7,14,16]. Another group of key regulators of protein ubiquitination and degradation are the 
DUBs or deubquitinating enzymes, which catalyze the ubiquitin deconjugation reaction [17]. 
Although the functions of this group of enzymes remain largely unknown, the predicted 
presence of more than a hundred different DUBs in the human genome [17,18] suggests that 
DUBs play specific, diverse roles in regulation of cellular processes beyond simply recycling 
ubiquitin. In support of this notion, emerging evidence points to a role for DUB-mediated 
substrate-specific deubiquitination in modulation of gene silencing, protein trafficking, and 
NF-κB signaling [17]. 

A question important to understanding the pathogenesis of neurodegenerative diseases is 
how misfolded and damaged proteins are selectively recognized and degraded by the UPS. 
Although the ability of cells to selectively degrade abnormal proteins has been known for 
more than three decades, the molecular mechanisms underlying such selective degradation 
remain poorly understood. Recently, the U-box type E3 ubiquitin-protein ligase CHIP has 
been shown to ubiquitinate certain misfolded proteins in a process that requires molecular 
chaperone Hsp70 for recognition of misfolded substrates [19; and Chapter 19]. Furthermore, 
a novel E3 ligase, HOIL-1 [Haem-oxidized iron regulatory protein 2 (IRP2) ubiquitin ligase-
1], can specifically recognize and ubiquitinate oxidized IRP2 but not non-oxidized IRP2, and 
target oxidized IRP2 for degradation by the proteasome [20]. Thus, selective ubiquitination 
and degradation of misfolded and damaged proteins could be mediated through the binding of 
an E3 ligase or its co-factor(s) to an oxidation-induced motif or exposed hydrophobic regions 
due to misfolding. On the other hand, there is evidence suggesting that ubiquitination is not 
essential for proteasomal degradation of all abnormal proteins in cells [21]. For example, 
several oxidized proteins such as calmodulin and ovalbumin or ‘natively unfolded’ proteins, 
such as α-synuclein, have been shown to undergo ubiquitin-independent degradation by the 
proteasome [22,23]. At present, it is unclear how these unfolded proteins are selectively 
recognized by the proteasome. 
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UPS AND PROTEIN AGGREGATION 
 
Accumulation of protein aggregates containing misfolded proteins is a common 

pathological feature of many neurodegenerative diseases [1,2]. These protein aggregates 
exhibit strong immunoreactivity to antibodies against ubiquitin or ubiquitin-protein 
conjugates [24,25], providing the first clue that the UPS may play a role in aggregate 
formation and disease progression. The protein composition of these aggregates is disease-
specific. For example, α-synuclein is the major component of Lewy bodies in PD [26]; tau 
and β-amyloid (Aβ) peptides, which are cleavage products of the the amyloid precursor 
protein (APP), are the main constituents of intracellular neurofibrillary tangles and 
extracellular amyloid plaques in AD, respectively [27]. In addition to the core components, 
the aggregates also contain a variety of other proteins, many of which are posttranslationally 
modified by oxidation and nitration [28]. The core components of protein aggregates are 
usually natively unfolded, aggregation-prone proteins. A critical role for the accumulation of 
these core abnormal proteins in disease pathogenesis is underscored by the identification of 
mutations in the genes encoding these proteins. For instance, missense mutations in α-
synuclein and APP cause familial PD and AD, respectively [1]. Furthermore, an increase in 
the gene dosage, such as triplication or duplication of the α-synuclein locus [29,30], can also 
lead to disease, suggesting that excess levels of wild-type α-synuclein protein is sufficient to 
cause PD. 

Whether protein aggregates are cytotoxic or cytoprotective remains a hotly debated issue. 
The presence of protein aggregates in nearly every known neurodegenerative disease 
suggests that the protein aggregates per se, or some event associated with the protein 
aggregation process, is toxic to neurons. In support of this notion, many of the mutations that 
cause dominantly inherited neurodegenerative diseases have been shown to promote protein 
misfolding and aggregation [3]. For example, familial PD-linked missense mutations in α-
synuclein dramatically increase the propensity of α-synuclein to form aggregates both in vitro 
and in vivo [31,32]. Increasing evidence indicates that protein aggregation is a complex 
multi-step process that results in several different kinds of intermediates and products, 
including small, soluble oligomers; large, amorphous aggregates; and highly ordered, β-
sheet-rich fibrils [33]. Recent studies suggest that small oligomers or protofibrils may be the 
principal toxic species responsible for neuronal cell death [3]. In contrast, the microscopically 
visible fibrillar aggregates or inclusions may be inert or even be neuroprotective [2,34]. In 
cultured cells, it has been shown that one way the cell handles excess misfolded proteins, 
which could result from UPS impairment or increased oxidative stress, is to collect and 
compartmentalize misfolded proteins in specialized inclusions called aggresomes [35; and 
Chapter 12]. Aggresomes are thought to be cytoprotective because they sequester toxic, 
aggregated proteins and may facilitate their elimination by autophagy and lysosomal 
degradation [35,36]. Inclusion bodies found in neurodegenerative diseases, particularly Lewy 
bodies in PD, seem to share some similarities with aggresomes [37]. However, it remains 
unresolved whether these inclusion bodies are indeed aggresomes. 

The UPS plays a crucial role in protecting cells against the toxic effect of protein 
aggregation by degrading soluble, monomeric misfolded aggregation-prone proteins. 
Impairment in the UPS would increase the levels of aggregation-prone proteins and promote 
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the formation of toxic oligomers or protofibrils. Consistent with this notion, the proteasome 
has been shown to degrade α-synuclein [38], tau [39,40], and Aβ [41]. It is controversial 
whether the degradation of these proteins requires prior ubiquitination or not, because they 
are natively unfolded proteins, which can undergo ubiquitin-independent degradation by the 
20S proteasome in vitro [39,42]. In cultured cells, inhibition of the proteasome by treatment 
with the proteasome inhibitor MG132 or lactacystin results in increased aggregation and 
cytotoxicity of α-synuclein [43], tau [44], and Aβ [41]. Moreover, genetic screens in 
Drosophila have identified several loss-of-function mutants of UPS components as enhancers 
that augment the cytotoxicity induced by protein aggregation associated with polyglutamine 
expansion [45]. Recently, it was reported that systemic exposure of rats to proteasome 
inhibitors causes a PD-like phenotype, including the formation of ubiquitin/α-synuclein-
positive, Lewy body-like inclusions [46]. 

In contrast to its ability to degrade soluble, monomeric misfolded proteins, the 
proteasome is ineffective in degrading oligomeric protofibrils and large aggregates [9]. In 
fact, recent studies using GFP-based reporters of UPS activity in cultured cells suggest that 
the function of the UPS is severely impaired by accumulation of protein aggregates [47-49]. 
It has been proposed that misfolded proteins or aggregates may block the 26S proteasome due 
to their inability to fully enter the 20S catalytic pore or to exit from the proteasome (see 
Chapter 14). For example, expanded polyglutamine regions have been shown to be 
intrinsically resistant to degradation by purified proteasomes [50] and polyglutamine-
containing proteins are kinetically trapped within proteasomes [51]. Another proposed 
mechanism is that protein aggregates may indirectly impair UPS function by sequestering 
components of the UPS. Proteasome subunits and other UPS components are often found in 
inclusion bodies from human patients and animal models of neurodegenerative diseases [5]. 
This sequestration is thought to cause UPS impairment by depleting UPS components from 
their cellular sites of action [52]. Interestingly, both of the above models were challenged by 
a recent study [49], which reports that production of protein aggregates specifically targeted 
to either the nucleus or cytosol leads to global impairment of UPS function in both cellular 
compartments. Furthermore, UPS impairment can be observed in the absence of any 
detectable inclusion bodies, suggesting that intermediate forms of protein aggregates, such as 
small oligomers or protofibrils, may be the toxic species responsible for causing global UPS 
impairment [49].  

Although impairment of the UPS by protein aggregates is an attractive hypothesis, there 
is no in vivo data to support this theory. A recent study using a GFP-based reporter of UPS 
activity in a mouse model of the polyglutamine disease SCA7 has revealed no evidence for 
UPS impairment in the vulnerable neurons even at the terminal stages of pathogenesis [53], 
arguing against this hypothesis. More such experiments are needed to determine whether 
UPS is impaired by protein aggregates in other animal models of neurodegenerative diseases. 
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GENETIC MUTATIONS IN UPS COMPONENTS CAUSE 

FAMILIAL NEURODEGENERATIVE DISEASES 
 
Compelling evidence for a causative role of UPS dysfunction in neurodegeneration 

comes from identification of mutations in UPS components as the genetic defects responsible 
for several hereditary forms of neurodegenerative disorders (Table 1). The identified mutant 
genes encode either E3 or DUB enzymes, highlighting the importance of these two classes of 
key regulators of ubiquitination in the control of neuronal function and survival. To date, no 
pathogenic mutations have been found in the components of the 26S proteasome (see Chapter 
28).  
 

Table 1. UPS components mutated in familial neurodegenerative diseases 
 

Disease Inheritance Protein Function References 
Human     
Parkinson’s disease Recessive Parkin E3 [54] 
 Dominant UCH-L1 DUB/E3 [79] 
Charcot-Marie-Tooth disease Dominant SIMPLE E3 [74,75] 
Spinocerebellar ataxia type-3 Dominant Ataxin-3 DUB [86] 
Mouse     
Gracile axonal dystrophy Recessive UCH-L1 DUB/E3 [81] 
Spongiform neurodegeneration Recessive Mahogunin E3 [77,78] 

 
What is the pathogenic mechanism by which the mutations in each identified E3 and 

DUB enzyme causes neurodegeneration? This is an important question because the answer 
will provide novel insights for understanding and treating neurodegenerative diseases. 
Mutations in E3 or DUB enzymes are expected to result in abnormal ubiquitination. 
Depending on the type of ubiquitination affected, the mutations could cause 
neurodegeneration through two different mechanisms (Figure 2). In the first model, aberrant 
K48-linked polyubiquitination resulting from mutated E3 or DUB alters protein degradation 
by the proteasome, leading to accumulation of toxic proteins and subsequent 
neurodegeneration. In the second model, aberrant monoubiquitination or K63-linked 
polyubiquitination resulting from mutated E3 or DUB alters crucial non-proteasomal 
functions, such as gene transcription and protein trafficking, and thereby causes 
neurodegeneration without protein aggregation. Below, we summarize current information 
regarding the pathogenic mechanisms of the identified mutations in each associated 
neurodegenerative disease.  
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GENETIC MUTATIONS IN E3 LIGASES 
 

Parkin 
 
Loss-of-function mutations in parkin, a 465-amino-acid RING-type E3 ligase, were first 

identified as the cause for autosomal recessive juvenile Parkinsonism (AR-JP) and 
subsequently found to account for ~50% of all recessively transmitted early-onset PD cases 
[54-56]. Interestingly, patients with parkin mutations do not exhibit Lewy body pathology. 

 

 

Figure 2. Possible pathogenic mechanisms by which impaired UPS components cause 
neurodegeneration. Genetic mutations or oxidative stress from aging and/or exposure to environmental 
toxins have been shown to impair the ubiquitination machinery (particularly E3 ubiquitin-protein 
ligases) and deubiquitinating enzymes (DUBs), resulting in abnormal ubiquitination. Depending on the 
type of ubiquitination affected, the impairment could cause neurodegeneration through two different 
mechanisms. In the first model, aberrant K48-linked polyubiquitination resulting from impaired E3s or 
DUBs alters protein degradation by the proteasome, leading to accumulation of toxic proteins and 
subsequent neurodegeneration. The proteasomes could be directly damaged by oxidative stress or might 
be inhibited by protein aggregation, which exacerbates the neurotoxicity. In the second model, aberrant 
monoubiquitination or K63-linked polyubiquitination resulting from impaired E3s or DUBs alters 
crucial non-proteasomal functions, such as gene transcription and protein trafficking, thereby causing 
neurodegeneration without protein aggregation. These two models are not mutually exclusive because a 
single E3 or DUB enzyme, such as parkin or UCH-L1, could regulate more than one type of 
ubiquitination. In addition, abnormal ubiquitination and neurodegeneration could also result from 
mutation or oxidative stress-induced structural changes in the protein substrates that alter their 
recognition and degradation by the UPS. 
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However, these patients display selective loss of nigral dopaminergic neurons, 
suggesting that Lewy body formation is not necessary for causing neurodegeneration. The 
lack of Lewy bodies in AR-JP patients could imply that the normal function of parkin is 
required for the formation of Lewy bodies, or alternatively, parkin-mediated ubiquitination 
may have non-proteasomal functions so that parkin mutations would cause neurodegeneration 
without protein aggregation (the second model in Figure 2). 

The molecular mechanisms by which loss of parkin function causes neurodegeneration 
remain unclear. It has been widely hypothesized that loss of parkin E3 ligase function would 
result in accumulation of its potentially toxic substrates, which eventually leads to 
neurodegeneration [54-56]. In vitro and cell culture experiments reveal that parkin binds 
several E2 enzymes (UbcH7, UbcH8, Ubc6, and Ubc7), and regulates ubiquitination and 
degradation of a number of putative substrates, including CDCrel-1, synphilin-1, 
synaptotagmin XI, cyclin E, α/β tubulin, O-glycosylated α-synuclein, and the p38 subunit of 
the aminoacyl-tRNA synthetase complex [56-62]. In addition, parkin interacts with molecular 
chaperone Hsp70 and E3 ligase CHIP to facilitate ubiquitination and degradation of 
misfolded Pael-R [63,64] and polyglutamine-containing proteins [65]. Pael-R is a G-protein 
coupled receptor (GPR37) that, when overexpressed, accumulates in an unfolded form in the 
endoplasmic reticulum (ER) and induces ER stress, which ultimately results in cell death 
[63]. The Pael-R-induced cell death can be suppressed by co-overexpression of parkin [63], 
supporting a role for parkin in the ER-associated degradation (ERAD). Pael-R was found to 
accumulate in AR-JP patients [66] as well as in Lewy bodies of sporadic PD brains [67], 
suggesting that impairment in ERAD-related function of parkin may contribute to PD 
pathogenesis. 

An unexpected complexity in modeling human parkin mutations in animals is that parkin 
knockout mice exhibit very mild deficits and do not develop PD-like phenotypes [68-71]. 
Surprisingly, none of the above-mentioned parkin substrates was found to accumulate in the 
brains of parkin knockout mice, bringing doubt to the validity of these proteins as the 
physiological substrates of parkin [68,69]. However, if parkin were involved in regulation of 
monoubiquitination or non-K48-linked polyubiquitination of its substrates, then loss of 
parkin function would not lead to accumulation of the substrate proteins. Indeed, parkin has 
recently been shown to bind the dimeric E2 enzyme UbcH13/Uev1a and promote K63-linked 
polyubiquitination of synphilin-1 [13,72]. These results support the possibility that loss of 
parkin function could cause neurodegeneration in a proteasome-independent manner by 
altering K63-linked polyubiquitination of its substrates. 

 
 

Simple 
 
Charcot-Marie-Tooth disease (CMT) is a heterogeneous group of inherited peripheral 

neuropathies that affect motor and sensory nerves of the peripheral nervous system [73]. 
Recently, mutations in the gene encoding a putative E3 ligase, SIMPLE (small integral 
membrane protein of the lysosome/late endosome), have been identified as the genetic 
defects responsible for an autosomal dominant form of type 1 or demyelinating CMT [74,75]. 
Mutations in SIMPLE have also been linked to a type 2 form of CMT, which is characterized 
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by axonal degeneration [75]. SIMPLE contains a predicted RING finger [75] and binds the 
HECT-type E3 ligase Nedd4 [76], suggesting a potential function of SIMPLE as either a 
single subunit E3 ligase or a multi-subunit E3 ligase component. Although the E3 ligase 
activity of SIMPLE has not yet been determined, SIMPLE has been shown to bind Tsg101, a 
component of the ESCRT-I (endosomal sorting complex required for transport-I) complex 
that sorts monoubiquitinated membrane cargo proteins to the lysosomal pathway for 
degradation [76]. It is thus possible that SIMPLE may regulate monoubiquitination and 
subsequent trafficking of cargo proteins to the lysosomes. Mutations in SIMPLE may result 
in aberrant monoubiquitination and abnormal lysosomal trafficking, leading to peripheral 
nerve demyelination and degeneration. 

 
 

Mahogunin 
 
Spongiform neurodegeneration is a relatively rare type of pathology consisting mainly of 

vacuolation in neuronal cell bodies and processes, neuronal cell death, and astrocytosis. Prion 
diseases, also known as transmissible spongiform encephalopathies, are a group of human 
and animal disorders characterized by spongiform neurodegeneration and accumulation of the 
protease-resistant prion protein PrP-Sc in neurons (see Chapter 34). Interestingly, recent 
genetic studies reveal that a null mutation in the gene encoding a novel RING finger protein 
called mahogunin causes a recessively transmitted form of spongiform neurodegeneration in 
mice that includes many features of prion disease but without accumulation of protease-
resistant prion protein [77,78]. In vitro ubiquitination assays show that recombinant 
mahogunin protein exhibits E2 (Ubc5)-dependent auto-ubiquitination activity, suggesting 
that mahogunin functions as an E3 ligase [78]. The substrates of mahogunin remain to be 
identified. Prion protein (PrP) does not seem to be a substrate of mahogunin because 
mahogunin is unable to ubiquitinate PrP in vitro and there is no accumulation of PrP-Sc in 
the mahogunin mutant mice [78]. The lack of protein aggregates in the mahogunin mutant 
mice provides yet another example that mutation in an E3 could cause neurodegeneration 
without protein aggregation (the second model in Figure 2). It would be of interest to 
determine whether the mahogunin protein protects from prion-induced neurodegeneration 
and whether the mahogunin substrates have a role in regulation of PrP metabolism and/or 
other cellular pathways crucial for neuronal survivial. Further characterization of the E3 
ligase activity of mahogunin and its substrates should lead to novel insights into the 
molecular mechanisms underlying spongiform neurodegeneration and prion disease 
pathogenesis. 

 
 

GENETIC MUTATIONS IN DUB ENZYMES 
 

UCH-L1 
 
In addition to mutations in the E3 ligase parkin, genetic evidence supporting the 

involvement of UPS dysfunction in PD pathogenesis comes from the identification of an 
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I93M missense mutation in the gene encoding ubiquitin carboxy-terminal hydrolase L1 
(UCH-L1) in two siblings of a German family with autosomal dominant familial PD [79]. 
Although it is controversial whether the I93M variant is a pathogenic mutation or a rare 
polymorphism [80], a direct role for UCH-L1 in neurodegeneration has been clearly 
demonstrated by genetic studies in mice. Deletion of exons 7 and 8 containing the hydrolase 
catalytic residues of murine UCH-L1 causes gracile axonal dystrophy (gad), a recessively 
transmitted neurodegenerative disease characterized by progressive axonal degeneration in 
sensory and motor neurons in the gracile tracts of the spinal cord. Surprisingly, there is no 
neurodegeneration in the substantia nigra of the gad mice [81]. 

UCH-L1 is a highly abundant neuronal protein that possesses a well-characterized 
deubiquitinating activity for hydrolyzing C-terminal amides of ubiquitin to generate 
monomeric ubiquitin [82]. Such a hydrolase activity is believed to facilitate UPS-mediated 
protein degradation by recycling ubiquitin monomers [83]. In addition, UCH-L1 might also 
have a role in stabilizing ubiquitin monomers in vivo [84]. Thus, loss of UCH-L1 function 
would result in decreased cellular level of ubiquitin monomers and a general impairment of 
the UPS function, leading to toxic buildup of misfolded proteins. In support of this 
possibility, the gad mice display progressive accumulation of ubiquitin-positive protein 
aggregates in sensory and motor neurons [81,84].  

Intriguingly, UCH-L1 was reported to possess a second, dimerization-dependent E3 
ligase activity that adds ubiquitin to α-synuclein-ubiquitin conjugates via a K63 linkage [85]. 
This ligase activity is thought to be at least partly pathogenic because K63-linked 
polyubiquitination may inhibit K48 polyubiquitination-mediated α-synuclein degradation, 
leading to accumulation and aggregation of α-synuclein. Consistent with this idea, a S18Y 
polymorphic variant of UCH-L1 associated with decreased PD risk has been shown to exhibit 
reduced ligase activity but normal hydrolase activity in vitro [85]. Further characterization of 
UCH-L1 enzymatic activities and their substrate specificity in vivo is essential for 
understanding the role of UCH-L1 in the pathogenesis of PD and other neurodegenerative 
diseases.  

 
 

Ataxin-3 
 
Polyglutamine expansion in the coding region of ataxin-3 causes spinocerebellar ataxia 

type-3 (SCA-3; also known as Machado-Joseph disease), an autosomal dominant form of 
neurodegenerative polyglutamine disorder [86]. Like in other polyglutamine disease proteins 
such as huntingtin, the expanded polyglutamine stretch (> 50 glutamines) in ataxin-3 is 
thought to confer gain-of-function toxicity by inducing protein misfolding and aggregation, 
resulting in formation of nuclear and cytoplasmic inclusions [87]. Interestingly, homozygous 
SCA-3 patients with two mutant alleles exhibit earlier disease onset and more severe 
phenotypes than heterozygous individuals with one mutant allele [87], suggesting a role for 
the normal function of ataxin-3 in modulation of SCA-3 disease pathogenesis and 
progression. 

Recent bioinformatic analysis reveals that ataxin-3 contains two ubiquitin-interacting 
motifs (UIMs) and a Josephin domain that shares homology with the catalytic sites of UCH 
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(ubiquitin carboxy-terminal hydrolase) and UBP (ubiquitin processing protease) classes of 
DUB enzymes [88]. The solution structure of ataxin-3 Josephin domain has been solved by 
NMR, which confirms that this domain indeed assumes the papain-like cysteine protease fold 
characteristic of other DUBs [89]. Moreover, biochemical studies have demonstrated that 
ataxin-3 binds polyubiquitin chains through its UIMs and exhibits deubiquitinating activity 
[89,90]. Further analysis of ataxin-3 enzymatic activity suggests that ataxin-3 functions as a 
polyubiquitin chain-editing enzyme that shortens K48-linked polyubiquitin chains [89,91]. 
Ataxin-3 also associates with the proteasome and has been implicated in regulation of UPS-
mediated protein degradation [90,92]. A very recent study has shown that, while 
polyglutamine expanded mutant ataxin-3 protein induces neurodegeneration in Drosophila, 
wild-type human ataxin-3 suppresses neurotoxicity induced by polyglutamine disease 
proteins, including mutant ataxin-3 protein itself as well as mutant huntingtin protein [93]. 
These data suggest that the normal function of ataxin-3 is neuroprotective. 

 
 

IMPAIRMENT OF UPS COMPONENTS BY OXIDATIVE STRESS 

IN SPORADIC NEURODEGENERATIVE DISEASES 
 
Despite recent progress in identification of the genetic defects responsible for rare 

monogenic familial forms of neurodegenerative diseases, the causes of other forms of 
neurodegenerative diseases, particularly sporadic cases, remain largely unknown. Oxidative 
stress has been strongly implicated in the pathogenesis of many age-related 
neurodegenerative diseases, including AD, PD, and ALS [4,94,95]. For example, these 
diseases have been associated with increased production of reactive oxygen species (ROS) 
and/or impaired antioxidant defense systems, which could result from aging, genetic 
predisposition, and environmental factors [4]. Epidemiological studies suggest that exposure 
to pesticides, herbicides, and other environmental toxins that inhibit mitochondrial complex I, 
can lead to excess production of ROS and increased incidence of sporadic PD [96]. In 
addition to the mitochondria, the ER is also a major source of ROS [97,98]. ER stress caused 
by the accumulation of misfolded proteins, such as Pael-R in PD, leads to increased 
production of ROS which is damaging to neurons [99]. Dopaminergic neurons of the 
substantia nigra are thought to be particularly vulnerable to increased oxidative stress because 
of the intrinsic ability of dopamine to promote oxidative damage [100]. Consistent with this 
notion, oxidative stress induced by rotenone, paraquat, and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), has been shown to produce PD-like phenotypes in rodents [101]. 

In spite of the overwhelming evidence linking oxidative stress to the pathogenesis of PD 
and other neurodegenerative diseases, relatively little is presently known of the biochemical 
pathways by which increased oxidative stress leads to neuronal dysfunction and, ultimately, 
neuronal cell death. Although it was initially thought that targets of oxidative damage by 
reactive oxygen species were random and indiscriminate, it has become increasingly clear 
that the susceptibility of proteins to oxidative damage is highly dependent on specific 
properties of individual proteins, such as unique sequence motifs, surface accessibility, and 
subcellular localization [102,103]. Emerging evidence indicates that oxidative stress can 
directly damage UPS components (Table 2). The oxidative damage to the UPS may 
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contribute to neurodegeneration in sporadic neurodegenerative diseases in a manner similar 
to the genetic mutations of UPS components in causing familial neurodegenerative diseases 
(Figure 2).  

 
 

Oxidative Damage to the Ubiquitination Machinery 
 
As mentioned earlier, a majority of E3 ubiquitin-protein ligases in cells are RING finger-

containing E3s. The RING finger motif is a cysteine/histidine-rich (C3HC4), Zn2+-binding 
domain that serves as the E3 catalytic core with the binding site for the E2 enzyme [7,14]. 
The Zn2+-bound cysteine thiolate anion (Cys-S-) is more reactive than the sulfhydryl group 
(Cys-SH), and can be readily modified by a variety of ROS and reactive nitrogen species 
(RNS) [104]. For example, the cysteine residues in the RING finger of APC11, a component 
of the multi-subunit E3 called anaphase-promoting complex, are oxidized in response to 
oxidative stress induced by H2O2. The cysteine oxidation induces dissociation of Zn2+ from 
the RING finger and disrupts the E2-binding site, leading to the loss of E3 activity [105]. 
Such oxidative stress-induced inactivation mechanism may also apply to other RING-type E3 
ligases, including parkin. In fact, parkin has been reported to undergo misfolding and 
aggregation in response to H2O2 [106]. Furthermore, the cysteine residues in the RING 
fingers of parkin have been shown to be S-nitrosylated by nitric oxide (NO), resulting in a 
dramatic reduction in parkin’s E3 activity and neuroprotective function [107,108]. A very 
recent study has demonstrated that dopamine quinone, a reactive metabolite of dopamine 
oxidation, can covalently modify the cysteine residues in parkin RING fingers and 
functionally inactivate parkin, providing a mechanism linking the loss of parkin function with 
selective degeneration of dopaminergic neurons [109]. The dopamine-derived parkin adducts 
as well as S-nitrosylated parkin have been detected in brain samples from patients with 
sporadic PD [107-109], suggesting the involvement of oxidative and nitrosative stress-
induced damage to parkin in the pathogenesis of sporadic PD.  

In addition to E3s, E1 and E2 enzymes also contain reactive cysteine residues that have 
the potential to serve as the targets for oxidative and nitrosative stress-induced modifications. 
In support of this possibility, the E2 enzyme UbcH7 is robustly modified by dopamine 
quinone in vitro [109]. Since these cysteine residues participate in the formation of high-
energy thioester intermediates that are crucial for the catalysis of the ubiquitination reaction 
[7], oxidative and nitrosative stress-induced modifications of these residues would be 
expected to inactivate these enzymes, leading to a general inhibition of the UPS function 
which ultimately results in neuronal cell death in sporadic neurodegenerative diseases. 

 
 

Oxidative Damage to DUB Enzymes 
 
The most widely used marker for oxidative damage to proteins is the presence of 

carbonyl groups, which can be introduced into proteins by direct oxidation of Pro, Arg, Lys, 
and Thr side chains, or by Michael addition reactions with products of lipid peroxidation or 
glycooxidation [94,102,103]. Postmortem analyses reveal that the total levels of protein 



Impairment of UPS: A Common Pathogenic Mechanism 567

carbonyls are elevated in brains from patients with AD, PD, or other neurodegenerative 
diseases [28,110]. However, the identities of the oxidized proteins that have been altered by 
carbonylation or other types of oxidation remain largely unknown. As a first step towards a 
molecular understanding of the pathogenic mechanism of oxidative stress in 
neurodegenerative diseases, we performed a search for specific protein targets of oxidative 
damage in sporadic AD and PD brains by using a proteomic approach that combined two-
dimensional gel electrophoresis, immunological detection of protein carbonylation, and mass 
spectrometry [111]. Interestingly, a major target of oxidative damage in AD and PD that we 
identified is UCH-L1. As described earlier, UCH-L1 is a DUB/E3 dual function enzyme 
whose mutations have been linked to early-onset familial PD in human and to gracile axonal 
dystrophy in mouse. 

 
Table 2. UPS components damaged by oxidative 

stress in sporadic neurodegenerative diseases  
 

Protein Function Modification In vitro Diseases References 
Ubiquitination/deubiquitination machinery 
Parkin E3 S-nitrosylation Yes PD  [107,108] 
  Dopamine adduct Yes PD [109] 
APC11 E3 subunit Cys oxidation Yes n.d.  [105] 
UbcH7 E2 Dopamine adduct Yes n.d.  [109] 
UCH-L1 DUB/E3 Carbonylation n.d. PD, AD [111] 
  Met oxidation n.d. PD, AD [111] 
  Cys oxidation n.d. PD, AD [111] 
  HNE adduct Yes n.d. [112] 
26S proteasome 
S6 ATPase 19S cap subunit Carbonylation Yes n.d. [115] 
α6 20S core subunit HNE adduct Yes n.d. [116] 
α2, α6, α7 20S core 

subunits 
HNE adduct Yes IRI [117] 

β subunits 20S catalytic 
subunits 

Acrolein adduct Yes n.d. [118] 

HNE, 4-hydroxy-2-nonenal; IRI, ischemia/reperfusion injury; n.d., not determined. 
 
In addition to carbonylation, we found that UCH-L1 is also oxidatively modified by 

methionine oxidation and cysteine oxidation in sporadic AD and PD brains [111]. Oxidative 
damage to UCH-L1 by the identified modifications may result in irreversible alteration in the 
conformation and/or DUB/E3 enzymatic activities of UCH-L1, and thus has deleterious 
effects on neuronal function and survival similar to the pathogenic effects caused by the 
UCH-L1 genetic mutations as described earlier. Consistent with this notion, a recent in vitro 
study showed that the DUB activity of recombinant UCH-L1 was decreased upon oxidation 
of UCH-L1 by 4-hydroxy-2-nonenal, a lipid peroxidation product that generates carbonyl 
groups in proteins via Michael addition reactions [112]. Oxidative modifications may also 
render UCH-L1 itself more resistant to proteolysis and promote its aggregation into hallmark 
lesions of AD and PD brains. In support of this possibility, we and other groups have found 
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the presence of abundant UCH-L1 protein in neurofibrillary tangles in AD and in Lewy 
bodies in PD brains [111,113].  

Although UCH-L1 is the only identified DUB that is oxidatively damaged in sporadic 
neurodegenerative diseases, it is possible that other DUBs might also be the targets for 
oxidative and nitrosative stress-induced modifications. Out of the five known classes of DUB 
enzymes, four classes are cysteine proteases [17]. The active site cysteine residues usually 
have high propensity for being modified by a variety of ROS and RNS [104]. Modifications 
of the active site cysteine residues would inactivate DUB enzymes and result in abnormal 
protein ubiquitination and degradation, thereby contributing to the pathogenesis of sporadic 
neurodegenerative diseases (Figure 2). 

 
 

Oxidative Damage to the Proteasome 
 
Accumulating evidence indicates that oxidative stress not only impairs the 

ubiquitination/deubiquitination machinery, but also causes direct damage to the 26S 
proteasome (Table 2). The endogenous product of inflammation 15-deoxy-delta (12, 14)-
prostaglandin J2 (PGJ2) is a potent inducer of intracellular oxidative stress implicated in the 
pathogenesis of a number of neurodegenerative diseases, including AD, PD, and ALS [114]. 
A recent proteomic study has shown that in human neuroblastoma SH-SY5Y cells, one of the 
subunits in the 19S regulatory complex of the 26S proteasome, S6 ATPase, is oxidatively 
damaged by carbonylation in response to oxidative stress induced by PGJ2 or H2O2 [115]. 
The oxidative damage to S6 ATPase is accompanied by a significant reduction in the S6 
ATPase activity and in the ability of the 26S proteasome to degrade substrate proteins. In 
addition, the lipid peroxidation product 4-hydroxy-2-nonenal, a putative endogenous 
mediator of oxidative stress, has been shown to modify several α subunits (α2, α6, α7) of the 
20S proteasome and inhibit the proteasome activity in vitro [116] as well as in a rat model of 
ischemia/reperfusion injury [117]. Furthermore, in SH-SY5Y cells, PD-associated 
environmental toxin rotenone has been shown to inhibit the proteasomal proteolytic activity 
by inducing oxidative modification of the catalytic β subunits of the 20S proteasome with the 
lipid peroxidation product acrolein [118]. 

The susceptibility of the proteasome components to oxidative stress-induced 
modifications as described above raises the possibility that the 26S proteasome is oxidatively 
damaged in brains of patients with sporadic neurodegenerative diseases. However, it remains 
to be determined whether this indeed is the case. Recently, the levels of 20S proteasome α 
(but not β) subunits and 20S proteasomal enzymatic activities have been reported to be 
reduced selectively in the substantia nigra of sporadic PD patients compared to age-matched 
controls [119,120]. Furthermore, an animal model study has shown that systemic exposure to 
proteasome inhibitors causes rats to develop PD-like phenotypes, including dopaminergic 
neurodegeneration, motor behavioral deficits, and accumulation of Lewy body-like protein 
aggregates [46]. These findings suggest that proteasome impairment plays a crucial role in 
the pathogenesis of sporadic PD.  

In addition to being damaged via direct oxidation of its subunits, the proteasome may be 
blocked or inhibited by oxidative stress-induced misfolded proteins and aggregates 
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[47,48,121]. However, as pointed out earlier, the evidence supporting this view has come 
from studies using purified proteasome or cultured cells. It remains to be resolved whether 
oxidized proteins or aggregates can directly inhibit the proteasome in vivo. 

 
 

CONCLUSIONS 
 
The UPS is an elaborate system that not only controls protein degradation via 

proteasome-mediated proteolysis, but also regulates protein function via multiple types of 
ubiquitination. Recent genetic studies of familial forms of neurodegenerative diseases have 
provided direct evidence linking dysregulation of ubiquitination to neurodegeneration. The 
list of disease-causing mutations in E3 ubiquitin-protein ligases and deubiquitinating 
enzymes is growing. Identification of the physiological substrates and the cellular processes 
that are regulated by each of these enzymes is crucial for understanding the role of the UPS in 
neuronal function and survival. It is important to investigate the proteasome-dependent as 
well as the proteasome-independent mechanisms of aberrant ubiquitination in the 
pathogenesis of neurodegenerative diseases. Moreover, future studies are needed to better 
understand the interplay between UPS dysfunction, oxidative stress, and protein aggregation. 
A mechanistic understanding of the UPS and its malfunction in various neurodegenerative 
diseases will undoubtedly facilitate the development of novel rational therapies for treating 
these devastating disorders.  
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ABSTRACT 
 

The accumulation of unfolded, misfolded or damaged proteins in cells is a threat to 
cell survival. The ubiquitin-proteasome system (UPS) is responsible for the degradation 
of these abnormal proteins. UPS dysfunction has been postulated to play a key role in the 
pathogenesis of neurodegenerative diseases such as Alzheimer’s and Parkinson’s 
diseases. Both normal and misfolded proteins can undergo highly specific degradation by 
the UPS. Selective degradation of correctly folded proteins underlies many cellular 
regulations. Examples include degradation of cyclins or their inhibitors in the regulation 
of the cell cycle and the degradation of IκB in the activation of immunity responses. The 
endoplasmic reticulum (ER) is the site of synthesis of membrane proteins and secretory 
proteins. In the ER, defective or unfolded proteins are degraded [a process known as ER-
associated proteins degradation (ERAD)], whereas correctly folded proteins are spared. 
In the familial form of Alzheimer’s disease, transcriptional misreading of the stress-
induced polyubiquitin gene produces ubiquitin with aberrant C-terminal extensions that 
competitively inhibit proteasomal function. This inhibition of UPS may impair ERAD, 
thereby causing the accumulation of misfolded proteins in the ER, resulting in ER stress 
and induction of cell death through the activation of calpain and caspase-3. Proteasome 
inhibitors such as lactacystin have been reported to activate the pro-apoptotic 
transcription factor C/EBP-homologous protein (CHOP) and to cause cell death in 
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cultured cortical neurons. Although the inhibition of proteasomes has been linked to cell 
death, recent studies have shown that, below a threshold level, proteasome inhibition can 
activate neuroprotective responses — proteasome inhibition has been shown to induce 
various molecular chaperones such as heat shock proteins (HSPs) that increase cell 
tolerance to the accumulation of unfolded and damaged proteins, stimulate the expression 
of UPS components through a feedback mechanism, and suppress inflammatory 
responses by inhibiting IκB degradation. Although the inhibition of proteasomes may 
stimulate neuroprotective responses, prolonged ER stress ultimately leads to apoptosis. 
Further studies to elucidate the impact of proteasomal inhibition on other cellular 
signaling pathways may provide insights on the interplay between the UPS and cell 
physiology. A better understanding of the function and activation of the neuroprotective 
or pro-apoptotic responses would provide a means to manipulate this pathway in order to 
cure diseases associated with unfolded proteins. Much remains to be discovered about 
the inducibility and functioning of chaperones and neuroprotective ubiquitin-proteasome 
pathways in neurons. Such studies would be useful, since genetic polymorphism in these 
protective systems and changes in their expression with ageing may play critical roles in 
the accumulation of unfolded or damaged proteins, and in the pathogenesis of disease. 
Moreover, pharmacological induction or activation of these protein repair-and-
degradative systems could in future be developed into innovative therapies for 
neurodegenerative diseases. 
 

Keywords: Neuroprotective, pro-apoptotic, neuron, microarray, lactacystin. 
 
 

ABBREVIATIONS 
 
ARJP, autosomal recessive juvenile parkinsonism; Atf4, activating transcription factor 4; 

ATF6, activating transcription factor 6; C/EBP, CCAAT/enhancer binding protein; Cebpb, 
C/EBP beta; CHOP, C/EBP-homologous protein; COX-2, cyclooxygenase-2; Ddit3, DNA-
damaged inducible transcripts 3; EGCG, (-)-epigallocatechin-3-gallate; ER, endoplasmic 
reticulum; ERAD, ER associated proteins degradation; EST, expressed sequence tag; GSH, 
reduced glutathione; HSP, heat shock protein; ROS, reactive oxygen species; SREBP, sterol 
regulatory element binding proteins; UBB, ubiquitin B; UPS, ubiquitin-proteasome system. 

 
 

INTRODUCTION 
 

Aggregation of Misfolded Proteins and Neurodegeneration 
 
The abnormal accumulation of misfolded proteins as protein aggregates in neurons is a 

hallmark of many neurodegenerative diseases [1] and can lead to stress and cell death [2]. 
Misfolded proteins tend to aggregate because the normally buried hydrophobic domains of 
these proteins associate with one another. Eukaryotic cells have two main strategies to 
counteract the formation of such protein aggregates. First, the induction of heat shock 
proteins (HSPs) and molecular chaperones that are involved in the protein refolding systems 
and second, targeted degradation of damaged and misfolded proteins by the UPS [3,4,5]. In 
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conditions where UPS activity is affected, the homeostasis between protein synthesis and 
protein degradation is disrupted, and protein aggregation occurs [6]. The dysfunction of UPS 
has been proposed as one of the main causes of neurodegeneration [1,7,8]. The identification 
of a number of genes responsible for rare familial forms of neurodegenerative diseases has 
provided insights into the underlying mechanisms of these diseases [9,10]. For example, loss-
of-function mutations in the gene encoding ubiquitin protein ligase (E3), Parkin, are linked to 
autosomal recessive juvenile parkinsonism (ARJP) [9,11,12], while over-expression of Parkin 
could counter misfolded protein stress-induced cell death [2]. Recent studies also revealed a 
frame-shift mutation of the ubiquitin B gene (UBB) that produces a variant form of ubiquitin, 
UBB+1, a major component in intracellular protein inclusions in Alzheimer’s disease and 
progressive supranuclear palsy. This mutation results in the absence of the C-terminal G76 of 
ubiquitin, preventing the ligation of UBB+1 to target protein substrates or poly-ubiquitin 
chains. Instead, UBB+1 is itself readily poly-ubiquitinated, so that it acts as a potent 
competitive inhibitor of 26S proteasome [13,14,15].  

Familial types of neurodegenerative diseases, such as certain forms of Parkinson’s 
disease, are linked to loss-of-function mutations of ubiquitin ligase. The sporadic forms of 
neurodegeneration are, however, often associated with ageing. In ageing cells, the capacity to 
handle the accumulation of misfolded or damaged proteins is insufficient to prevent their 
accumulation and resultant toxicity [16]. Furthermore, recent studies reported that expression 
of neuroprotective antioxidants and molecular chaperones decreases in ageing cells [16; and 
Chapter 22]. The resultant accumulation of misfolded protein aggregates leads to inhibition 
of the UPS.  

The expression, functions and regulation of heat shock proteins (HSPs), molecular 
chaperones and the UPS components in mammalian cells are largely not well understood (see 
Chapter 19). Investigations in these areas could therefore provide valuable insights into the 
molecular mechanisms behind the pathogenesis of neurodegenerative diseases. 
Pharmacological induction or activation of these protein repair-and-degradative systems 
could lead to the development of innovative therapies for neurodegenerative diseases [1].  

Proteasome inhibitors have been used widely in the study of the UPS system in 
mammalian cells [17,18]. In addition to being useful research tools for dissecting the roles of 
the proteasome, these inhibitors have potential applications in biotechnology and medicine. 
Proteasome inhibitors are known to induce cell death [19]. On the other hand, they can also 
protect cells against other insults. For example, the proteasome inhibitor MLN-519 has been 
shown to be very effective in suppressing the production of inflammatory mediators in stroke 
models [20]. Furthermore, proteasome inhibition can also induce the synthesis of various 
HSPs, which increase tolerance of cells to stressful conditions [21]. It appears that 
proteasome inhibition induces both protective and apoptotic effects in mammalian cells, 
depending on the presence or absence of a number of factors (see Chapter 21 and [19,22]). 
The factors that seem to be involved in these contradictory outcomes of proteasome 
inhibition are (i) the duration of exposure, (ii) the concentration of proteasome inhibitor used, 
(iii) the type of cells used and (iv) the type of proteasome inhibitor used [19,23,24].  

The fundamental objectives in any neurodegeneration and neuroprotection research are 
to determine the factors constituting the primary event, the sequence in which these events 
occur, and whether they act in concurrence in the pathogenic process [25]. Our study of genes 
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differentially expressed during lactacystin-induced neuronal apoptosis using microarray 
technique has shown the induction of potentially neuroprotective and pro-apoptotic 
transcriptional responses [22]. However, the sequence of events leading to the process of 
neuronal apoptosis is not clear. This paper focuses on our research findings from the time 
course microarray study of the genes differentially expressed during lactacystin-induced 
neuronal apoptosis, and on other recent findings in this area of research. Our microarray 
study revealed that treatment of cultured cortical neurons with 1 μM lactacystin resulted in 
apoptosis and a large number of genes being differentially expressed: out of a total of 12488 
genes and expressed sequence tags (ESTs) in the murine genome GeneChip® U74Av2, the 
expressions of 1168 genes were enhanced more than two-fold, according to the one-way 
ANOVA, p<0.01. Some of these genes were potentially neuroprotective, while others were 
potentially pro-apoptotic. These genes were grouped according to their biological functions 
and the significance of the findings is described in the following section.  

 
 

UBIQUITIN-PROTEASOME SYSTEM 
 
It is now evident that the UPS plays an important role in the degradation of misfolded 

and unfolded proteins in neurons [1,26]. Alterations in proteasomal functions have been 
found in ageing (review in [27]) and neurodegenerative diseases [28]. For example, a recent 
study reported that the expression of genes encoding proteasome subunits were down-
regulated in the substantia nigra pars compacta area of brains of Parkinson’s disease 
patients, suggesting that robust transcription of proteasome subunits might play an important 
role in the survival of neuronal cells under stress conditions [28]. 

An inspection of our microarray data reveals that the genes encoding components of the 
UPS system are the earliest to be up-regulated during proteasomal inhibition by lactacystin 
(Table 1). We attribute the changes of UPS gene expression to the response to the 
accumulation of unfolded proteins in neurons. How these genes are regulated in mamalian 
cells is not clear. In yeast (Saccharomyces cerevisiae), however, genes encoding proteasomal 
subunits are preceeded by a common upstream activating cis-element called the proteasome-
associated control element. This proteasome-associated control element serves as a target 
sequence for the transcription factor Rpn4 that activates proteasomal gene expression in a 
concerted manner [29]. Interestingly, Rpn4 is also a substrate of the 26S proteasome. Thus, 
the same protein that regulates and induces proteasome synthesis is also degraded by the 
proteasome, constituting a negative feedback circuit. More recently, Rnp4 was found to be 
responsible for the elevation of cellular levels of proteasome subunit mRNAs, in response to 
various stress conditions such as the abnormal accumulation of misfolded proteins, 
suggesting that Rpn4, in yeast, is indeed a master regulator responsible for the ability of the 
cell to compensate for proteasome inhibition [30,31]. 

The regulation of the expression of proteasomal subunit genes in mamals is not well 
understood. Meiners et al. reported that proteasomal inhibition resulted in a transient and 
concerted up-regulation of all 26S proteasome subunit mRNAs, as well as an enhanced 
synthesis of all proteasomal subunits, and an increase in the number of proteasomes. This is 
the first report that the number of proteasomes in mammalian cells is regulated at the 
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transcriptional level, and that there exists an autoregulatory feedback mechanism that allows 
for the compensation of reduced proteasomal activity [32,33].  
 

Table 1. Genes differentially expressed during lactacystin treatment: UPS 
 

 
Ubiquitin-proteasome system Time point (h)  

Probe id Symbol Gene title 4.5 7.5 24 48 Genbank

100955_at 2700084L22Rik RIKEN cDNA 2700084L22 gene 2.24 ± 0.26 1.53 ± 0.11 1.06 ± 0.11 1.38 ± 0.16 AA989957 
95600_at Arih2 ariadne homolog 2 (Drosophila) 2.61 ± 0.14 4.11 ± 0.14 1.24 ± 0.15 -1.05 ± 0.19 AJ130975 
96892_at Psma1 proteasome subunit, alpha type 1 2.79 ± 0.09 3.37 ± 0.10 2.49 ± 0.20 -1.06 ± 0.14 AI836804 
92544_f_at Psma3 proteasome subunit, alpha type 3 2.45 ± 0.09 2.83 ± 0.06 1.74 ± 0.14 -1.04 ± 0.15 AF055983 
94841_at Psma5 proteasome subunit, alpha type 5 2.16 ± 0.08 2.69 ± 0.10 2.48 ± 0.30 1.01 ± 0.21 AW048997
93988_at Psma7 proteasome subunit, alpha type 7 2.60 ± 0.08 3.53 ± 0.07 2.35 ± 0.13 -1.09 ± 0.19 AI836676 
98113_at Psmb1 proteasome subunit, beta type 1 1.52 ± 0.07 1.80 ± 0.06 2.00 ± 0.10 1.04 ± 0.17 U60824 
94219_at Psmb2 proteasome subunit, beta type 2 1.57 ± 0.06 2.28 ± 0.09 2.63 ± 0.39 -1.20 ± 0.22 AI853269 
94025_at Psmb3 proteasome subunit, beta type 3 2.78 ± 0.06 4.50 ± 0.20 3.22 ± 0.21 1.10 ± 0.24 AW045339
98557_f_at Psmb4 proteasome subunit, beta type 4 2.21 ± 0.06 2.26 ± 0.07 1.95 ± 0.11 1.03 ± 0.19 U65636 
101992_at Psmb6 proteasome subunit, beta type 6 1.99 ± 0.10 2.60 ± 0.07 2.40 ± 0.16 -1.11 ± 0.18 U13393 
160152_at Psmc1 proteasome 26S subunit, ATPase 1 2.28 ± 0.12 3.79 ± 0.09 2.29 ± 0.16 -1.06 ± 0.13 U39302 
95448_at Psmc2 proteasome 26S subunit, ATPase 2 2.58 ± 0.09 2.53 ± 0.07 2.49 ± 0.26 -1.16 ± 0.13 AI839371 
93734_i_at Psmc3 proteasome 26S subunit, ATPase 3 2.71 ± 0.07 3.13 ± 0.11 2.27 ± 0.12 -1.05 ± 0.13 D49686 
103319_at Psmd10 proteasome 26S subunit, non-ATPase, 10 2.21 ± 0.10 1.19 ± 0.10 -1.21 ± 0.10 1.49 ± 0.18 AB022022 
160305_at Psmd11 proteasome 26S subunit, non-ATPase, 11 5.34 ± 0.07 5.03 ± 0.27 2.75 ± 0.17 1.02 ± 0.12 AW121693
93971_f_at Psmd12 proteasome 26S subunit, non-ATPase, 12 3.34 ± 0.06 3.62 ± 0.20 2.56 ± 0.31 -1.09 ± 0.17 AI838669 
95742_at Psmd13 proteasome 26S subunit, non-ATPase, 13 1.59 ± 0.07 2.30 ± 0.07 1.92 ± 0.11 1.02 ± 0.15 AW045451
97274_at Psmd14 proteasome 26S subunit, non-ATPase, 14 2.26 ± 0.06 2.72 ± 0.09 2.22 ± 0.18 -1.18 ± 0.14 Y13071 
92769_at Psmd3 proteasome 26S subunit, non-ATPase, 3 1.12 ± 0.07 2.95 ± 0.07 1.95 ± 0.12 -1.12 ± 0.11 M25149 
94302_at Psmd4 proteasome 26S subunit, non-ATPase, 4 2.85 ± 0.07 5.29 ± 0.12 3.07 ± 0.35 -1.05 ± 0.21 AF013099 
96698_at Psmd5 proteasome 26S subunit, non-ATPase, 5 1.94 ± 0.07 2.79 ± 0.13 1.46 ± 0.19 -1.06 ± 0.14 AI835520 
103350_at Psmd7 proteasome 26S subunit, non-ATPase, 7 2.38 ± 0.08 3.03 ± 0.08 1.88 ± 0.30 -1.31 ± 0.15 M64641 
98522_at Psmd8 proteasome 26S subunit, non-ATPase, 8 2.30 ± 0.13 2.38 ± 0.10 1.38 ± 0.10 -1.11 ± 0.15 AI839158 
95124_i_at Rbx1 ring-box 1 3.18 ± 0.11 2.00 ± 0.19 1.13 ± 0.15 -1.21 ± 0.17 AW122337
160205_f_at Rnf11 ring finger protein 11 2.04 ± 0.06 1.74 ± 0.09 1.01 ± 0.11 -1.29 ± 0.11 AB024427 
101966_s_at Rnf13 ring finger protein 13 2.09 ± 0.09 3.13 ± 0.12 1.00 ± 0.10 1.13 ± 0.12 AF037206 
93164_at Rnf2 ring finger protein 2 1.79 ± 0.10 3.25 ± 0.17 -1.57 ± 0.10 -1.12 ± 0.14 Y12783 
96961_at Rnf110 ring finger protein 110 3.08 ± 0.15 1.55 ± 0.15 -1.08 ± 0.17 1.14 ± 0.17 AI503821 
101069_g_at Mkrn1 makorin, ring finger protein, 1 1.96 ± 0.09 3.10 ± 0.08 -1.25 ± 0.12 -1.32 ± 0.12 AA656621 
100985_at Siah1a seven in absentia 1A 1.86 ± 0.07 2.33 ± 0.09 1.16 ± 0.11 -1.40 ± 0.12 Z19579 
101255_at Ubb ubiquitin B 3.10 ± 0.07 3.62 ± 0.06 1.08 ± 0.15 -1.19 ± 0.14 X51703 
95215_f_at Ubc ubiquitin C 4.04 ± 0.09 4.79 ± 0.07 1.39 ± 0.16 -1.25 ± 0.12 D50527 
102812_i_at Ube1dc1 ubiquitin-activating enzyme E1-domain 

containing 1 
1.82 ± 0.11 2.30 ± 0.06 1.66 ± 0.14 1.06 ± 0.13 AW210346

93069_at Ube2d2 ubiquitin-conjugating enzyme E2D 2 2.46 ± 0.10 2.13 ± 0.12 1.08 ± 0.14 -1.30 ± 0.13 U62483 
101581_at Ube3a ubiquitin protein ligase E3A 3.65 ± 0.08 1.93 ± 0.09 1.24 ± 0.11 -1.20 ± 0.10 U82122 
94018_at Ubl3 ubiquitin-like 3 2.17 ± 0.06 1.57 ± 0.07 1.41 ± 0.13 1.13 ± 0.15 AW120725
95601_at Ubqln1 ubiquilin 1 1.31 ± 0.06 2.30 ± 0.10 1.08 ± 0.10 -1.29 ± 0.17 AW125420
93303_at Ufd1l ubiquitin fusion degradation 1 like 2.49 ± 0.07 4.45 ± 0.07 2.05 ± 0.34 -1.43 ± 0.16 U64445 
161870_at Usp15 ubiquitin specific protease 15 3.77 ± 0.09 -3.28 ± 0.12 -1.57 ± 0.12 1.50 ± 0.24 AV359471
99085_at Usp3 ubiquitin specific protease 3 1.42 ± 0.14 2.55 ± 0.07 1.26 ± 0.12 1.03 ± 0.13 AI021421 
99086_g_at Usp3 ubiquitin specific protease 3 1.73 ± 0.10 2.74 ± 0.11 1.14 ± 0.12 -1.23 ± 0.15 AI021421 
160724_at Usp49 ubiquitin specific protease 49 2.06 ± 0.24 2.51 ± 0.08 -1.06 ± 0.10 -1.06 ± 0.11 AJ245617 

 
Gene expression indicated as FC±SE where FC=fold change; SE=Standard Error.   

 
Our microarray data showed that besides those of proteasome subunits, the genes 

encoding ubiquitin (Ubb), ubiquitin-conjugating enzymes E2 (Ubc, Ube2d2) and ubiquitin 
protein ligase E3A (Ube3a) were also significantly up-regulated during the early phase of 
lactacystin treatment (Table 1). Since these proteins play important roles in the degradation 
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of proteins, it is perhaps not surprising that these proteins, too, were up-regulated during 
proteasome inhibition. Both Ubb and Ubc genes were reported to be up-regulated following 
ischemia injury in animal models [34]. They might therefore play a role in degrading 
denatured proteins resulting from oxidative stress during injury [34]. It was reported recently 
that the overexpression of wild-type or mutant ubiquitin transgenes resulted in a small but 
significant delay in the onset of clinical symptoms, and mild acceleration of familial 
amyotrophic lateral sclerosis, respectively, in an animal model, although the neuroprotective 
mechanism at present is not clear [35].  

The other group of proteins that shows early up-regulation is the ring finger proteins. 
Ring finger proteins have the consensus sequence CX2CX(9-39)CX(1-3)HX(2-
3_C/HX2CX(4-48)CX2C, with Cys and His representing zinc-binding residues (review in 
[36]). Recent studies demonstrated that many ring finger-containing proteins are ubiquitin 
protein ligases (E3s) (review in [36,37]). Ring finger-containing E3s play pivotal roles in 
diverse cellular processes, and mutations in genes encoding these ubiquitin ligases are 
implicated in diseases such as juvenile parkinsonism [36]. Ring finger E3s also play key roles 
in the quality control of protein synthesis. For example, Hrd1p is a yeast ER membrane ring 
finger protein that regulates the degradation of abnormal ER protein via the UPS. Therefore, 
ring finger proteins might have a neuroprotective role against the accumulation of abnormally 
folded proteins in neurons. 

In a recent study, Lee et al. showed that pretreatment of cultured neocortical neurons 
with proteasome inhibitors increased proteasome activity and reduced the vulnerability of 
these neurons to oxidative injury [38]. In another study, the over-expression of one 
proteasome subunit (Psmb5) alone was able to increase the amount of assembled 
proteasomes, and conferred protection against oxidative stress in primary IMR90 human 
fibroblasts [39]. Taken together, these observations and our microarray data (Table 1) suggest 
that genes that encode components of the UPS can be induced by proteasome inhibitors, and 
the up-regulation of these genes has a neuroprotective role in neurons. 

 
 
HEAT SHOCK PROTEINS AND MOLECULAR CHAPERONES 
 
HSPs with a chaperoning function work together with the UPS to prevent the 

accumulation of misfolded, potentially toxic proteins, as well as to control the degradation of 
the bulk of cytoplasmic proteins. The levels of these proteins are often increased in response 
to stress, and they have been shown to enhance cell resistance to various insults [21,40].  

HSPs and molecular chaperones facilitate the refolding of misfolded proteins to prevent 
them from aggregating in the cell [41]. Mammalian cells possess a number of HSPs, which 
are induced in response to stresses and display protective chaperone activity [42].  

HSPs can act via two mechanisms to confer cellular protection. First, as molecular 
chaperones, HSPs are active in the formation and maintenance of the native conformation of 
cytosolic proteins and the stabilization of actin filaments. Second, both Hsp70 and Hsp27 
inhibit the release of cytochrome c by suppressing Bid, a pro-apoptotic member of the Bcl-2 
family (review by [43]). Much of the research to date has focused on the action of Hsp27 and 
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Hsp70 individually, but the full therapeutic benefits of these molecules may depend on a 
better understanding of their combined neuroprotective action.  
 

Table 2. Genes differentially expressed during lactacystin treatment: heat shock 
proteins and molecular chaperones 

 
 Heat shock proteins and molecular chaperones Time point (h)  

Probe id Symbol Gene title 4.5 7.5 24 48 Genbank 

104589_at C80913 expressed sequence C80913 2.04 ± 0.10 -1.11 ± 0.06 1.38 ± 0.12 1.16 ± 0.11 AF091096 
98153_at Cct3 chaperonin subunit 3 (gamma) 2.24 ± 0.10 2.54 ± 0.08 1.79 ± 0.22 -1.17 ± 0.14 L20509 
160562_at Cct7 chaperonin subunit 7 (eta) 2.00 ± 0.10 2.09 ± 0.06 1.53 ± 0.25 -1.34 ± 0.12 Z31399 
96254_at Dnajb1 DnaJ (Hsp40) homolog, subfamily B, 

member 1 
2.11 ± 0.20 3.52 ± 0.15 1.42 ± 0.26 -1.12 ± 0.12 AB028272

98572_at Dnajb11 DnaJ (Hsp40) homolog, subfamily B, 
member 11 

1.84 ± 0.10 2.21 ± 0.08 1.41 ± 0.13 -1.12 ± 0.12 AW12255 

93853_at Dnajb4 DnaJ (Hsp40) homolog, subfamily B, 
member 4 

2.19 ± 0.16 2.69 ± 0.13 1.46 ± 0.21 -1.24 ± 0.12 AA763918

104625_at Dnajb6 DnaJ (Hsp40) homolog, subfamily B, 
member 6 

1.61 ± 0.21 2.16 ± 0.15 -1.30 ± 0.15 -1.03 ± 0.11 AA874130

103344_at Dnajc1 DnaJ (Hsp40) homolog, subfamily C, 
member 1 

2.31 ± 0.30 1.86 ± 0.09 1.42 ± 0.10 1.32 ± 0.11 L16953 

94422_at Dnajc13 DnaJ (Hsp40) homolog, subfamily C, 
member 13 

2.12 ± 0.08 1.37 ± 0.08 1.07 ± 0.15 -1.17 ± 0.11 AI842938 

102414_i_at Dnajc3 DnaJ (Hsp40) homolog, subfamily C, 
member 3 

2.05 ± 0.14 2.25 ± 0.15 1.31 ± 0.10 1.42 ± 0.12 U28423 

93211_at Dnajc5 DnaJ (Hsp40) homolog, subfamily C, 
member 5 

1.41 ± 0.10 3.16 ± 0.17 -1.48 ± 0.17 -1.56 ± 0.16 AF032115 

102761_at Grpel2 GrpE-like 2, mitochondrial 2.03 ± 0.12 2.07 ± 0.17 1.15 ± 0.13 -1.20 ± 0.10 AF041060 
98111_at Hsp105 heat shock protein 105 1.57 ± 0.09 2.38 ± 0.08 2.54 ± 0.53 -1.20 ± 0.13 L40406 
93875_at Hspa1a heat shock protein 1A -1.27 ± 0.13 4.70 ± 0.53 13.82 ± 6.14 1.78 ± 0.53 M12571 
101955_at Hspa5 heat shock 70kD protein 5 (glucose-

regulated protein) 
2.20 ± 0.07 2.39 ± 0.06 1.87 ± 0.17 -1.13 ± 0.11 AJ002387 

96564_at Hspa8 heat shock protein 8 2.05 ± 0.08 1.96 ± 0.10 1.14 ± 0.14 -1.18 ± 0.10 X54401 
97914_at Hspa9a heat shock protein, A 1.68 ± 0.07 3.68 ± 0.07 2.18 ± 0.27 1.07 ± 0.16 D17666 
160139_at Hspb8 heat shock 27kDa protein 8 -1.37 ± 0.12 1.67 ± 0.16 8.08 ± 0.47 2.22 ± 0.48 AI848798 
95359_at Hspcb heat shock protein 1, beta 2.06 ± 0.06 2.82 ± 0.11 1.46 ± 0.20 -1.08 ± 0.17 M18186 
92829_at Hspe1 heat shock protein 1 (chaperonin 10) 1.60 ± 0.07 1.38 ± 0.06 2.34 ± 0.15 1.17 ± 0.15 U09659 
101207_at Ppia peptidylprolyl isomerase A 2.43 ± 0.07 1.98 ± 0.06 -1.08 ± 0.10 -1.18 ± 0.13 X52803 
100089_at Ppic peptidylprolyl isomerase C 1.20 ± 0.11 -1.27 ± 0.07 1.77 ± 0.16 2.10 ± 0.16 M74227 
99350_at Sec63 SEC63-like (S. cerevisiae) 1.70 ± 0.36 2.32 ± 0.12 1.28 ± 0.10 -1.06 ± 0.13 C76102 
94817_at Serpinh1 serine (or cysteine) proteinase 

inhibitor, clade H, member 1 
1.14 ± 0.08 3.10 ± 0.06 6.16 ± 0.15 3.30 ± 0.43 X60676 

 
Gene expression indicated as FC±SE where FC=fold change; SE=Standard Error.   

 
Our microarray data shows that genes which encode HSPs were up-regulated during the 

early phase of proteasome inhibition by lactacystin (Table 2). Among the HSPs, Hsp70 is 
probably the best characterized. Hsp70 can suppress both necrosis and apoptosis induced by 
various injuries in vivo and in vitro [44,45,46]. Hsp70 is an ATPase that can bind newly 
exposed hydrophobic sequences on denatured proteins. In this role, ATP hydrolysis provides 
the energy for cycles of association and disassociation, a process which allows the denatured 
protein repeated opportunities to refold to its native conformation. When correct refolding is 
not possible, Hsp70, in collaboration with other Hsp70-interacting proteins such as Hsp40, 
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CHIP (carboxyl terminus of Hsc70-interacting protein) and ubiquitin E3 ligase (see Chapter 
10 and [47]), is able to target bound substrates to proteasomal degradation.  

Another group of HSPs, called the small heat shock proteins (sHSPs), consists of 10 
members in human and mouse (HSPB1–10), of which Hsp27 (Hspb1) and Hsp22 (Hspb8) are 
the best-known [48]. The genes encoding these sHSPs were observed to be up-regulated at an 
early time point of lactacystin treatment (Table 2). Unlike Hsp70, sHSPs have no ATPase 
activity and their binding to substrates appeared to be modulated by their de-oligomerization 
[49]. Recent findings have demonstrated that mutation of either Hsp27 or the related protein 
Hsp22 can be observed in specific families of patients with hereditary motor neuropathy 
arising from premature axonal loss, possibly due to cell death and subsequent neuronal 
degeneration [50]. Although the majority of studies on the protective effects of individual 
HSPs have concentrated on the major inducible Hsp70, a variety of evidence suggests that the 
sHSPs such as Hsp27 may have a more potent protective effect in the nervous system [50]. 
We recently demonstrated that over-expression of Hsp22 in rat PC12 cell lines could protect 
the cells against proteasome inhibition by MG-132 [22]. The actual neuroprotective effect of 
Hsp22 against MG-132 is likely to be more than the observed 25%, given the fact that the 
transfection efficiency was only about 30% [22].  

 
 

ENDOPLASMIC RETICULUM STRESS 
 
The endoplasmic reticulum (ER) is the site of synthesis of proteins destined for secretion 

or targeting to the plasma membrane. Damaged or misfolded proteins can be generated 
during the process of protein synthesis. These misfolded proteins are retrotranslocated across 
the ER membrane to be degraded by cytosolic proteasomes. This process is called ER-
associated degradation (ERAD) and is important in preventing the accumulation of misfolded 
proteins (see Chapter 13 and [51]). ERAD functions in protein quality control, where 
damaged or unfolded proteins are selectively targeted for degradation, while correctly folded 
proteins are spared [3].  

When the ER becomes overwhelmed by the accumulation of large amounts of misfolded 
proteins, for example in the case of proteasomal inhibition, the cell triggers a specific ER 
stress response. This ER stress may in turn signal a change in cell status, such as the 
regulation of protein synthesis, or even the activation of apoptosis. Many protein-folding 
diseases arise from mutations which result in the impaired function of protein quality control 
and ER stress response, as has been observed in neurodegenerative diseases such as 
Alzheimer’s disease [52,53].  

Genes encoding ER stress-associated transcription factors such as DNA-damaged 
inducible transcripts 3 (Ddit3), also known as C/EBP-homologous protein (CHOP), 
CCAAT/enhancer binding protein (C/EBP) beta (Cebpb) and activating transcription factor 4 
(Atf4), have been reported to be up-regulated during proteasomal inhibition and ER stress 
[22,54]. In our microarray data, genes encoding Ddit3/CHOP, Cebpb and Atf4 were all 
observed to be up-regulated during the early time points of lactacystin-induced neuronal 
apoptosis (Table 3). Ddit3/CHOP is a small nuclear protein transcription factor of the C/EBP 
family that is normally undetectable, but is expressed at high levels during the ER stress 
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response in cells exposed to conditions that perturb protein folding in the ER [55]. The 
expression of Ddit3/CHOP in stressed cells is linked to the development of programmed cell 
death [56,57,58,59]. The pro-apoptotic role of Ddit3/CHOP protein is believed to suppress 
the expression of neuroprotective Bcl-2 in cells, causing such cells to be more susceptible to 
apoptosis [59,60].  
 

Table 3. Genes differentially expressed during lactacystin treatment:ER stress 
 

 
ER stress   Time point (h)  

Probe id Symbol Gene title 4.5 7.5 24 48 Genbank 

104155_f_at Atf3 activating transcription 
factor 3 

3.77 ± 0.13 11.13 ± 0.38 6.68 ± 1.76 2.06 ± 0.27 U19118 

100599_at Atf4 activating transcription 
factor 4 

3.52 ± 0.06 3.73 ± 0.09 -1.03 ± 0.25 -2.13 ± 0.12 M94087 

101429_at Ddit3 DNA-damage inducible 
transcript 3 

2.90 ± 0.10 5.01 ± 0.12 2.65 ± 0.42 1.02 ± 0.15 X67083 

95057_at Herpud1 homocysteine-inducible, 
endoplasmic reticulum 
stress-inducible, 
ubiquitin-like domain 
member 1 

1.93 ± 0.08 3.18 ± 0.16 1.17 ± 0.22 -1.32 ± 0.11 AI846938 

94821_at Xbp1 X-box binding protein 1 1.99 ± 0.08 2.30 ± 0.09 -1.21 ± 0.12 -1.74 ± 0.10 AW123880 
92925_at Cebpb CCAAT/enhancer 

binding protein (C/EBP), 
beta 

-1.13 ± 0.18 4.26 ± 0.14 3.44 ± 0.34 1.32 ± 0.13 M61007 

 
Gene expression indicated as FC±SE where FC=fold change; SE=Standard Error; ER= endoplasmic 
reticulum. 

 
 

INFLAMMATORY RESPONSE 
 
Neuroinflammation plays a key role in the pathophysiology of cerebral ischemia. 

Proteasomal inhibition is able to attenuate the inflammatory cascade in cerebral ischemia and 
reduce ischemic damage [61]. The mechanism of this neuroprotection involves the 
deactivation of NF-κB by stabilizing its inhibitor IκB, preventing the translocation of NF-κB 
to the nucleus and thereby suppressing the expression of pro-inflammatory genes. The effect 
of proteasome inhibitors on animal models has been evaluated recently. Intravenous infusion 
of MLN-519 (an analog of clasto-lactacystin β-lactone) effectively attenuated the expression 
of cell adhesion proteins, reduced the invasion of leukocytes and hence limited brain tissue 
damage [62]. Our microarray analysis has shown that proteasomal inhibition by lactacystin 
caused an early down-regulation of genes associated with the inflammatory response (Table 
4). This is consistent with the anti-inflammatory effects of proteasome inhibitors.  

Other studies, however, reported that proteasome inhibitors could induce 
cyclooxygenase-2 (COX-2) activation in neuronal cell cultures [22,63]. Inflammatory 
pathways involving COX-2 and subsequent generation of prostaglandins are potential causes 
of neurodegeneration associated with amyotrophic lateral sclerosis [64] and Alzheimer’s 
disease. Several regulatory elements on the murine COX-2 promoter, including a cyclic AMP 
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response element, two C/EBP sites and a single NFκB site, have been shown to be involved 
in COX-2 promoter activation [65]. The up-regulation of COX-2 expression during 
proteasome inhibition resulting from proteasome inhibitor treatment is unlikely to be 
mediated by NF-κB [63]. Instead, COX-2 may be activated by Cebpb binding to the promoter 
region of COX-2 [65]. Since Cebpb expression is mediated by ER stress, ER stress may be 
the trigger for the activation of COX-2 in neurons during proteasome inhibition. 
 

Table 4. Genes differentially expressed during  
lactacystin treatment: inflammatory responses 

 
 Inflammatory responses  Time point (h) 

 

Probe id Symbol Gene title 4.5  7.5  24 48 Genbank 

98088_at Cd14 CD14 antigen -2.35 ± 0.13 -3.62 ± 0.07 -1.13 ± 0.11 1.33 ± 0.13 X13333 
160511_at Cxcl12 chemokine (C-X-C 

motif) ligand 12 
2.37 ± 0.17 1.77 ± 0.22 -1.32 ± 0.17 -1.51 ± 0.14 L12029 

103202_at Gbp3 guanylate nucleotide 
binding protein 3 

1.14 ± 0.18 -1.19 ± 0.15 2.87 ± 0.18 2.67 ± 0.21 AW047476 

101341_at H2-M9 histocompatibility 2, M 
region locus 9 

-5.34 ± 0.14 -5.30 ± 0.06 -1.52 ± 0.10 -1.01 ± 0.13 AF016308 

102250_at Il27ra interleukin 27 receptor, 
alpha 

-2.61 ± 0.08 -2.23 ± 0.07 -1.23 ± 0.12 -1.16 ± 0.15 AF053005 

93077_s_at Ly6c lymphocyte antigen 6 
complex, locus C 

-2.71 ± 0.07 -2.44 ± 0.08 -1.20 ± 0.10 -1.09 ± 0.13 D86232 

96939_at Myl9 myosin, light polypeptide 
9, regulatory 

1.01 ± 0.17 -1.09 ± 0.11 1.62 ± 0.16 2.18 ± 0.25 AI842649 

101923_at Pla2g7 phospholipase A2, group 
VII (platelet-activating 
factor acetylhydrolase, 
plasma) 

-1.20 ± 0.07 -1.66 ± 0.06 -1.61 ± 0.15 2.14 ± 0.18 U34277 

97944_f_at Tcra T-cell receptor alpha 
chain 

-2.45 ± 0.07 -1.71 ± 0.07 -1.14 ± 0.13 1.06 ± 0.13 AF099808 

 
Gene expression is indicated as FC±SE where FC=fold change; SE= Standard Error. 

 
 

ANTIOXIDANTS 
 
ER stress can also lead to the production of reactive oxygen species (ROS) [60,66]. Cells 

respond to oxidative stress by increasing the expression of genes associated with the 
antioxidant GSH, such as Gsta4, Mgst1 and Gclm [67,68,69]. In our microarray study, the 
group of genes associated with antioxidant response, such as glutathione S-transferase, alpha 
4 (Gsta4), microsomal glutathione S-transferase 1 (Mgst1) and metallothionein 1 (Mt1), were 
up-regulated at the later time points (Table 5). Gsta4 is known for its high catalytic efficiency 
in the conjugation of 4-hydroxinonenal and other genotoxic products of lipid peroxidation 
during oxidative stress [70]. Mgst1, an ER-bound enzyme known for its oxidative stress 
protection, was also up-regulated. Cellular GSH is an important antioxidant in the cell. The 
decrease in the level of cellular GSH was reported to be an early event in the pathogenesis of 
Parkinson’s disease [71].  
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Besides their role in sequestration and distribution of metal ions such as copper and zinc, 
metallothioneins are known to provide cryoprotection from ROS. The down-regulation of 
metallothioneins is implicated in redox status and increased susceptibility to oxidative stress 
and metal-induced neurotoxicity [72] (Table 5). 
 

Table 5. Genes differentially expressed during lactacystin treatment: Oxidative stress 
 

 
Oxidative stress  Time point (h) 

 

Probe id Symbol Gene title 4.5 7.5 24 48 Genbank 

94132_at Gpx1 glutathione peroxidase 
1 

-2.11 ± 0.07 -2.43 ± 0.06 -1.10 ± 0.10 -1.02 ± 0.10 X03920 

160335_at Gclm glutamate-cysteine 
ligase , modifier 
subunit 

2.97 ± 0.10 2.63 ± 0.14 3.25 ± 0.48 1.51 ± 0.25 U95053 

96085_at Gsta4* glutathione S-
transferase, alpha 4 

1.17 ± 0.10 1.03 ± 0.08 5.07 ± 0.12 4.56 ± 1.18 L06047 

97681_f_at Gstm3 glutathione S-
transferase, mu 3 

-5.19 ± 0.15 -3.77 ± 0.07 -1.11 ± 0.11 1.06 ± 0.11 J03953 

93026_at Mgst1 microsomal 
glutathione S-
transferase 1 

1.63 ± 0.14 1.07 ± 0.12 4.13 ± 0.61 2.97 ± 0.36 AW124337

93573_at Mt1 metallothionein 1 -1.24 ± 0.07 -2.35 ± 0.06 2.98 ± 0.10 4.14 ± 1.04 V00835 
101561_at Mt2 metallothionein 2 -1.51 ± 0.06 -2.20 ± 0.06 2.22 ± 0.11 2.77 ± 0.45 K02236 
100606_at Prnp prion protein 1.46 ± 0.08 2.09 ± 0.07 1.43 ± 0.12 -1.02 ± 0.12 M18070 
100538_at Sod1 superoxide dismutase 

1, soluble 
-3.26 ± 0.06 -1.50 ± 0.07 2.19 ± 0.43 1.05 ± 0.33 M35725 

 
Gene expression is indicated as FC±SE where FC=fold change; SE= Standard Error. 

 
 

CHOLESTEROL BIOSYNTHESIS 
 
Cholesterol, an essential component of cellular membranes, is synthesized on the ER 

surface [66,73]. Cholesterol is an amphipathic molecule which serves as an essential 
membrane component (enriched in lipid rafts), as well as a precursor of steroid hormones. In 
neurons, cholesterol is important for the stability of the synapse and the maintenance of 
synaptic plasticity [74].  

Disruption of cholesterol homeostasis in neurons has been associated with 
neurodegenerative diseases such as Alzheimer’s disease. Furthermore, down-regulation of the 
rate-limiting enzyme 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (Hmgcr), a protein 
encoded by the Hmgcr gene, was reported to cause cell death. In cultured neurons, the 
inhibition of Hmgcr using inhibitors such as pravastatin was sufficient to reduce neurite 
growth and to induce cell death [75,76]. Our microarray data reveals that all genes involved 
in cholesterol biosynthesis were down-regulated 24 h upon lactacystin treatment (Table 6).  

The regulation of fatty acid and cholesterol synthesis in neurons is not well understood 
[74,77]. How lactacystin treatment induces the down-regulation of these genes is not clear, 
but it is not unexpected that the synthesis of lipid and cholesterol would be affected during 
ER stress, since cholesterol is synthesized in the ER. 
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A recent report suggests that cholesterol and fatty acid biosynthesis are controlled by a 
common family of transcription factors, known as the sterol regulatory element binding 
proteins (SREBPs) [78]. Upon activation (e.g. when the ER is deficient in lipid and sterol), 
the ER-anchored SREBP precursor transits to the Golgi, where it undergoes a sequential two-
step cleavage process to release the NH2-terminal active domain, designated “nuclear form of 
SREBP” or “SREBP(N)”, which is transported to the nucleus. In the nucleus, it promotes the 
expression of many genes involved in cholesterol and fatty acid synthesis. Activating 
transcription factor 6 (ATF6), an ER membrane-bound transcription factor, can also undergo 
a similar two-step cleavage process to form ATF6(N) during ER stress. ATF6(N) translocates 
to the nucleus, where it directs the transcriptional activation of chaperone molecules and 
enzymes essential for protein folding. Zeng et al. showed that over-expression of ATF6(N) in 
HepG2 (liver cell line) could suppress the SREBP(N)-mediated transcription of HMGCR and 
3-hydroxy-3-methylglytaryl-Coenzyme A synthase (HMGCS) [79]. The authors suggest that 
ATF6(N) can bind directly to SREBP(N) and attenuate the SREBP(N)-mediated 
transcription. This report suggests a direct link between ER stress and the down-regulation of 
lipid and cholesterol biosynthesis.  

Cholesterol biosynthesis is a complex synthetic pathway that requires dozens of enzymes 
and large amounts of energy [74]. The down-regulation of cholesterol synthesis genes might 
be a step taken by cells to conserve energy, especially when they are under stress. 
 

Table 6. Genes differentially expressed during  
lactacystin treatment: Cholesterol biosynthesis 

 
 

Cholesterol biosynthesis Time point (h)  

Probe id Symbol Gene title 4.5 7.5 24 48 Genbank 

94325_at Hmgcs1 3-hydroxy-3-methylglutaryl-Coenzyme 
A synthase 1 

1.39 ± 0.07 -1.22 ± 0.06 -2.85 ± 0.09 -2.07 ± 0.10 AW124932 

94916_at Cyp51 cytochrome P450, 51 -1.41 ± 0.06 -1.47 ± 0.10 -3.21 ± 0.10 -3.12 ± 0.10 AW122260 
160770_at Mvd mevalonate (diphospho) decarboxylase -3.06 ± 0.07 -2.61 ± 0.06 -6.96 ± 0.08 -4.98 ± 0.09 AW049778 
95632_f_at Mvk mevalonate kinase 1.51 ± 0.15 1.17 ± 0.09 -8.26 ± 0.09 -7.52 ± 0.09 AW122653 
98970_at Ggps1 geranylgeranyl diphosphate synthase 1 2.67 ± 0.13 2.79 ± 0.18 1.06 ± 0.13 -1.30 ± 0.11 AB016044 
98630_at Nsdhl NAD(P) dependent steroid 

dehydrogenase-like 
1.62 ± 0.09 1.01 ± 0.06 -3.50 ± 0.09 -2.91 ± 0.10 AW106745 

96269_at Idi1 isopentenyl-diphosphate delta isomerase -1.53 ± 0.06 -2.39 ± 0.06 -5.82 ± 0.09 -4.78 ± 0.09 AA716963 
104285_at Hmgcr 3-hydroxy-3-methylglutaryl-Coenzyme 

A reductase 
-1.77 ± 0.06 -1.53 ± 0.06 -2.43 ± 0.10 -3.38 ± 0.09 M62766 

160737_at Lss lanosterol synthase -1.23 ± 0.12 -1.11 ± 0.13 -2.65 ± 0.11 -3.17 ± 0.11 AW060927 
100418_at Gng2 guanine nucleotide binding protein (G 

protein), gamma 2 subunit 
1.39 ± 0.07 2.36 ± 0.13 -1.96 ± 0.11 -2.00 ± 0.11 AW123750 

 
Gene expression is indicated as FC±SE where FC=fold change; SE= standard Error. 

 
 

CONCLUDING REMARKS 
 
The UPS is involved in the regulation of many important biological processes in neurons. 

Our study using microarray GeneChip® reveals that the expression of many potentially 
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neuroprotective and pro-apoptotic genes were enhanced during proteasome inhibition by 
lactacystin. When these genes were grouped according to their biological functions, it was 
discovered that some genes were differentially expressed during the early phase of 
lactacystin-induced neuronal apoptosis (UPS, HSPs and molecular chaperones, ER stress and 
inflammatory responses), while others were differentially expressed during the late phase of 
lactacystin-induced neuronal apoptosis (oxidative stress and cholesterol biosynthesis). Based 
on this microarray data and other published data, a hypothetical mechanism of neuronal 
apoptosis induced by proteasomal inhibition can be derived (Figure 1). In the course of 
proteasome inhibition, there is an early up-regulation of genes encoding the proteasome 
subunits and HSPs. The expression of these genes, probably before the onset of apoptosis, 
seems to be a cellular response to the abnormal aggregation of unfolded proteins in cells 
arising from the inhibition of proteasomal activity. Subsequently, a number of genes 
encoding neuroprotective antioxidants were up-regulated at a later stage, probably after the 
onset of apoptosis, as revealed by our microarray data, suggesting that neurons were under 
oxidative stress at later stages of proteasome inhibition. Our microarray data also reveals the 
early up-regulation of the pro-apoptotic genes associated with ER stress. The early up-
regulation of these ER stress-associated genes suggests that ER stress might be the main 
cause of cell death in lactacystin-induced cultured cortical neurons. 

Since lactacystin is an irreversible proteasome inhibitor, cells exposed to lactacystin will 
eventually undergo apoptosis. Our microarray data shows an early ER stress response upon 
lactacystin treatment, in spite of the up-regulation of neuroprotective genes such as those that 
encode proteasomal subunits and HSPs. As demonstrated in Figure 1, there are a few possible 
pathways by which ER stress can cause neuronal apoptosis. Firstly, ER stress can induce the 
up-regulation of pro-apoptotic transcription factors such as Ddit3/CHOP [56,57,58,59]. 
Secondly, ER stress can generate ROS and thus cause oxidative stress [60,66]. As discussed 
in the previous section, the up-regulation of genes encoding antioxidants in our microarray 
data could have been a response to an increase of ROS in the neurons. Thirdly, ER stress can 
cause the disruption of calcium homeostasis, which can result in the activation of calpain (a 
cytosolic calcium-activated protease). Calpain is known to cleave p35, the neuronal-specific 
activator of cyclin-dependent kinase 5 (cdk5), generating proteolytic fragments, one of which 
is p25, which is known to accumulate in the brains of patients with Alzheimer’s disease [80]. 
p25 is known to hyper-phosphorylate tau to disrupt the cytoskeleton and promote neuronal 
death [80,81]. In addition, calpain can also trigger apoptosis through the activation of 
caspase-3 [52]. Fourthly, our microarray data show that the genes associated with cholesterol 
biosynthesis were down-regulated. Whether this is involved directly in the induction of 
neuronal apoptosis remains unclear. Lastly, ER stress might have caused the activation of 
inflammatory responses such as the activation of COX-2 at the later stage of neuronal 
apoptosis [22,63]. Although proteasome inhibitors are known to suppress inflammatory 
responses [61], the inflammatory pathway involving COX-2 could be activated by ER stress 
[65].  

We recently explored the effects of the tea catechin (-)-epigallocatechin-3-gallate 
(EGCG) as a potential proteasome inhibitor for the induction of HSPs and UPS gene 
expression. EGCG is the major constituent of green tea catechins, accounting for more than 
10% of the green tea extract dry weight [25]. Initially, the beneficial biological effects of  
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Figure 1. The hypothetical mechanism of lactacystin-induced neuronal apoptosis. The inhibition of 
proteasome by lactacystin induces the abnormal accumulation of proteins in neurons.  To deal with this 
stress, the neurons activate the early neuroprotective responses through the up-regulation of UPS and 
HSPs. Exposure to lactacystin can also trigger ER stress responses, which lead to the activation of other 
pro-apoptotic responses such as 1) oxidative stress, 2) up-regulation of ER stress associated pro-
apoptotic transcription factor CHOP, 3) calcium disruption, 4) decrease in cholesterol biosynthesis and 
5) activation of the inflammatory responses at the late phase of lactacystin treatment. 

these polyphenolic catechins were attributed to the antioxidant and iron-chelating actions of 
their polyphenol constituents, and to the modulation of endogenous metabolizing and 
antioxidant enzymes (review in [25]). However, the results of several recent studies suggest 
that the biological activity of the polyphenols present in green tea, especially EGCG, could 
be due to the inhibition of proteasome activity [82,83]. Like lactacystin, EGCG is found to 
specifically inhibit the chymotrypsin-like activity of proteasomes [82,84]. The experiments 
carried out by Nam et al. demonstrated that EGCG, at concentrations typically observed in 
the serum of green tea drinkers, could inhibit proteasomal activity, and cause arrest of cell 
division in the G1 phase of the cell cycle of several tumor cell lines and transformed cell lines 
[84]. Our microarray analysis reveals that exposure of cultured cortical neurons to a non-
lethal dose of EGCG significantly up-regulated genes encoding the UPS components, such as 
proteasome subunits, ubiquitin and ubiquitin protein ligases. This suggests that EGCG has 
the potential to protect neurons against stress arising from the accumulation of unfolded 
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proteins, since up-regulation of UPS components has been reported to be neuroprotective 
[32,33].  
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ABSTRACT 
 

The ubiquitin-proteasome system (UPS) has a central role in the selective 
degradation of many intracellular proteins. Functional failure of the UPS may result in an 
abnormal accumulation of ubiquitinated, misfolded, aggregated, or oxidated proteins that 
should be removed from cells, finally resulting in cell death. Recent advances in genetic 
studies in familiar Parkinson’s disease (PD) have provided important insight into the 
molecular pathways involved in disease pathogenesis. Proteins coded by the causal genes 
of familial parkinsonism, such as α-synuclein, parkin, ubiquitin carboxy-terminal 
hydrolase L1 (UCH-L1), and DJ-1, are possibly related to the ubiquitin-proteasome 
protein degradation system. Mutations in these proteins may interfere with normal 
protein degradation by UPS caused by ‘loss of function’ or ‘gain of function’. A major 
constituent of Lewy bodies is aggregated α-synuclein. Mutant α-synuclein aggregates 
and resists degradation by the UPS, eventually disturbing normal cellular functions. Both 
parkin and UCH-L1 are components of the UPS that contribute to normal ubiquitination 
and de-ubiquitination mechanisms, respectively. Loss-of-function of parkin or UCH-L1 
can interrupt normal protein degradation by the UPS. In addition, DJ-1 may also function 
to alleviate protein misfolding. The accumulated findings suggest the hypothesis that 
UPS failure and the subsequent proteolytic stress contribute to the etiopathogenesis that 
underlies dopaminergic neurodegeneration in both hereditary and sporadic PD. 
Experimental studies have revealed that dopaminergic neurons may be particularly 
vulnerable to proteasome inhibition in vitro and in vivo. Local administration of a 
proteasome inhibitor into the nigrostriatal system (the substantia nigra, striatum, or 
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medial forebrain bundle) in rodents is sufficiently to induce dopaminergic neuron 
degeneration in the substantia nigra and the formation of α-synuclein-immunopositive 
intracytoplasmic inclusions similar to Lewy bodies. In addition, it has recently been 
reported that dopaminergic neurons progressively degenerate with Lewy-body-like 
inclusion formation following the systemic administration of proteasome inhibitors in 
rats. These experimental findings suggest that the inhibition of the UPS may be a 
common pathway for dopaminergic neuron death in PD, although further studies are 
required to establish the proteasome-inhibitor-induced PD model. If UPS failure is a key 
mechanism underlying dopaminergic neuron death, the next question, which is probably 
a more essential one, is why UPS failure occurs in dopaminergic neurons in PD. There 
must be primary, upstream events that affect UPS function. To date, several factors have 
been stressed in the pathogenetic mechanisms underlying dopaminergic neuron 
degeneration in PD, such as deficits in mitochondrial function, oxidative stress, 
neuroinflammation, and the accumulation of aberrant or misfolded proteins. Determining 
the principal molecular pathways that exaggerate UPS dysfunction will provide relevant 
clues to the understanding of the pathogenesis of sporadic and familial forms of PD. This 
chapter reviews the most recent advances in our knowledge on the relationships between 
UPS failure and dopaminergic neuron degeneration.  
 

Keywords: Parkinson’s disease, Dopaminergic neurons, α-synuclein, Lewy bodies, 
Oxidative stress, Ubiquitin proteasome system. 
 
 

ABBREVIATIONS 
 
ARJP, autosomal recessive juvenile parkinsonism; HO-1, heme oxygenase-1; 6-OHDA, 

6-hydroxydopoamine; HNE, hydroxynonenal; LRRK2, leucine-rich repeat kinase 2; MFB, 
medial forebrain bundle; MPP+, 1-methyl-4-phenylpiridium ions; MPTP, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine; NMDA, N-methyl-D-aspartate; Pael-R, parkin-associated 
endothelin receptor-like receptor; Paraquat, 1,1'-dimethyl-4,4'-bipyridium; PD, Parkinson’s 
disease; PINK1, PTEN-induced kinase 1; ROS, reactive oxygen species; SN, substantia 
nigra; SNpc, substantia nigra pars compacta; SNpr, substantia nigra pars reticulate; UCH-L1, 
ubiquitin carboxy-terminal hydrolase L1; UPS, ubiquitin-proteasome system.  

 
 

INTRODUCTION 
 
Parkinson’s disease (PD), first described by James Parkinson in 1817, is a 

neurodegenerative disorder characterized by impairment of motor functions; for example, 
tremors, rigidity, akinesia, and postural reflex disturbance. It is not uncommon in the elderly, 
and about 1 to 2% of individuals older than 60 years of age are affected. The 
neuropathological hallmark of PD is the preferential degeneration of dopaminergic neurons in 
the substantia nigra pars compacta, and the presence of intracytoplasmic inclusions termed 
Lewy bodies [1,2]. Lewy bodies are observed in dopaminergic neurons remaining in the 
substantia nigra, and in other cortical and subcortical structures in the PD brain. Since the 
dopaminergic neurons in the substantia nigra supply dopamine to the striatum via the 
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nigrostriatal pathway, the degeneration of dopaminergic neurons results in a prominent 
decrease in the dopamine content of the striatum. By the time symptoms appear, the 
substantia nigra has already lost about 60% of its dopaminergic neurons and the dopamine 
content of the striatum is less than about 80% of normal.  

Pharmacological therapy is generally effective in the early stage of PD with 
dopaminomimetics such as L-DOPA and dopamine receptor agonists used as first-line drugs. 
Despite treatment, however, PD symptoms deteriorate progressively because current 
therapeutics are not able to slow disease progression. In the advanced stage of PD, patients 
therefore face various problems that threaten their quality of life, such as motor complications 
due to long-term therapy, freezing and falls, psychiatric disturbances, autonomic 
disturbances, and dementia [3,4]. Therapeutic efficacies are therefore limited in long-term 
treated PD patients. Development of a disease-modifying therapy, particularly one that can 
slow or stop disease progression, is thus strongly desired. In line with this goal, a detailed 
understanding of the cause and pathogenetic mechanisms of the disease is necessary.  

Although the actual etiopathogenesis of PD is undetermined, recent advances in genetic 
research on familial PD have provided clues. Gene mutations related to the ubiquitin 
proteasome system (UPS) have been identified as the cause, suggesting a possible 
pathogenetic link between the UPS and mechanisms underlying dopaminergic neuron 
degeneration [5,6]. Since the UPS pathway contributes to the detoxification and targeting of 
damaged or misfolded proteins for degradation, it is possible that an impairment of UPS 
function induces the accumulation of damaged or toxic proteins, and subsequent deterioration 
of intracellular circumstances, resulting in neurodegeneration or neuronal death [6-9]. Indeed, 
the accumulation of modified proteins and inclusion body formation have been suggested as 
common cellular mechanisms in neurodegenerative diseases such as PD, Alzheimer’s disease, 
Huntington’s disease, and amyotrophic lateral sclerosis [10]. Moreover, as mentioned above, 
the intracytoplasmic inclusions, Lewy bodies, are an important pathological feature of PD. 
The following section reviews recent advances in our understanding of the relationship 
between UPS failure and dopaminergic neuron degeneration, focusing on UPS regulation of 
dopaminergic neuron degeneration in experimental models. 

 
 

PARKINSON’S DISEASE AND THE  
UBIQUITIN PROTEASOME SYSTEM 

 
Lewy Bodies: a Mechanism for Intracellular Segregation of Poorly 
Degraded Proteins? 

 
Lewy bodies are an important pathological feature of PD, present not only in 

dopaminergic neurons in the substantia nigra but also in neurons in the locus coeruleus, the 
dorsal motor nucleus of the vagus, and the nucleus basalis of Meynert [1]. Lewy bodies are 
characteristically round eosinophilic inclusions composed of a halo of radiating fibrils and a 
less dense core [2]. They contain many different proteins and lipids, the most abundant of 
which is α-synuclein [11]. α-Synuclein is found in Lewy bodies of not only sporadic but also 
familial PD patients with α-synuclein mutations, suggesting the significance of α-synuclein in 
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the pathogenesis of PD. Among the other proteins found in the Lewy bodies are ubiquitin, 
synphilin-1, neurofilaments, parkin, UCH-L1, proteasomal elements, heat shock proteins, and 
torsin A [13,14].  

Lewy bodies are considered the key to understanding the pathogenetic mechanisms 
underlying neurodegeneration in PD; however, their significance in the neurodegenerative 
process has not been fully elucidated. It remains unknown whether Lewy bodies are toxic or 
protective. It was recently suggested that the formation of Lewy bodies might be a 
neuroprotective event in which dopaminergic neurons attempt to sequester and 
compartmentalize poorly degraded proteins into insoluble aggregates [14,15]. The formation 
of inclusions perhaps enables neurons to survive deleterious changes in intracellular 
homeostasis, particularly enabling them to clear up modified, unwanted proteins in the 
cytoplasm. This is discussed again in detail later in this chapter.  

 
 

Lessons from Gene Mutations Identified in Familial Parkinson’s Disease 
 
Most patients with PD have the sporadic form of the disease; however, some cases are 

familial. The gene mutations identified as the cause of familial PD are listed (Table 1). Of 
these, PARK1, PARK 2, PARK 4, PARK 5 and PARK 7 are thought to be closely related to 
the UPS, capable of interfering with normal protein degradation. In the following sections, 
the relationship between gene mutations and their mutant proteins are briefly reviewed.  
 

Table 1. Loci and genes linked to familial Parkinson’s disease 
 

Locus Chromosomal 
region 

Gene Inheritance Lewy 
bodies 

PARK1 4q21 α-synuclein AD + 
PARK2 6q25.2-27 Parkin AR - 
PARK3 2p13 unknown AD + 
PARK4 4q21-22 α-synuclein 

triplication 
AD + 

PARK5 4p14 UCHL1 AR ? 
PARK6 1p35-36 PINK1 AR ? 
PARK7 1p36 DJ-1 AR ? 
PARK8 12p11.2-q13.1 LRRK2/dardarin +/-  
PARK9 1p36 Unknown AR ? 
PARK10 1p32 Unknown susceptible 

gene 
? 

NR4A2 2q22-23 Nurr1 AD ? 
PARK11 2q36-37 Unknown AD ? 
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α-Synuclein 
α-Synuclein is a 140 amino acid protein with unknown function. It is abundant in 

neurons, particularly in presynaptic nerve terminals, and is a major component of the Lewy 
bodies. The first mutation identified was a missense mutation, A53T, in exon 4 of the gene 
encoding α-synuclein [16]. Two further mutations (A30P and E46K) were reported later 
[17,18], and importantly, α-synuclein gene triplication was identified recently [19,20], 
suggesting that not only gene mutations but also an increase in the amount of cellular α-
synuclein can cause dopaminergic neuron degeneration. The likelihood of aggregation could 
be increased by increasing protein concentrations [10]. Wild-type α-synuclein is monomelic; 
however, at a high concentration, it polymerizes into filaments [21]. Genetic variability in the 
α-synuclein gene is also a risk factor for the development of sporadic PD [22]. 

Although α-synuclein has been considered the most important protein related to the 
etiopathogenesis of PD, it remains unknown whether or not α-synuclein is degraded by the 
UPS. In neuroblastoma cell lines, the UPS contributes to degradation of α-synuclein, with the 
degradation of A53T mutant α-synuclein being slower than that of wild-type [23]. On the 
other hand, in PC12 cells and primary mesencephalic neurons, proteasome inhibitors did not 
affect levels of α-synuclein [24], suggesting that α-synuclein is degraded not only by 
proteasomes but also autophagy, another system of protein degradation [25-27]. Therefore, 
the relationship between a loss of UPS function and accumulation of α-synuclein is perhaps 
not so simple. Moreover, the speculation that UPS failure directly causes α-synuclein 
accumulation should be abandoned; rather the increase in α-synuclein itself is perhaps 
important in inducing the impairment of UPS function. Overexpression of α-synuclein 
inhibits proteasome function and sensitizes cells to the toxic effects of proteasome inhibitors 
[28,29]. Moreover, aggregated α-synuclein is thought to bind directly to proteasomes, 
possibly resulting in UPS failure [30]. It was reported that A53T mutant α-synuclein causes 
endoplasmic reticulum stress, probably as a consequence of decreasing UPS activity [120]. 
Understanding in detail how α-synuclein contributes to dopaminergic neuron degeneration is 
currently one of the most important themes for research studies on pathogenesis of PD. 

 
Parkin 

Autosomal recessive juvenile parkinsonism (ARJP) has been described in a series of 
Japanese kindreds [31,32]. Neuropathologically, Lewy bodies are not present; however, 
various deletions and mutations have been identified in the gene for parkin [33-35], a 465 
amino acid protein that functions as a ubiquitin ligase (E3) [36,37]. Parkin mutations are the 
most frequent cause of early-onset PD. The ubiquitin ligase activity is markedly decreased in 
the substantia nigra and striatum of patients with ARJP [36,37], suggesting that a loss of 
ubiquitin ligase function causes dopaminergic neurodegeneration in ARJP. Therefore, 
identification of the protein substrates of parkin is important for understanding the exact 
pathophysiological mechanism underlying cell death.  

Parkin does not interact with or ubiquitinate native α-synuclein, indicating that native α-
synuclein is not a parkin substrate, but rather it interacts with a glycosylated form of α-
synuclein [37]. Parkin substrates identified so far are as follows: the α-synuclein interacting 
protein synphilin-1 [38], CDCrel-1 [39], and parkin-associated endothelin receptor-like 
receptor (Pael-R) [40]. CDCrel-1, a protein involved in cytokinesis, is thought to influence 
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synaptic vesicle function, while Pael-R is related to endoplasmic reticulum (ER) stress and 
cell death. When Paer-R is overexpressed in cells, it tends to become unfolded, insoluble, and 
ubiquitinated, possibly resulting in ER stress-induced cell death [40] (for details on ER stress 
response, see Chapter 13). Parkin is known to specifically ubiquitinate this receptor [41], and 
is also thought to have a neuroprotective action [42,43]. 

 
UCH-L1 

Ubiquitin C-terminal hydrolase-L1 (UCH-L1) is a deubiquitinating enzyme and 
important component of the UPS. A UCH-L1 mutation has been identified in a German 
family with PD [44], but is thought to be very rare [45,46]. It is suggested that UCH-L1 also 
has ligase as well as deubiquitinating functions [47]. 

 
DJ-1 

To date, few reports have documented DJ-1 mutations. DJ-1 is thought to function as a 
signaling molecule, alerting the mitochondria of oxidative stress [48]. At present, the 
functional relationship between DJ-1 and the UPS is unclear; however, structurally, it is 
thought to alleviate protein misfolding, since it has similarities to bacterial HSP31 homologs 
[49]. A recent study revealed that DJ-1 acts as a redox-sensitive chaperone protein, increasing 
the solubility of α-synuclein by preventing its aggregation [50]. It is therefore suggested that 
mutations leading to misfolded DJ-1 might overload the UPS [51]. DJ-1 is also a sensor of 
oxidative damage, which also increases the aggregation of α-synuclein. Moreover, it was also 
reported that DJ-1 can interact with α-synuclein [52], while pathogenic mutants of DJ-1 
specifically interact with parkin [53].  

 
PINK1 

Mutations in PINK1 (PTEN-induced kinase 1) have been identified as the cause of 
familial parkinsonism (PARK6) [54,55]. The detailed functions of PINK1 have been not 
elucidated, but it is known to be located in mitochondria where it is thought to protect against 
mitochondrial damage [54]. Experimental findings in vitro suggest that PINK1 might have an 
anti-apoptotic action [56]. 

 
LRRK2 

Recently, mutations in leucine-rich repeat kinase 2 (LRRK2) [57], which encodes 
dardarin protein [58], were identified as the cause of autosomal dominant PD (PARK8) [59]. 
However, the function of dardarin remains unclear.  

 
 

THE UBIQUITIN PROTEASOME SYSTEM IN SPORADIC 

PARKINSON’S DISEASE 
 
A few studies have reported the protein degradation activity of UPS in autopsied brains 

of patients with PD. For example, impairments in 20/26S proteasome hydrolyzing activities, 
such as chymotrypsin- (39%), trypsin- (42%) and postacidic-like (33%) activities (see 
Chapter 6), are impaired in the substantia nigra but not the striatum or cortex in PD [60]. In 
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extranigral brain areas, where neuronal loss is not observed in PD, proteasome activities are 
preserved, suggesting that systemic global disturbance in the catalytic and degradation ability 
of the proteasome itself does not occur in PD [61]. In addition, α- but not β-subunits of 
26/20S proteasomes are known to be lost within dopaminergic neurons [62,63]. Thus, 
proteasome activity seems to decrease selectively in the substantia nigra of PD. Whether or 
not UPS failure is a primary or upstream event of dopaminergic neurodegeneration cascades 
in PD remains to be elucidated. 

 
 
PROTEASOME INHIBITION OF DOPAMINERGIC NEURONS 
 

Are Dopaminergic Neurons Particularly Vulnerable to Proteasome 
Inhibition? 

 
One of the problems in determining the pathogenetic mechanisms underlying PD is 

understanding why dopaminergic neurons in the substantia nigra are selectively damaged. It 
is thus important to determine whether or not dopaminergic neurons are differentially 
vulnerable to proteasome inhibition. In primary ventral mesencephalic cultures, 
administration of lactacystin, a proteasome inhibitor, induced preferential degeneration of 
dopaminergic neurons with the formation of α-synuclein-immunopositive inclusions [64]. 
McNaught et al. examined uptake of [3H]-dopamine and [14C]-GABA, and found that only 
the former decreased, suggesting differential vulnerability in dopaminergic neurons. 
Similarly, overexpression of mutant α-synuclein also decreased proteasome function, and 
caused selective toxicity to catecholaminergic neurons in vitro [42]. Moreover, in ventral 
mesencephalic and striatal co-culture, tyrosine hydroxylase (TH) -immunopositive neurons 
are more vulnerable than TH-immunonegative neurons [65]. Dopaminergic neurons are also 
thought to be particularly vulnerable to proteasome inhibition in vivo. Infusion of proteasome 
inhibitor was shown to selectively induce dopaminergic neuron degeneration in the rat 
substantia nigra [66], as was systemic administration of PSI or epoxomycin, both of which 
are lipophilic proteasome inhibitors [67].  

 
 

Dopaminergic Neuron Degeneration by Proteasome Inhibition In Vivo 
 

Intranigral Administration of Proteasome Inhibitor 
To date, only a limited number of studies have documented the effects of proteasome 

inhibition on dopaminergic neurons (Table 2). McNaught et al. [66] reported the effects of 
injection of lactacystin, a water-soluble selective proteasome inhibitor, into unilateral 
substantia nigra in rats, revealing that the treated animals displayed bradykinesia, a stooped 
posture, and contralateral head tilting. Apomorphine-induced contralateral circlings, a 
pharmacobehavioral characteristic of unilateral damage of the nigrostriatal dopamine 
pathway, were also noted in their observations. Histological investigation also revealed a 
prominent loss of dopaminergic neurons in the substantia nigra, and α-synuclein-
immunopositive intracytoplasmic inclusions were observed in the dopaminergic neurons of 
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the substantia nigra on the affected side. We also studied the effects of intranigral 
administration of proteasome inhibitor in rats, and confirmed the above findings (Figure 1). 
In our study, local damage of the tissue near the injection site was unavoidable to a varying 
degree. However, dopaminergic neurodegeneration in the substantia nigra was comparatively 
far more extensive, suggesting that dopaminergic neurons are highly vulnerable to 
proteasome inhibition. 
 

Table 2. Animal model of dopaminergic neurodegeneration induced by proteasome 
inhibitor treatment 

 
Reference Treatment Administration site Animal Results 
McNaught et al. 
(2002) 
[66] 

Lactacystin Substantia nigra Rat Loss of DA neurons in the SN.α-
Synuclein-immunopositive 
inclusionsApomorphine-induced 
circling (+) 

Fornai et al. 
(2003) 
[68] 

Lactacystin 
Epoxomycin 

Striatum Rat Loss of DA neurons in the SNα-
Synuclein-immunopositive 
inclusions 

McNaught et al. 
(2004) 
[67] 

Epoxomycin 
PSI 

Systemic Rat elayed loss of DA neurons in the  
N. α-Synuclein-immunopositive 
clusions. Locus coeruleus, dorsal 
ga nucleus, nucleus basalis of  
eynert also involved. 

Miwa et al. 
(2005) 
[69] 

Lactacystin Striatum Rat ss of DA neurons in the SN 
Synuclein-immunopositive 
clusions. Increased oxidative  
ess markers in the SN 

Zhang et al. 
(2005) 
[71] 

Lactacystin MFB Mouse 
(C57BL/6) 

Loss of DA neurons in the SN. 
Ubiquitin-immunopositive inclusions 

MFB indicates medial forebrain bundle. 
 

Intrastriatal Administration of Proteasome Inhibitor 
Two studies have reported the effects of intrastriatal proteasome inhibition. Fornai et al. 

[68] reported a significant loss of dopaminergic neurons with apoptosis following intrastriatal 
proteasome inhibition, and suppressed proteasome inhibitor toxicity with reductions in 
endogenous dopamine. In the surviving neurons in the substantia nigra, intracytoplasmic 
inclusions immunopositive to ubiquitin, α-synuclein, and parkin were observed. They also 
reported that proteasome inhibitor-induced inclusions have identical ultrastructural features 
to inclusions obtained in in vitro proteasome inhibition.  
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Figure 1. Injection of lactacystin (5 µg/2 µl), a proteasome inhibitor, into substantia nigra (SN) induced 
dopaminergic neuron degeneration, microglial activation, and the formation of inclusions in rats at 14 
days postlesion. (A-B) Tyrosine hydroxylase (TH) immunostaining of the SN following unilateral 
intranigral injection of lactacystin. An asymmetrical loss of TH immunopositivity in the SN is 
demonstrated in (B) compared to the control (A). (C-D) Iba-1 immunostaining of the SN showing 
activated microglia following intranigral injection of lactacystin (D). Inserts show Iba-1-
immunopositive microglia at a higher magnification. Iba-1-immunopositive microglia in the intact SN 
(C, insert) exhibited characteristics of inactive resting microglia such as small cell bodies with long thin 
lamellipodia. On the other hand, microglia in the lactacystin-injected SN exhibited characteristic 
morphological changes typical of activation, such as large cell bodies with multiple, thick and short 
lamellipodia (D, insert). (E-F) α-Synuclein-immunostaining of the SN. In the control SN (E), α-
synuclein immunopositivity was homogeneously present in the dopaminergic neurons. On the other 
hand, in the lactacystin-injected SN, α-synuclein-immunopositive granules were observed in the 
dopaminergic neurons (F). Scale bars: 100 µm in (A-D) and 25 µm in (E, F). 

We also confirmed that intrastriatal injection of lactacystin induces progressive 
degeneration of dopaminergic neurons with apoptosis in the rat substantia nigra [69], and 
found α-synuclein-immunopositive intracytoplasmic or intraneuritic inclusions in the neurons 
remaining in the substantia nigra. A marked increase in heme oxygenase-1 (HO-1) was also 
observed during the progressive loss of dopaminergic neurons. HO-1 is thought to be one of 
the most useful key markers of oxidative stress in nigrostriatal dopaminergic neurons, and to 
play a protective role against oxidative stress. Thus, the increase in HO-1 suggests that 
oxidative stress is extensively induced in dopaminergic neurons following proteasome 
inhibition in intrastriatal nerve terminals. UPS failure caused by proteasome inhibitor in the 
nerve terminals is therefore sufficient to induce prominent oxidative stress in dopaminergic 
neurons in vivo. We also reported an abundant accumulation of α-synuclein-immunopositive 
granules in the substantia nigra pars reticulata (SNpr) following intrastriatal injection of 
lactacystin [69]. Speculatively, the accumulation of α-synuclein-immunopositive granules in 
the SNpr is thought to result from the accumulation of α-synuclein in nerve terminals of the 
striatonigral neurons. Interestingly, proteasome inhibition of cell bodies of striatal neurons 
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induced α-synuclein accumulation in the striatonigral nerve terminals but no prominent loss 
of the striatal neurons themselves. 

On the other hand, proteasome inhibition of the nigrostriatal nerve terminals induced α-
synuclein accumulation in their cell bodies with prominent loss of nigral neurons. This 
discrepancy also supports the suggestion that nigrostriatal dopaminergic neurons are more 
vulnerable than striatonigral GABAergic fibers. Microglial activation was also noted in the 
substantia nigra following intrastrial injection of proteasome inhibitor (our unpublished data), 
suggesting that neuroinflammation is extensively induced during intrastriatal proteasome 
inhibition-induced dopaminergic neuron degeneration. Speculatively, certain substances such 
as reactive oxygen species, which are released from damaged dopaminergic neurons, are 
thought to activate microglia, similar to the case of retrograde dopaminergic neuron 
degeneration following intrastriatal injection of MPP+ [70]. 

 
 

Intra-Medial Forebrain Bundle Administration of Proteasome Inhibitor 
 
Injection of proteasome inhibitor into the medial forebrain bundle (MFB) might also 

damage the nigrostriatal dopaminergic neurons. It was previously reported that intra-MFB 
injection of lactacystin induced dopaminergic neuron degeneration accompanied by the 
formation of ubiquitin-immunopositive inclusions in C57BL/6 mice [71]. In the case of mice, 
since the injection site of MFB is anatomically approximate to the substantia nigra, it might 
be possible that the injected proteasome inhibitor spread directly to the substantia nigra. 
However, in a preliminary experiment in our laboratory, we confirmed that intra-MFB 
injection of lactacystin could also induce dopaminergic neuron degeneration in the substantia 
nigra of rats; however, further studies are required to asses the validity of the intra-MFB 
proteasome inhibitor model.  

 
 

Systemic Administration of Proteasome Inhibitor 
 
One study has reported the effects of systemic administration of proteasome inhibitors in 

rats. McNaught et al. [67] systemically injected naturally occurring (epoxomycin) and 
synthetic (PSI, Z-Ile-Glu(OtBu)-Ala-Leu-al) inhibitors into rats repeatedly for two weeks; 
both inhibitors are lipophilic and thus can enter the brain across the blood-brain-barrier. The 
animals became progressively akinetic after a latency of 1 to 2 weeks, and in their brains, 
dopaminergic neuron death with apoptosis and inflammation in the substantia nigra was 
observed. Moreover, neurodegeneration occurred in the locus coeruleus, dorsal motor nucleus 
of the vagus, and the nucleus basalis of Meynert, all of which are known to be involved in 
PD. In addition, α-synuclein-immunopositive inclusions resembling Lewy bodies were 
reported in neurodegenerative sites. These findings show that systemic proteasome inhibition 
can closely recapitulate key features of PD, suggesting that UPS failure plays a central role in 
cell death cascades in PD. 
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THE UBIQUITIN PROTEASOME SYSTEM IN ANIMAL MODELS 

OF PARKINSON’S DISEASE 
 
To date, several neurotoxins have been shown to have selective toxicity to dopaminergic 

neurons in the substantia nigra in vivo; for example, 6-hydroxydopoamine (6-OHDA), MPTP 
and its metabolite MPP+, rotenone, and paraquat. The mechanisms of toxicity differ between 
each neurotoxin, and in addition, species-specific differences exist. The method or mode of 
toxin-delivery is also closely related to the toxic insults. The alteration in UPS function in 
these models is reviewed in the following.  

 
 

6-Hydroxydopamine 
 
The neurotoxin 6-hydroxydopamine (6-OHDA) is one of the most widely used toxins in 

animal models of PD [72]. Particularly, it is used to destroy dopaminergic neurons in rats, 
since rats don’t show toxicity to MPTP. Unilateral stereotaxic injection of 6-OHDA into the 
nigrostriatal dopaminergic pathway causes dopaminergic neuron degeneration of the 
ipsilateral substantia nigra with severe dopamine depletion in the ipsilateral striatum. 6-
OHDA-induced unilaterally dopamine-depleted animals show a characteristic circling 
behavior as a result of dopaminergic agonists, and have been used to assess dopaminergic 
actions of various drugs [72]. 6-OHDA is taken up by dopamine and noradrenaline 
transporters, and is selectively toxic to monoaminergic neurons (Luthman 1989). It has also 
been suggested that accumulation of 6-OHDA in the cytosol produces reactive oxygen 
species (ROS), finally resulting in neuron death [73].  

A limited number of studies have documented the relationship between 6-OHDA toxicity 
and the UPS. Experiments in vitro have shown that 6-OHDA increases levels of free 
ubiquitin and ubiquitin-conjugated proteins, and markedly increases protein degradation [74]. 
Moreover, in cultured cells, proteasome activity increases following exposure to low doses of 
6-OHDA, but higher doses cause UPS failure and cell death [75], suggesting that mild 
oxidative stress elevates proteasome activity in response to increases in protein damage. 
Proteasome inhibition in vitro might attenuate 6-OHDA-induced protein degradation and 
potentiate its toxicity [74]. However, in contrast, a recent report showed that low doses of 
proteasome inhibitor prevented 6-OHDA-induced dopaminergic neuron death in the rat 
substantia nigra [76].  

 
 

MPTP 
 
The neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) has been widely 

used for experimental analysis of dopaminergic neuron degeneration in various animal 
species including primates, cats, and mice [77-79]. Systemic administration of MPTP induces 
selective degeneration of dopaminergic neurons in the substantia nigra and dopamine 
deficiency-related behavioral disturbances resembling those of PD. Currently, the MPTP-
model is thus regarded as a standard animal model of PD. After enzymatic conversion to 1-
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methyl-4-phenylpiridium ions (MPP+) in glial cells, systemically administered MPTP inhibits 
the activity of mitochondrial complex I, leading to the production of ROS or decreasing ATP 
production, finally inducing dopaminergic neuron death [80]. MPP+ also binds to vesicular 
monoamine trasporter-2 and interacts with synaptic vesicles [81], leading to the release of 
dopamine and resulting in the excess of cytosolic dopamine [82]. Consequently, 
autooxidation of dopamine occurs, facilitating oxidative stress.  

α-Synuclein in MPTP-treated animals has been documented in a number of studies. For 
example, α-synuclein levels were found to increase following MPTP treatment in mice and 
monkeys [83,84]. Moreover, α-synuclein null mice display striking resistance to MPTP, 
possibly due to the inability of the toxin to inhibit mitochondrial complex I [85]. Generally, 
in MPTP-induced models, the formation of Lewy body-like inclusion bodies is lacking in the 
dopaminergic neurons in the substantia nigra [86]. However, the neurotoxic effects of MPTP 
seem to vary and depend on the treatment protocol. A recent report showed that if MPTP is 
administered continuously with an osmotic minipump, not only dopaminergic neuron death 
but also the formation of α-synuclein-immunopositive inclusions can be induced [87]. 
Moreover, in this model, only continuous, not sporadic, MPTP infusions were able to inhibit 
UPS function. This continuous MPTP infusion model might therefore recreate a disease state 
that mimics PD better than acute MPTP injections [87]. 

 
 

Rotenone 
 
Systemic administration of rotenone, when performed chronically, induces selective loss 

of dopaminergic neurons and the formation of α-synuclein-immunopositive inclusions in rats 
[88-90], suggesting that an impairment of mitochondrial function, particularly that of 
complex I, is sufficiently capable of inducing dopaminergic neuron degeneration. However, 
following administration of higher doses of rotenone, dopaminergic neuron degeneration was 
not observed. Instead, extensive basal ganglia necrosis was induced [91], similar to the 
pathological characteristics of mitochondrial encephalopathies such as Leigh encephalopathy 
[92]. The difference in these two experimental models suggests that the neurotoxic effects of 
rotenone are dependent on the dose or concentration of rotenone. When higher doses of 
rotenone were administered, severe bioenergy crisis due to severe ATP depletion was acutely 
induced, possibly resulting in basal ganglia necrosis with sparing dopaminergic neurons [91-
92]. 

Chronic, long-lasting oxidative stress, but not acute energy crisis, might be closely 
related to selective dopaminergic neuron death. Experimental results in vitro suggest that 
selective dopaminergic neuron death and alterations in UPS function occur only with 
rotenone exposure that partially maintains ATP/ADP [93]. Moreover, the decreased activity 
of mitochondrial complex I was shown to reduce proteasome activity through oxidative 
modification of proteasome and aggregation with other oxidized proteins [94]. The 
pathophysiological relationship between decreased activity of mitochondrial complex I and 
the accumulation of modified proteins with/without UPS function is currently unclear; 
however, elucidation of this relationship will give us a clue to understanding dopaminergic 
neuron degeneration.  
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Paraquat 
 
Herbicides are thought to be one of the environmental risk factors of PD. Systemic 

treatment of mice with the herbicide 1,1'-dimethyl-4,4'-bipyridium (paraquat) caused a loss of 
nigrostriatal dopaminergic neurons and the formation of aggregates containing α-synuclein in 
mice [95]. Following exposure to paraquat, brain levels of α-synuclein were also significantly 
increased [96]. Interestingly, in α-synuclein overexpressing mice, systemic administration of 
paraquat induced protein aggregates immunopositive to α-synuclein but no dopaminergic 
neurodegeneration, suggesting that dissociation exists between toxicant-induced α-synuclein 
deposition and neurodegeneration [95]. The mechanism of paraquat neurotoxicity is most 
likely mediated via oxidative stress, since paraquat generates superoxide both by electron 
transfer reactions with NADH-dependent oxireductases and by redox cycling via reactions 
with molecular oxygen [97,98]. Whether or not paraquat interacts with UPS function remains 
unknown, but it is thought to interfere via oxidative stress.  

 
 
OXIDATIVE STRESS AND UPS FAILURE: A SYNERGISTIC 

SPIRAL OF DOPAMINERGIC NEURON DEGENERATION 
 
Oxidative stress, as described above, likely plays one of the most important roles in the 

pathophysiological mechanisms underlying dopaminergic neuron degeneration in animal 
models of PD. The toxicity of 6-OHDA is attributed to production of ROS, and the 
neurotoxicity of paraquat is caused by the production of superoxide. Further, of particular 
importance is that both MPTP and rotenone inhibit mitochondrial complex I. In neurons, free 
radicals are constantly generated, particularly in the mitochondria, where electrons leak from 
the electron transport chain. This electron leak also occurs within mitochondrial complex I, 
particularly at the area proximal to the rotenone-binding site. Inhibition of mitochondrial 
complex I therefore results in an increased electron leak, and consequently, excessive free 
radicals. If mitochondrial functions are severely inhibited, mitochondrial respiration will be 
globally broken down, resulting in an intracellular bioenergetic crisis. On the other hand, if 
mitochondrial complex I is only partially inhibited, mitochondrial respiration will not be so 
prominently affected, but the production of free radicals might still markedly increase. 
Subsequently, oxidative damage will extensively involve intracellular substances such as 
proteins, lipids, and DNA. Indeed, in PD brains, accumulated findings suggest oxidative 
damage of proteins, lipids, and DNA [99-104]. 

Increased levels of lipid hydroperoxides [99] and basal protein oxidation [101] have been 
observed in the substantia nigra in PD. Levels of 8-hydroxy-2-deoxyguanosine and 8-
hydroxyguanosine, markers suggestive of DNA damage, are also increased in the PD brain 
[103,104]. Mitochondrial DNA is also affected by oxidative damage, presumably leading to 
further decline in mitochondria function. In addition, levels of hydroxynonenal (HNE), a 
marker of lipid peroxidation, also increase in the substantia nigra in PD [102]. Under 
conditions of oxidative stress, not only superoxide itself but also more toxic reactive 
molecules such as peroxynitrite are generated, leading to post-translational modification of 
pathogenetically important proteins such as α-synuclein and parkin [105-106].  
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Dopaminergic neurons are essentially destined to suffer from oxidative stress, since free 
radicals are inevitably produced during dopamine auto-oxidation and dopamine metabolism 
[107]. It is therefore possible to speculate that oxidative stress is one of the most relevant key 
mechanisms underlying dopaminergic neurodegeneration in both experimental animal and 
human PD. The oxidized proteins, lipids, and DNA, have an unfavorable influence on 
intracellular homeostasis, and are occasionally directly toxic to dopaminergic neurons. On the 
other hand, the accumulation of such substrates, particularly oxidized proteins, might suggest 
that clearance of the modified proteins is inadequate. If the oxidized modified proteins, which 
should be degraded by the UPS and cleared from the cytoplasm, are excessively present in 
the cells, the formation of aggregates or inclusions might be facilitated. Indeed, characteristic 
intracellular inclusions or aggregates can be seen in dopaminergic neurons remaining in the 
substantia nigra in PD patients as well as animals with experimental parkinsonism [66-69]. 
Moreover, there is a recently emerging hypothesis that conformational change, mishandling, 
and aggregation of intracellular protein might contribute to various neurodegenerative 
diseases [10]. This suggests a functional deficiency of the protein degradation pathway, 
particularly for degradation of damaged proteins. Indeed, genetic studies suggest that a 
functional deficiency of the UPS might be related to dopaminergic neurodegeneration. In line 
with this, mishandling of abnormal, unnecessary or unfavorable proteins, some of which are 
modified by free radicals, must contribute to the deterioration of intracellular homeostasis. 

In animal models of dopaminergic neuron degeneration (induced by rotenone, paraquat, 
chronically administered MPTP, and proteasome inhibitors), the formation of α-synuclein-
immunopositive aggregates or inclusions resembling Lewy bodies is observed [66-69,87-
90,96]; however, the significance of the formation of inclusion bodies has yet to be 
determined. α-Synuclein-immunopositive inclusions might also form if oxidative stress is 
chronic and continuous. For example, as described above, intracytoplasmic inclusions can be 
induced in mice if MPTP is administered chronically and continuously but not sporadically 
[87]. Also, in rotenone-induced dopaminergic neuron degeneration, inhibition of 
mitochondrial complex I is not so severe as to induce mitochondrial respiration failure [88]. It 
therefore appears likely that oxidative stress increases the rate of α-synuclein aggregation, as 
with copper and other heavy metals [108]. The aggregation of α-synuclein itself can cause 
oxidative stress, which, in turn, can cause conformational changes in α-synuclein, resulting in 
proteolytic stress [109]. Therefore, oxidative stress and α-synuclein aggregation seem to 
facilitate each other, and this interaction might be particularly toxic in dopaminergic neurons. 
Only in dopaminergic neurons does the overexpression of α-synuclein result in apoptotic cell 
death. Moreover, suppression of endogeneous dopamine in these cells can inhibit α-
synuclein-induced apoptosis [110], implicating that an increase in α-synuclein and interaction 
with dopamine or related metabolic compounds might play a relevant role in dopaminergic 
neuron death. Experimental results showing that administration of proteasome inhibitor 
differentially induces the formation of α-synuclein-immunopositive inclusions and 
dopaminergic neuron death in vivo support this speculation [66-69]. 

The relationship between oxidative stress and UPS function therefore needs to be 
addressed, since there is evidence suggesting that oxidative stress contributes to impaired 
UPS function. It was previously reported that α-subunits of 26/20S proteasomes are 
particularly vulnerable to free radical- and HNE-induced damage [111]. Moreover, the ATP 
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depletion induced by oxidative damage of mitochondria might worsen proteasome function, 
since ATP maintains the 26S proteasome complex [112]. In the mouse model of PD induced 
by continuous MPTP infusion, dopaminergic neurodegeneration and the formation of α-
synuclein-immunopositive inclusions are observed, and UPS function is inhibited [87]. In 
turn, an impairment of UPS function might deteriorate oxidative stress. Proteasome inhibition 
potentiates the neurotoxicity of mitochondrial complex I inhibitors [113], and in addition, 
low levels of chronic proteasome inhibition in vitro can dramatically alter mitochondrial 
homeostasis by increasing free radical production and reducing mitochondrial complex I and 
II activity [114]. During dopaminergic neurodegeneration following intrastriatal proteasome 
inhibition, we also revealed a prominent increase in oxidative stress markers prior to cell 
death [69]. It is therefore possible that oxidative stress inhibits proteasome function while 
impairment of UPS function causes and worsens oxidative stress. Both oxidative stress and 
UPS failure therefore influence each other, synergically contributing to the deterioration of 
cellular functions. 

 
 

A NOVEL IMPLICATION:  
PROTEASOME INHIBITION IS NEUROPROTECTIVE? 

 
The complex effects of proteasome inhibition on dopaminergic neurons have been 

reported, suggesting that proteasome inhibition, if its toxicity is not sufficient to induce cell 
death, might not only be toxic to but also have a neuroprotective effect on dopaminergic 
neurons. Recently, Sawada et al. [115] reported that sub-lethal doses of proteasome inhibitors 
could block MPP+-induced dopaminergic neuronal death in vitro and in vivo. Similarly, 
dopaminergic neurodegeneration of rat substantia nigra following intranigral injection of 6-
hydroxydopamine (6-OHDA) can be similarly prevented by co-administration of proteasome 
inhibitors [76]. Of course, MPP+ and rotenone neurotoxicity are enhanced by proteasome 
inhibitors if the dose is sufficient to suppress proteasome activity to less than 10% [113]. It 
therefore appears likely that overall inhibition of proteasome activity is certainly toxic, but 
that partial suppression of activity might exert a neuroprotective effect. Although the 
neuroprotective mechanisms of proteasome inhibition are unclear, it is suggested that 
proteasome inhibitors might facilitate the formation of inclusions and block the toxicity of 
ROS production and/or toxic substances such as small oligomers (protofibrils), both of which 
are induced during neurotoxin-induced cell death. This speculation is not inconsistent with 
the finding that aggresome-associated α-synuclein is cytoprotective [15]. Speculatively, it is 
possible that neurons survive by avoiding unfavorable, toxic substances by sequestering them 
into inclusions, and that during this process, proteasome inhibition might help and facilitate 
inclusion formation. Further studies are herefore required to reveal the function of 
proteasomes in dopaminergic neurodegeneration (see Chapter 24). 
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UPS AND DOPAMINERGIC NEURON 
DEGENERATION IN PD: A HYPOTHESIS 

 
Both genetic and environmental factors are important in the pathogenesis of cell death in 

sporadic PD. In the cascade of dopaminergic neurodegeneration, various factors involving 
oxidative stress, mitochondrial dysfunction, excitotoxicity, and neuroinflammation, have 
thought to play a relevant role [100,116-119] (Figure 2). However, these factors are not 
thought to be present to the same extent in all patients, and therefore, the pathogenesis likely 
differs between individuals. There is, however, one emerging hypothesis whereby 
neurodegenerative disorders such as PD have a common mechanism underlying cell death: 
impaired protein clearance or protein aggregation. The hypothetical speculation that PD is 
associated with protein mishandling is based on the following findings. First, 
neuropathologically, intracytoplasmic inclusions (Lewy bodies) are the hallmark of PD. 
Second, genetically, the proteins encoded by causal genes of familial parkinsonism are 
closely associated with the UPS, the protein degradation machinery [5-6,9,14,21,41]. Third, 
proteasome activity declines in the substantia nigra in PD. In addition, experimentally, 
dopaminergic neurons are differentially vulnerable to proteasome inhibition both in vivo and 
in vitro [42,65-69]. 

The hypothesis that protein mishandling and accumulation of abnormal proteins such as 
mutant or misfolded proteins or proteins modified by ROS might be the key mechanism 
underlying dopaminergic neuron degeneration in familial as well as sporadic PD is worth 
noting. These unwanted or potentially toxic proteins are thought to be prone to aggregation, 
leading to polymerization [10]. For example, in the case of mutations of α-synuclein, altered 
proteins are thought to be prone to aggregation. Moreover, in the case of gene-driven 
increases in α-synuclein, for example, α-synuclein triplication, α-synuclein aggregation is 
thought to be facilitated [19,20]. In the case of mutations of proteins associated with UPS 
machinery, such as parkin and UCH-L1, loss-of-function of protein handling increases strain 
on the UPS to degrade α-synuclein, particularly its modified form, and substances of parkin, 
possibly resulting in the formation of aggregates [6,41]. In sporadic PD, both environmental 
and genetic factors are thought to contribute to the generation of oxidative stress, particular 
by inhibiting mitochondrial complex I [100,116]. Inhibition of mitochondrial complex I 
induces both production of free radicals and a bioenergy crisis, leading to extensive oxidative 
stress. Oxidative stress involves not only proteins, but also lipids and DNA [99-104], 
chronically and progressively worsening intracellular homeostasis, and particularly affecting 
normal protein handling [7,9,14]. Oxidative stress also facilitates α-synuclein aggregation. 
Dopamine autooxidation also plays an important role in facilitating oxidative stress in 
dopaminergic neurons [107]. Further, oxidative stress might induce impairment of UPS 
function, in turn causing further oxidative stress. Both oxidative stress and declining UPS 
function might therefore be trapped in a synergic spiral that finally results in cell death. 
Finally, in dopaminergic neuron degeneration, activation of NMDA receptors occurs [118] 
and activated microglia enhance neuroinflammation [117], exerting deleterious effects on the 
dopaminergic neurons.  
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Figure 2. Schematic representation of the possible inter-relationship between factors known to 
contribute to the etiopathogenesis underlying dopaminergic neurodegeneration in Parkinson’s disease 
(PD). Genetic as well as environmental factors are considered important in the pathogenesis of PD. 
Speculatively, mitochondrial dysfunction, particularly of complex I, is thought to result in oxidative 
stress and a bioenergy crisis. Oxidative damage involves proteins, lipids, and DNAs, further facilitating 
oxidative stress. Proteins modified by oxidative stress, such as α-synuclein, possibly accumulate and 
eventually aggregate, leading to polymerization. Oxidative dopamine metabolism also progresses 
oxidative stress. Oxidative stress might therefore induce an impairment of ubiquitin proteasome system 
(UPS) function, perhaps directly involving proteasome subunits. Oxidative stress and the decline in 
UPS function are thus perhaps trapped in a synergic spiral that finally results in cell death. 

Speculatively, it is suggested that protein aggregation or the process of polymerization 
itself is toxic to neurons. The detailed mechanisms underlying the aggregation of α-synuclein 
remain uncertain; however, it is hypothesized that toxicity might closely depend on the 
degree of aggregation (Figure 3). Moreover, intermediates such as oligomers or protofibrils 
are more toxic than both the precursor protein of the aggresomes and the inclusions [10] 
(about aggresome; see Chapter 12). 

The accumulation of α-synuclein may not be the direct result of the primary inhibition of 
protein degradation of UPS, because it remains unclear whether α-synuclein is actually 
degraded by the UPS. Secondary oxidative stress resulting from the proteasome inhibition 
also may be important in the accumulation of α-synuclein in neurons. Both oxidative stress 
and UPS failure synergistically contribute to the deterioration of cellular functions, resulting 
in an accumulation of α-synuclein in dopaminergic neurons. For the survival of these 
neurons, it may be desirable to eliminate the toxic intermediates, such as oligomers or 
protofibrils of α-synuclein, by successfully sequestering them into inclusions (Lewy bodies). 
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Figure 3. α-Synuclein aggregation and Lewy body formation. Mutant α-synuclein resulting from gene 
mutations (A30P, A53T) and abnormally excessive α-synuclein as a result of gene triplication are prone 
to aggregation. On the other hand, in the case of parkin mutations, α-synuclein can be degraded by the 
UPS, since α-synuclein is not a substrate of parkin. However, the intermediates (protofibrils) might be 
more toxic than the aggresome or inclusions, and the Levy body itself might be protective rather than 
toxic. 

 
CONCLUSION 

 
How the UPS contributes to the pathogenetic mechanisms underlying dopaminergic 

neurodegeneration in PD is currently a hot topic of research. There has been substantial 
progress in our understanding of UPS function in both normal and abnormal conditions, 
raising the hypothesis that UPS failure might be central in the cell death cascades involved in 
neurodegeneration. However, at present, there is much more to be learnt about the 
etiopathogenesis of PD. For example, it is necessary for us to understand more about the 
exact relationship between protein aggregation and neurodegeneration: why certain proteins 
aggregate and others don’t and whether the aggregates or the process of aggregation itself is 
toxic. We also need to know more about the mutual relationship between UPS function and 
other pathogenetically important factors, such as oxidative stress, mitochondrial dysfunction, 
neuroinflammation, excitotoxicity mediated via NMDA receptors, and heavy metals. The 
mechanisms underlying dopaminergic neurodegeneration in PD appear complex; however, 
further accumulation of research findings will continue to provide clues to the 
etiopathogenesis of PD as well as aiding the development of new therapeutic strategies, 
particularly those addressing the modification of disease progression. 
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ABSTRACT 
 

The ubiquitin-proteasome system (UPS) has multiple roles in axon degeneration. An 
efficiently functioning UPS is essential for maintenance of healthy axons, but the UPS is 
also required to activate pathways of programmed axon death designed to remove axons 
in injury, disease and development. Thus, as in the cell body (Chapter 24) the UPS is a 
double-edged sword for axons. Genetic defects in the UPS often cause progressive 
degeneration of synapses and distal axons. These structures appear more vulnerable than 
neuronal cell bodies to failure of normal protein turnover. Similarly, pharmacological 
blockade with proteasome inhibitors causes neurite death in vitro and peripheral 
neuropathy in vivo, suggesting long axons are critically dependent on a fully functioning 
UPS. Thus, axon degeneration could make an important contribution to 
neurodegenerative disorders where UPS defects are reported, such as Alzheimer's 
disease, Parkinson's disease and Huntington's disease. Prominent and early axon and 
synapse pathology has been reported in each of these disorders. The UPS also controls 
axon survival by regulating nuclear and axonal events. A chimeric nuclear protein 
containing an N-terminal region of multiubiquitination factor Ube4b delays the 
degeneration of injured axons in the slow Wallerian degeneration mutant mouse (WldS) 
for several weeks. The Ube4b domain of WldS protein is required for its neuroprotective 
effect in vivo and interacts with valosin containing protein (VCP/p97) within the nucleus, 
an event that may influence downstream axonal mediators of this phenotype. Proteasome 
inhibition in axons also delays Wallerian degeneration, possibly by preventing 
downregulation of the MEK/ERK pathway. Rapid Wallerian degeneration in wild-type 
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axons seems to be a proactive, regulated process, similar in principle to apoptosis, albeit 
different in molecular details. Physical axon injury is not the only way to trigger this 
process because WldS delays also axon degeneration caused by several genetic and toxic 
insults. The common factor may be a blockade of anterograde axonal transport. Transport 
from the cell body may deliver an inhibitor of Wallerian degeneration that stops it from 
being triggered in healthy axons. Axonal pruning, the large-scale elimination of excess 
axon branches formed during development, also requires cell-autonomous action of the 
UPS. Cell specific deletion of genes encoding E1 and proteasome subunits in Drosophila 
blocks this process suggesting that the UPS degrades key regulators of the pruning 
process, or participates in the execution phase. There are interesting parallels with 
Wallerian degeneration, which also requires UPS activity in Drosophila. Both are 
proactive, cell-autonomous axon death programmes regulated in part by the UPS. 
However, at least some of the molecular details are distinct. Thus, several specific 
actions of the UPS participate in programmed degeneration of axons, whereas non-
specific failure of the UPS can cause axon pathology. The apparent contradiction reflects 
the many roles of the UPS in the normal biochemistry of axons, roles that will be 
important to consider for effective targeting of therapeutic strategies.  
 

Keywords: Wallerian degeneration, axonopathy, ubiquitin proteasome system, valosin 
containing protein, axonal pruning, WldS. 
 
 

ABBREVIATIONS 
 
ALS, Amyotrophic lateral sclerosis; atJ, Ataxia allele 'J'; CNS, Central nervous system; 

E1, Ubiquitin activating enzyme E1; E3, Ubiquitin E3 ligase; ER, Endoplasmic reticulum; 
ERK, Extracellular-signal related kinase; gad, Gracile axonal dystrophy (allele of Uch-l1) ; 
GAN: Giant axonal neuropathy; MAP1B-LC, Microtubule-associated protein 1B light chain; 
MEK, MAP/ERK kinase ; N70, N-terminal 70 amino acids shared by WldS and Ube4b; 
NMJ, Neuromuscular junction; Nmnat1, Nicotinamide mononucleotide adenylyltransferase 1; 
SCA7, Spinocerebellar ataxia type 7; SOD1, Superoxide dismutase 1; TBCB, Tubulin 
folding cofactor B; TBCE, Tubulin folding cofactor E; Ube4b, Ubiquitination factor E4b; 
Uch-l1, Ubiquitin carboxy-terminal hydrolase 1; UPS, Ubiquitin proteasome system ; VCP, 
Valosin containing protein, or p97; WldS, Slow Wallerian degeneration protein ; WldS, Slow 
Wallerian degeneration mouse, gene, or phenotype.  

 
 

INTRODUCTION 
 
Control of protein turnover in axons presents a unique challenge. These structures, up to 

1 metre long in humans, contain up to 99% of the total protein content of the neuron. Proteins 
synthesized in the cell body must be delivered to their sites of action without being degraded, 
a delivery process that takes many days or months depending on the specific protein and its 
speed of transport. Thus, many axonal proteins need to have a long half-life. However, the 
UPS must also prevent the build-up of axonal proteins to levels that endanger the function or 
even survival of the axon, and it must degrade any misfolded proteins or axonal proteins 
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damaged by free radicals. Thus, the UPS has to perform a delicate balancing act in axons 
even more than elsewhere. The difficulty of achieving this is reflected in the axon 
degeneration that results when things go wrong.  

For example, ubiquitin itself moves within slow component b of axonal transport, 

moving at approximately 3 mm/day [1]. It takes around one month to reach the ends of the 
longest human axons and must be protected from degradation during this time. In the mouse 
axonal disease gracile axonal dystrophy (gad), axonal ubiquitin levels are depleted because 
of the absence of ubiquitin carboxy-terminal hydrolase l1 (Uch-l1), a protein that stabilizes 
ubiquitin during its long journey down the axon [2,3]. The resulting degradation of ubiquitin 
leads to axon degeneration. In contrast, in the hereditary sensory and motor disorder giant 
axonal neuropathy it is the failure of the UPS to degrade proteins that leads to axon 
degeneration, in this case the light chain of microtubule associated protein 1B (MAP1B-LC) 
[4] and tubulin folding cofactor B (TBCB) [5].  

Clearly the UPS is one contributory factor to the delicate balance between oversupply 
and undersupply of axonal proteins (Figure 1). The arrival of new material via axonal 
transport must be continuously balanced by either active retrograde axonal flow or local 
degradation. However, anterograde transport can significantly exceed retrograde transport for 
some species [6], suggesting there is an important role for distal degradative processes. The 
accumulation of ubiquitinated proteins in degenerating axons or neurites in Alzheimer's 
disease [7], Parkinson's disease [8] and Huntington's disease [9,10] and other disorders 
probably reflects the failure of the UPS in distal axons (see Chapters 30 to 34). Taken 
together with reports of early axon and synapse loss in each of these disorders [11-14], this 
suggests an early contributory role of axonal UPS failure to pathogenesis rather than a late, 
consequential role. 
 

 

Figure 1. The UPS and axon degeneration. The UPS plays several roles in determining whether axons 
survive or degenerate. This diagram shows several of the known or proposed events. See text for further 
details. 1. Programmed axon death (Wallerian degeneration and axonal pruning) may each be to some 
extent determined by nuclear events that alter the expression of survival factors entering the axon. 2. 
The E3 gigaxonin degrades proteins that regulate tubulin folding and axonal transport, so that its 
absence leads to transport defects and axonal swelling. 3. An imbalance of anterograde to retrograde 
transport means that many of the proteins delivered to the axon must be degraded there, especially if 
they become damaged by free radicals or other factors. However, these proteins must be long-lived in 
the first place to reach sites so far distant from the cell body. Thus, UPS defects may lead to a 
dangerous build-up of excess normal or damaged proteins. 
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However, an apparently contradictory picture is also emerging. The UPS is required not 
only to maintain normal healthy axons, but also to bring about their programmed destruction 
in injury, disease or development [15-17]. These regulatory actions of the UPS are often 
nuclear, with downstream axonal mediators, but some are axonal (Figure 1). This chapter 
explores how these two conflicting roles of the UPS can co-exist, focusing on what is known 
at present about the specific UPS steps involved and how they are compartmentalized to 
different parts of the neuron. The focus here is on the degeneration of axons. For the many 
roles of the UPS in axonal pathfinding and synaptic growth, the reader is referred to Chapters 
15 and 17. 

 
 
THE UPS HAS TO FUNCTION NORMALLY TO MAINTAIN 

HEALTHY AXONS AND SYNAPSES 
 
There is abundant circumstantial evidence that defects in the axonal UPS are important in 

human neuropathology (see below). However, it is important to put this in perspective by 
considering first an increasing number of genetic and pharmacological studies that 
demonstrate a causative role in axon degeneration. In a range of genetic disorders in mouse 
and one hereditary human disease it is now known that axon degeneration results from 
impairment of the UPS, and some of the molecular pathways are beginning to emerge. 
Moreover, axon degeneration often results when proteasomes are inhibited, both in vitro and 
in vivo in mice or humans. 

 
 

GRACILE AXONAL DYSTROPHY (GRAD) MICE 
 
Gracile axonal dystrophy (gad) is an autosomal recessive disease in mice, characterized 

by progressive 'dying back' of axons in the gracile tract, and loss of the extreme distal ends of 
both sensory and motor axons in the peripheral nervous system [18-20]. A progressive 
sensory ataxia and motor paresis results. The CNS pathology manifests as eosinophilic 
axonal swellings, or spheroids, some reaching more than 20 µm in diameter, that appear first 
in the medulla oblongata and then progressively appear at more caudal positions in the 
gracile tract. By fluorescently labeling a subset of CNS neurons, we find that this axonal 
dystrophy is a mixture of multiple small swellings on continuous axons, larger endbulbs on 
broken axons, and fragments of axoplasm disconnected from their parent axon at both ends 
(Figure 2). While the continuous axons in the early stages of this pathology may remain 
functional, and potentially even recoverable, those in which continuity has been lost are 
clearly damaged beyond repair.  

gad is caused by a small intragenic deletion in Uch-l1, which is effectively a null 
mutation because the truncated protein is not detectable in homozygotes [2]. Uch-l1 appears 
to have several functions. As the name implies, it has carboxy-terminal hydrolase activity, 
capable of releasing ubiquitin from ubiquitination intermediates before they are degraded by 
the proteasome (see Chapter 4). The purpose of this may be to edit and regulate growing 
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ubiquitin chains, or to recycle ubiquitin molecules for further use. The axons of gad mice 
show a decreased level of monomeric ubiquitin [3], which could be interpreted as indicating a 
failure to recycle ubiquitin, as without this hydrolase activity ubiquitin risks being degraded 
along with its target proteins. However, Uch-l1 also binds monomeric ubiquitin, suggesting 
that it helps maintain monomeric ubiquitin levels in other ways, akin to a chaperone or carrier 
protein, or preventing its targeting to lysosomal degradation [3]. Indeed a C90S mutant Uch-
l1 that lacks hydrolase activity is able to increase monomeric ubiquitin concentration in 
cultured cells. The ubiquitin-binding model is also supported by the facts that carboxy-
terminal hydrolase activity is low even in wild-type Uch-l1, and it is unclear why such an 
enzyme would need to be so abundant that it constitutes 1-2% of brain protein. A third 
function of Uch-l1 is as a ubiquitin E3 ligase, an activity present only when it dimerizes [21]. 
Hence, there are several ways in which the UPS of gad mice could be deficient.  
 

 

Figure 2. Axonal spheroid pathology in gad/YFP-H mice. gad mice, deficient in Uch-l1 [2] were 
crossed to YFP-H mice, in which a subset of axons are fluorescent due to restricted expression of a YFP 
transgene [109]. This improves longitudinal imaging of individual axons in the CNS, making it possible 
to determine whether spheroids arise on continuous or broken axons. The figure shows swollen axons in 
the cervical gracile tract at 19 weeks. Smaller swellings were often found on continuous axons and took 
the form of varicosities (b, arrow) and multiple 'en passant' spheroids clearly connected by strands of 
axoplasm (c, arrows). Larger spheroids often took the form of endbulbs (d, horizontal arrow) or isolated 
fragments of axoplasm (d, diagonal arrows). Scale bars: 50 µm, except where otherwise indicated. 
(Courtesy of Dr. Robert Adalbert, The Babraham Institute, Cambridge, UK) 

It is unclear whether the null mutation in gad mice directly models any human disease. 
However, there are several genetic and biological links between Uch-l1 and Parkinson's 



Michael P. Coleman 632 

disease. First, an I93M missense mutation, which reduces hydrolase activity, was found in 
two patients in a hereditary Parkinson's disease family [22], although the causative status of 
this change remains unconfirmed. Second, after some controversy, an association between the 
polymorphic variant S18Y and a reduced risk of Parkinson's has been confirmed in a large 
collaborative study [23]. Third, Uch-l1 shows some association with Parkinson's disease 
pathology such as Lewy bodies [24]. However, as Uch-l1 is such an abundant protein the 
significance of this immunostaining is unclear. Uch-l1 variants linked to Parkinson's disease 
susceptibility also cause accumulation of the hereditary Parkinsonism protein α-synuclein in 
cultured cells [21], and gad mice show accumulation of γ- and β-synuclein (though not α-
synuclein) in axonal spheroids [25]. Finally, some enzyme activity studies suggest an inverse 
correlation in these polymorphic forms between hydrolase activity and the risk of Parkinson's 
disease [26], suggesting that the null mutation in gad mice just might represent an extreme 
case. However, gad mice die without classical Parkinson's symptoms at around 8 months of 
age and we cannot tell whether this early mortality hides Parkinson-like symptoms that may 
have appeared later. However, it is also important not to overlook the possibility that the 
early pathology in gad mice, even if not targeted to the nigro-striatal pathway, tells us 
something about the role of UPS-mediated distal axon and synapse loss in Parkinson's 
disease. 

 
 

ATAXIA (AXJ) MICE 
 
Another mouse strain with a UPS defect, ataxia (axJ), shows several similarities to gad. 

First, they share a synaptic or axonal defect, with little or no involvement of neuronal cell 
bodies, causing progressive ataxia and hindlimb paralysis [27,28]. Ataxia mice show defects 
in synaptic transmission in both CNS and peripheral nervous system [27]. Second, ataxia 
mice also have a recessive mutation in a deubiquitinating enzyme, ubiquitin-specific protease 
14 (Usp14) [27]. The importance of deubiquitinating enzymes such as fat facets in regulating 
synapse development is discussed in Chapters 15 and 17, and here we see that similar 
enzymes are critical for synapse maintenance. Third, the level of monomeric ubiquitin in 
mouse brain and other tissues is decreased as a result of this mutation, not unlike the change 
in gad axons [28]. Earlier reports focused on the ability of Usp14 to hydrolyze monoubiquitin 
adducts [27] but its association with proteasomes suggests it has also a ‘recycling’ role, 
removing ubiquitin before it is degraded along with target proteins [28]. Studies of the yeast 
homolog also support this model, as proteasome inhibition rescues the decrease in free 
ubiquitin. 

 
 

UBE4B DEFICIENT MICE 
 
The phenotype of mice that are haploinsufficient for ubiquitination factor E4b (Ube4b, or 

Ufd2a) is also related to that of gad mice. Homozygous deletion of Ube4b is embryonic lethal 
due to a cardiac defect, but heterozygotes show axonal dystrophy characterized by 
eosinophilic spheroids in the gracile tract from seven months of age [29]. As in gad mice, 
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spheroids are particularly prominent in the distal regions of axons and are filled with 
disorganized neurofilaments and vesicular structures. A late-onset hind limb weakness 
results. Purkinje cells, which also degenerate in Ube4b+/- mice, express an Hsp70 family 
member and show numerous electron-dense bodies in the endoplasmic reticulum (ER), 
suggesting that ER stress could be the cause of axon degeneration in these mice. It may be 
that a cell body undergoing ER stress is unable to support the distal ends of its axon. 
However, a direct role for Ube4b in the axon also appears likely, especially as Ube4b is 
known to be present in axons [30]. Another possibility is that Ube4b has a nuclear role, as 
overexpression suppresses neurodegeneration in an expanded polyglutamine disorder [31] 
and Ube4b has also been detected in nuclei [30,32] (See also section on Wallerian 
degeneration, below). As the substrates of Ube4b emerge [33-36], the pathogenic mechanism 
will be better understood.  

 
 

GIANT AXONAL NEUROPATHY 
 
Giant axonal neuropathy (GAN) is a severe autosomal recessive sensory and motor 

disorder in humans characterized by abnormal accumulation of intermediate filaments in 
many cell types. In peripheral nerves, disorganization of the neurofilament network leads to 
huge axonal swellings, many times the normal axon diameter. The defective gene, gigaxonin, 
has been identified [37] and shown to be a ubiquitin scaffolding protein that links E1 protein 
to at least two substrates, either or both of which could mediate the axon pathology.  

One gigaxonin substrate is microtubule associated protein 1B light chain (MAP1B-LC) 
[4]. Gigaxonin is required for the UPS mediated turnover of MAP1B-LC and levels of 
MAP1B-LC are substantially increased in gigaxonin null mice. Overexpression of MAP1B-
LC in transfected primary neuronal cultures causes neurite fragmentation and eventual cell 
death, showing that the role of gigaxonin in facilitating MAP1B-LC degradation is critical to 
axonal survival, and ultimately that of the neuron too [4]. According to one model, MAP1B-
LC is a negative regulator of axonal transport, and its downregulation after birth is required 
to allow efficient transport along longer, mature adult axons. When this downregulation fails 
in GAN patients, axonal death results. There is an interesting parallel with observations that 
overexpression of another microtubule associated protein, tau, also slows especially 
anterograde axonal transport [6], although tau might not be degraded by the UPS [38]. 

Another gigaxonin substrate, which is equally likely to mediate axon degeneration, is 
tubulin folding cofactor B (TBCB) [5]. Like MAP1B-LC, TBCB increases both in vitro and 
in vivo when gigaxonin levels decrease, leading to a fall in microtubule density in axons that 
can be mimicked by directly overexpressing TBCB. TBCB is one of five tubulin folding 
cofactors that coordinate folding of α/β-tubulin heterodimers to form the microtubule 
network. Loss-of-function mutation in another member of this family, TBCE, is the cause of 
the severe mouse axonal disorder progressive motor neuronopathy (pmn), in which 
microtubule density is also strongly decreased [39]. Thus, increasing TBCB and decreasing 
TBCE have similar effects on microtubule density and both are likely to cause axon 
degeneration. Unlike MAP1B-LC, however, TBCB is widely expressed and may mediate 
also the non-neuronal phenotype in GAN patients [5].  
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Thus, within the last seven years the mutation of four different UPS proteins has been 
shown to cause primary axon degeneration without significant loss of neuronal cell bodies. 
Some patterns are beginning to emerge. So far, we know that recessive mutation of both 
deubiquitinating enzymes and ubiquitin ligases can cause axon degeneration. We know that 
the distal ends of axons are affected first, and that the pathological manifestation is often 
axonal swelling, particularly within the CNS. Clearly, distal axons and their synapses are 
highly susceptible to UPS defects. It is not yet clear whether this is usually due to a general 
build up of an excess of misfolded proteins, or to an increase in one specific toxic 
component, as in GAN. As more examples are discovered, mechanisms should become better 
understood and consistent themes may emerge. 

 
 

PROTEASOME INHIBITION AND AXON PATHOLOGY 
 
Pharmacological studies also demonstrate the sensitivity of axons to UPS impairment, 

raising the important issue of neurological side effects from therapeutic use of proteasome 
inhibitors [40]. In vitro studies show that the proteasome inhibitor lactacystin is toxic for 
neurites in primary neuronal cultures at concentrations that do not affect the cell bodies 
[41,42]. Interestingly, lactacystin and other proteasome inhibitors also induce neurite 
outgrowth in neuronal-like cell lines, and proteasome subunits are upregulated during 
neuronal differentiation, indicating that the UPS has separate roles in axon development and 
maintenance [42-45]. As may be expected from these in vitro data, proteasome inhibitors also 
cause axon degeneration in vivo. Bortezomib (Velcade®), a dipeptide boronic acid 
proteasome inhibitor currently undergoing clinical trials in multiple myeloma and some solid 
tumors, causes peripheral neuropathy in some patients [40,46]. Long sensory fibres are 
particularly badly affected, resulting in neuropathic pain that is dose limiting in some patients 
(for more details see Chapters 44 and 45). In rats, stereotaxic injection of lactacystin or 
epoxomycin into the striatum causes retrograde degeneration of the nigrostriatal pathway, 
with initial loss of nerve terminals and later death of cell bodies [47]. Systemic administration 
of epoxomycin or synthetic proteasome inhibitors also causes degeneration of the nigro-
striatal pathway [48]. In the systemic model it is not clear whether axons or cell bodies are 
the primary targets, but the susceptibility of axons to proteasome inhibition suggests a strong 
likelihood that they are directly affected.  

 
 
THE WIDER RELEVANCE OF AXONAL UPS DEFECTS TO 

NEURODEGENERATIVE DISEASE 
 
The genetic and pharmacological studies described above help in several ways to 

understand how the UPS may contribute to axon degeneration in a wider range of 
neurodegenerative disorders. First, they establish the principle that axons are particularly 
vulnerable when the UPS is impaired. Second, they reveal molecular events that could 
contribute also to more widespread human disorders, highlighting the importance of studying 
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these events in other contexts. Third, they establish patterns of pathology (e.g., distal axon 
degeneration, axonal swelling) that result when specific aspects of the UPS are disrupted, 
indicating one potential pathway that could underlie similar pathology in other disorders.  

For example, axonal swelling results when the UPS is impaired in gad and Ube4b+/- 
mice, and in GAN patients (the phenotype of the GAN mouse model is still being 
characterized). Axons also swell in a wide range of human chronic or acute 
neurodegenerative conditions, such as Alzheimer's disease [49], amyotrophic lateral sclerosis 
(ALS) [50,51], traumatic brain injury [52], stroke [53], and many others [54,55]. There are of 
course many varied causes for these disorders, but as it has now been established that a 
defective UPS can lead to axonal swelling, it is important to ask whether it is a necessary step 
in the pathogenesis of some of these disorders. 

Further support for an important, widespread role of the axonal UPS in neuropathology 
comes from observations that many of the swollen or dystrophic axons in a range of 
neurodegenerative disorders contain accumulations of ubiquitin epitopes (Table 1). 
Sometimes the ubiquitin signal is axon-specific. For example, in one ALS model, SOD1 and 
ubiquitin accumulate in vacuolated mitochondria specifically within axons, suggesting that 
the toxicity of mutant SOD1 specifically affects axonal mitochondria and that ubiquitination 
is an important early response to it [56]. The molecular status of the accumulated ubiquitin 
epitopes is often unclear, but in many cases it probably represents multi-ubiquitinated 
proteins that somehow fail to undergo degradation by proteasomes (see Chapter 23). In 
contrast, ubiquitin staining decreases in axons of gad mice and brain of axJ mice, where loss 
of a deubiquitinating enzyme causes monoubiquitin levels to decrease [3,28,54]. Thus, 
defects in deubiquitinating enzymes might not underlie disorders in which ubiquitin epitopes 
accumulate in axons. 
 

Table 1. Neurodegenerative disorders and animal models showing ubiquitin 
accumulation in axons 

 
Disorder/model Species Site Reference 
Alzheimer's disease Human Cerebellum [7] 
Amyotrophic lateral sclerosis Human, mouse and rat 

(SOD1G93A transgenics) 
Ventral horn, ventral root, 
corticospinal tract 

[56] [110, 
111] 

Parabromophenylacetylurea toxicity Rat Brain [112] 
Cervical compressive myelopathy Horse (race horses) Spinal cord white matter [113] 
HIV encephalitis Human Brain [114] 
Huntington's disease Human Cerebral cortex, striatum [9, 10] 
Infantile neuroaxonal dystrophy Human Brain [112] 
Multiple sclerosis Human Around chronic plaques [115] 
Normal ageing Rhesus monkey Globus pallidus, substantia 

nigra pars reticulata 
[116] 

Parkinson's Disease Human Midbrain, brainstem [8, 117] 
Progressive supranuclear palsy Human Hippocampus [118] 
Spinal cord compression Rat Thoracic spinal cord [119] 
Tauopathy Mouse Brain, spinal cord [120] 
Trigeminal disorders Cow Trigeminal ganglia [121] 
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For many of the disorders listed in Table 1 there is independent evidence that the UPS is 
impaired. These include Alzheimer's disease, where molecular misreading results in a mutant 
ubiquitin, UBB+1, an aberrant protein that interferes with the growth of ubiquitin chains on 
targeted proteins [57]. In Parkinson's disease, many genetic causes have been traced to 
defects in the UPS [58,59]. As it is clear that axons are particularly vulnerable when the UPS 
is impaired, it is important to investigate whether axons and their synapses are the first 
structures to degenerate in these disorders.  

In polyglutamine expansion diseases, characterized by early axon and synapse 
disturbance [60,61], the role of the UPS is currently controversial. Expanded polyglutamine 
impairs proteasome mediated degradation in vitro [62] but it is unclear whether similar events 
occur in vivo. The advent of ubiquitin reporter transgenic mice [63] allows UPS activity to be 
assessed in vivo. G76V mutant ubiquitin is fused to C-terminal green fluorescent protein. The 
mutation prevents hydrolysis by C-terminal hydrolases, leading to efficient ubiquitination of 
this reporter and its degradation by the proteasome. However, when proteasome degradation 
is blocked pharmacologically or genetically, green fluorescence accumulates. In order to 
characterize the expected UPS defect, this reporter system was applied to a mouse model of 
the polyglutamine expansion disorder spinal cerebellar ataxia 7 (SCA7). Unexpectedly, 
fluorescence increased only very late in the disease and even this increase could be explained 
by an increase in reporter transcription [64]. Nevertheless, further evidence of the importance 
of the UPS in polyglutamine disorders comes from the observations that both Ube4b 
overexpression, and loss-of-function of valosin containing protein (VCP) (see below) 
suppresses expanded polyglutamine disease in Drosophila [31,65]. 

Thus, circumstantial evidence strongly implicates the UPS in the pathogenesis of many 
neurodegenerative disorder, and the monogenic defects and pharmacological experiments 
described previously demonstrate the potential for these changes to be contributory and not 
mere consequences of pathology. Although its role remains controversial in some disorders, 
axonal UPS defects could be a very common trigger, or key contributory event, in many 
human neurodegenerative disorders. 

 
 

THE UPS AND AXON DEATH PROGRAMMES 
 
It is not always advantageous for an organism to maintain axons. Just as apoptosis 

removes cells in injury, disease, and development, programmes of axonal death are designed 
to remove axons that are no longer useful. The mechanisms are distinct from apoptosis, 
probably to prevent the death programme spreading to neuronal cell bodies and killing them 
in most cases [66]. In this way, other axonal branches may survive, and in the peripheral 
nervous system the proximal axonal stump has the chance to regenerate. Programmed axon 
death mechanisms are just beginning to emerge and it has become clear that Wallerian 
degeneration, the pathway that operates in injury and disease, is distinct from developmental 
pathways, such as axonal pruning and synapse elimination. However, the UPS is involved in 
both. Importantly, although the mechanisms are executed locally in the axon, they appear to 
be controlled to some extent from the cell nucleus [67,68]. This may help keep separate the 
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axon maintenance actions of the UPS (see above) from the UPS components that mediate 
axon destruction.  

 
 

WALLERIAN DEGENERATION 
 
Transection or other severe injury to mammalian peripheral nerves leaves a long distal 

axon stump, disconnected from the cell body. Until this stump is removed, it blocks axon 
regeneration [69,70]. Wallerian degeneration is the process by which the distal stump dies, 
and is one of the largest scale cytoplasmic destruction processes the body has to undertake 
(Figure 3). For example, a motor neuron is one of the largest cells in the body and more than 
99% of its cytoplasmic volume resides in the axon. A similar process is often triggered by 
genetic or toxic blockade of axonal transport in disorders where there is no physical axon 
injury [55]. It appears that once a peripheral axon is damaged beyond repair, whether by 
injury or other defects, it is better to destroy it and regenerate. This scenario is reminiscent of 
apoptosis, where sick cells are actively destroyed and replaced by division of neighboring 
cells. However, unlike apoptosis, Wallerian degeneration does not appear to involve caspase 
activation and is not blocked by caspase inhibitors, Bcl-2 overexpression, or Bax and Bak 
deletion [71-73]. Thus, it is distinct from apoptosis in molecular terms. Nevertheless, the 
destruction process is a proactive pathway and several lines of evidence now point to an 
important controlling role for the UPS. 

As in apoptosis research, the discovery of a regulatory gene has opened up the field of 
Wallerian degeneration. A spontaneous mutation in C57BL/WldS mice delays Wallerian 
degeneration tenfold, providing a route towards understanding the degenerative mechanism 
[74]. An unusual mutation [75] results in the de novo expression of a chimeric gene [76], 
which confers the cell-autonomous, neuroprotective slow Wallerian degeneration (WldS) 
phenotype in transgenic mice [68]. An in-frame fusion protein is produced, consisting of the 
N-terminal 70 amino acids (N70) of multiubiquitination factor E4b (Ube4b, also called 
Ufd2a), a short linker region of 18 amino acids, and the entire coding sequence of the NAD+-
synthesizing enzyme nicotinamide mononucleotide adenylyltransferase 1 (Nmnat1) (Figure 
3a). Despite some conflicting evidence in vitro [77,78], transgenic mouse experiments have 
now established that the Nmnat1 domain is unable to confer the WldS phenotype in vivo, 
indicating that the N70 Ube4b-derived domain contributes to the phenotype [123]. It is now 
important to determine whether the action of both parts of WldS protein are required to 
protect axons robustly in mammalian nerves. Surprisingly, the WldS protein is undetectable in 
axons in vivo [30,68,79,80], although its presence at very low levels cannot be ruled out. 
Instead, WldS appears to be a nuclear protein, whose protective effect on axons is likely to be 
mediated by downstream axonal factors.  

Valosin-containing protein (VCP/p97), which binds directly to N70, is a candidate for 
one of these downstream factors [81]. VCP is an extremely abundant protein with many 
diverse roles throughout the cell, including a key step of the UPS during the degradation of 
misfolded nascent protein in the ER (See Chapter 13 and [82,83]). WldS partially redistributes 
VCP, and what appears to be associated multi-ubiquitinated proteins, into a pattern of 
discrete intranuclear foci [81]. This could alter the function of VCP or some of its other 
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binding partners. Whether VCP mediates the WldS phenotype is still under investigation, but 
these changes are at least consistent with a nuclear role for WldS involving its Ube4b-derived 
N70 domain. It also fits with reports that WldS is able to alter gene expression, but most 
effectively when both N70 and Nmnat1 are expressed [84], as VCP and the UPS can 
contribute to control of transcription factor stability and RNA processing [36,85]. It also 
remains unclear whether the intranuclear foci in which WldS and VCP accumulate are PML 
bodies, as these are enriched for components of the proteasome (Chapter 10).  
 

 

Figure 3. Wallerian degeneration and its delay in WldS, and WldS transgenic mice. (a) Wallerian 
degeneration is the degeneration of the distal part of an injured axon that occurs rapidly after a latent 
phase of approximately 36 h in wild-type mouse sciatic nerve. The WldS protein delays degeneration of 
the distal axon for several weeks and has a similar effect in several neurodegenerative disorders where 
axonal transport is blocked. The chimeric protein, whose N-terminal 70 amino acids are derived from 
Ube4b, is only detectable in the nucleus in vivo. (b-d) Prolonged survival of the distal stumps of injured 
axons in WldS (c) and transgenic WldS (d) mice compared to wild-type (b) 14 days after a sciatic nerve 
lesion. a: reprinted with permission from Coleman, M.P. and Ribchester R.R. Programmed axon death, 
synaptic dysfunction and the ubiquitin proteasome system. Current Drug Targets: CNS and 
Neurological Disorders 3: 153-60 Copyright (2004), with permission from Bentham Science Publishers 
Ltd.; b-d: reprinted from Coleman, M.P. and Perry, V.H. Axon pathology in neurological disease: a 
neglected therapeutic target; Trends in Neurosciences 25: 532-7 Copyright (2002), with permission 
from Elsevier. Electron micrographs courtesy of Dr. Bogdan Beirowski. 

Interestingly, N70 is part of a 126 amino acid sequence that is a relatively recent 
development in evolution and is also necessary for ubiquitination activity in mammalian 
Ube4b enzyme [35,81,86]. How this sequence alters activity is unclear because it does not 
contain the U-box. However, one clue is that it becomes phosphorylated during mitosis and 
phosphorylation reduces enzyme activity [35]. As the N-terminal region of Ube4b is so 
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influential in determining ubiquitination activity, it is reasonable to expect that the identical 
N70 sequence of WldS protein may interfere with this domain, perhaps competing with it to 
bind VCP, and alter ubiquitination activity.  

These studies suggest that UPS-mediated events within the nucleus of a neuron 
predetermine what the rate of Wallerian degeneration will be if its axon should become 
injured, probably by altering the expression level of a downstream axonal protein. The 
mechanism is probably distinct from that which triggers axon degeneration when the axonal 
UPS fails in gad, axJ, Ube4b+/- and GAN (see above), as different subcellular compartments 
appear to be involved. However, as described below, there is also evidence that the UPS has 
to function in axons to allow programmed axon death.  

When primary neuronal cultures are grown in compartmentalized culture, and the 
proteasome inhibitor MG132 is added specifically to the neuritic compartment, the survival 
of transected neurites is delayed from around 10 hours to at least 24 hours [87]. Addition of 
proteasome inhibitor immediately after transection is sufficient for this effect, further 
indicating that it is a local mechanism within axons. As WldS has not been detected in axons 
in vivo, the protective effect of proteasome inhibitor in axons may be distinct from that of 
WldS. However, the possibility that WldS acts at very low levels in the axon has not been 
eliminated, and some in vitro studies do suggest that it can enter short neurites when 
expressed at high levels [78,88]. Further studies showed that axon protection by proteasome 
inhibition requires the extracellular-signal related kinase (ERK) signaling pathway, as 
simultaneous inhibition of ERK phosphorylation using the drug U0126 restores rapid neurite 
degeneration [87]. Another study also found a small delay in degeneration of transected 
neurites after pretreatment of both neurites and cell bodies with proteasome inhibitor [89], 
although neither study reported a delay in neurite degeneration that matches WldS neurons, 
whose neurites begin to degenerate only 3-4 days after transection in primary culture [90,91]. 
Finally, new data in a Drosophila model of slow Wallerian degeneration also indicate that an 
efficient UPS is required for Wallerian degeneration, as expression of the yeast ubiquitin 
protease UBP2 delays Wallerian degeneration in this model [122]. 

 
 

PROGRAMMED AXON DEATH IN DISEASE 
 
Wallerian degeneration has been used as a model of axon death for over 150 years [92], 

but only since the discovery of the WldS mouse has it been possible to test the underlying 
hypothesis that injury-induced axon degeneration is related to axon pathology. A series of 
recent studies has now shown that WldS can delay axon degeneration in several genetic and 
toxic disorders in the absence of any physical injury to the axon [54,79,80,93,94]. The 
common factor may be a blockade of anterograde axonal transport. Transport from the cell 
body may deliver an inhibitor of Wallerian degeneration that stops it from being triggered in 
healthy axons. Thus, like Wallerian degeneration, axon degeneration in some types of motor 
neuron disease, Charcot-Marie-Tooth disease, toxic neuropathies and other disorders may 
also be controlled through nuclear UPS events with downstream axonal mediators. WldS also 
reduces neuropathic pain, consistent with partial Wallerian degeneration of a nerve being the 
trigger for neuropathic pain [95-97; and Chapter 27]. However, axon degeneration is not 
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blocked in all disorders, the most notable exceptions so far being some mouse models of ALS 
[55,98,99]. Aβ-induced axon degeneration is also not blocked by proteasome inhibition [100] 
in the way that Wallerian degeneration is. Thus, a programmed axon death mechanism 
operates in some, but not all, neurodegenerative disorders through a mechanism related to 
Wallerian degeneration. 

 
 

DEVELOPMENTAL AXON LOSS 
 
Among the many roles of apoptosis is to kill cells that arise during development but have 

no function in the adult. The equivalent processes in axon biology are axonal pruning, where 
large axon branches are removed, and synapse elimination, where the number of presynaptic 
inputs to a target cell is reduced. Both occur without cell death, indicating that the actual 
mechanism is non-apoptotic [15,101].  

Axonal pruning in the Drosophila mushroom body appears morphologically similar to 
Wallerian degeneration, with near simultaneous degeneration of large axonal regions 
[67,102]. It also shares the features of caspase independence and cell-autonomous action of 
the UPS, as it is blocked by cell-specific deletion of the E1 or proteasome subunits [67]. The 
UPS may degrade key regulators of the pruning process, or participate in the execution stage. 
These similarities raised the possibility that the mechanism is related to that of Wallerian 
degeneration [15] but new data now distinguish between the two mechanisms (Liqun Luo, 
personal communication). The WldS gene delays injury-induced axon degeneration in 
Drosophila but does not delay axonal pruning in either Drosophila or mice. Nevertheless, 
inhibiting the UPS does delay both Wallerian degeneration and axonal pruning in flies 
[67,122], suggesting there may be some overlap further downstream in the mechanisms. 
Furthermore, in primary neuronal cultures proteasome inhibition delays both injury-induced 
neurite degeneration and degeneration triggered by limiting the supply of nerve growth factor 
to the distal neurite, an experiment that could be regarded as an in vitro model of pruning 
[87]. Thus, axonal pruning shares some similarity to Wallerian degeneration, which may 
extend to some UPS mediated steps, but the available in vivo evidence suggests that the two 
processes are distinct at the molecular level.  

Synapse elimination is also distinct from Wallerian degeneration of wild-type axons, as it 
is unaltered in WldS mice [103] and because the cellular events are sharply different from 
those in Wallerian degeneration. Synapse elimination proceeds by an unusual cellular 
mechanism known as ‘axosome shedding’, in which fragments of axoplasm become isolated 
from a retracting axon and are ultimately engulfed by Schwann cells [104]. In contrast, 
Wallerian degeneration in wild-type nerves progresses as a wave of fragmentation spreading 
rapidly over the whole axon [102]. However, motor nerve terminals at the neuromuscular 
junctions (NMJ) of WldS mice after experimental axotomy appear remarkably similar to NMJ 
undergoing synapse elimination. Terminal swellings can be seen connected by very thin axon 
collaterals to the main part of the distal axon, reminiscent of the immediate precursor of an 
axosome [105,106]. Synapse loss is one of the first events after axotomy, both in wild-type 
and WldS axons [107,108]. It is delayed by WldS, but not as robustly as Wallerian 
degeneration of the main axon trunk and, curiously, the neuroprotective effect of WldS is lost 
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with age specifically at synapses [105]. Thus, while classical synapse elimination appears 
distinct from Wallerian degeneration, the degeneration of axotomized synapses shows 
similarities with both. 

 
 

CONCLUSIONS 
 
In summary, this chapter distinguishes four separate ways in which the UPS influences 

axon survival. First, multiple lines of genetic and toxic evidence indicate that axons require 
the UPS for normal maintenance and survival. Compared to other parts of the neuron axons 
are highly sensitive to UPS blockade. These findings have important implications for the use 
of proteasome inhibitors as drugs, and indeed the first clinical trials indicate that peripheral 
neuropathy can result. They also highlight the importance of testing for an early, contributory 
role of axon degeneration in disorders where UPS impairment has been reported. Second, 
axon destruction programmes are also regulated by the UPS, but at least partly though 
nuclear events. WldS protein may delay axon degeneration in injury and disease though its 
binding partner VCP, and possibly also though NAD+ metabolism. These events require the 
N-terminal Ube4b-derived domain, suggesting that the UPS is involved in this process. Third, 
direct application of proteasome inhibitors to neurites blocks injury-induced degeneration 
through a mechanism that is probably distinct from that of the WldS protein. Fourth, axonal 
pruning, like Wallerian degeneration requires the UPS to eliminate axonal branches.  

The UPS achieves these, often contradictory, effects on axon survival by temporal 
separation, cellular compartmentalization, and molecular specificity [16]. For example, 
nuclear UPS steps may control the expression of a downstream axonal inhibitor of axon 
degeneration in WldS mice, but it appears to be failure of the UPS within the axon itself that 
causes distal axon degeneration in gad mice and in GAN patients, and axonal pruning differs 
from Wallerian degeneration both in developmental timing and in the controlling proteins. A 
fuller understanding may allow us to mitigate the damage to axons caused by some 
proteasome inhibitor drugs such as Velcade®, to block axonal disorders that result from a 
defective UPS, and perhaps to mimic the WldS gene or its downstream mediators to target 
neuroprotection to axons. 
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ABSTRACT 
 

Chronic pain states involve long-term biochemical and anatomical changes including 
plasticity at the first synapse in the spinal cord, which is crucial to the development of 
hyperalgesia (increased sensitivity to noxious stimuli) and allodynia (perception of 
innocuous stimuli as painful). Spinal dorsal horn neurons become hyperexcitable in the 
process of “central sensitisation”, which shows partial similarity to other forms of 
synaptic plasticity, such as hippocampal long-term potentiation (LTP). Both processes 
involve pre- and post-synaptic changes, and rely on the NMDA receptor and associated 
proteins. The ubiquitin-proteasome system (UPS) has been implicated in central 
sensitisation and the development of neuropathic pain. In an animal model of neuropathic 
pain, proteasome inhibitors have been shown to rapidly attenuate behavioural 
hyperalgesia and allodynia, inhibited firing of dorsal horn neurons evoked by noxious 
and innocuous stimuli in neuropathic animals, or by mustard oil in normal animals. 
Expression of the enzyme UCH-L1 (Ubiquitin C-terminal hydrolase) was further 
increased in the spinal cord dorsal horn ipsilateral to neuropathy, supporting a central 
role for the UPS in neuropathic pain. Studies of other CNS areas have emphasised the 
importance of the UPS in regulation of synapse structure and neurotransmitter release 
and its role of such changes in plasticity. Postsynaptically, the UPS mediates changes in 
composition of the postsynaptic density (PSD) since activity-dependent ubiquitination 
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regulates PSD composition and several key scaffolding molecules which are involved in 
pain sensitisation, undergo activity-dependent ubiquitination. PSD-95 in particular plays 
a key role in neuropathic pain. PSD-95 links to the NMDA receptor which is essential for 
central sensitisation and may regulate AMPA receptor synaptic insertion. NMDA 
receptor activation causes PSD-95 ubiquitination and degradation and blockade of this 
process prevents NMDA receptor induced AMPA-receptor recycling and long-term 
depression. Since alteration in levels of surface glutamate receptor expression is a key 
means by which synaptic strength is altered, these observations further support the idea 
of acute regulation of synapse function by the ubiquitin-proteasome pathway. In addition, 
proteasome inhibitors reduce NMDA receptor-dependent activation of the CREB and 
ERK/MAPK signalling cascades, indicating a further mechanism by which the UPS may 
influence long-term plasticity during chronic pain. The UPS is also involved in synapse 
development and in morphological changes in dendritic spines. Thus, a wide array of 
changes in protein: protein interactions, signalling events and cytostructural changes 
depend on UPS function during the synaptic plasticity that underlies chronic pain states. 
These processes may represent promising targets for the development of novel analgesic 
strategies. 
 

Keywords: Pain, Neuropathy, Ubiquitin, Proteasome, Neuronal plasticity, Posterior horn, 
Postsynaptic density. 
 
 

ABBREVIATIONS 
 
CCI; chronic constriction injury model; CFA; Complete Freund’s adjuvant; CNS; central 

nervous system; COX-2; cyclooxygenase-2; CREB; cyclic AMP response element binding 
protein; DRG; dorsal root ganglia; E1; ubiquitin-activating enzyme; E2; ubiquitin 
conjugating enzyme; E3; ubiquitin ligases, ERK; extracellular signal-regulated protein 
kinase; GluR; glutamate receptor (AMPA receptor subtype); GRIP; glutamate receptor -
interacting protein; IKK; IκB kinase; IL; interleukin; LI/II; laminae I and II in superficial 
dorsal horn of spinal cord; LTP; long-term potentiation; MAGUK; membrane associated 
guanylate kinase; MAP; mitogen activated protein; mGluR; metabotropic glutamate receptor; 
NF-L; neurofilament-light; NR; NMDA receptor; NSAIDs; Non-steroidal anti-inflammatory 
drugs; NSF; N-ethylmaleimide-sensitive fusion protein; PICK1; protein interacting with C 
kinase 1; PKA; protein kinase A; PWL; paw withdrawal latency; PWT; paw withdrawal 
threshold; PSD; postsynaptic density; RVM; rostroventral medulla; Ser; serine reside; 
Siah1A; Seven in absentia homolog 1A; SPAR; spine-associated Rap GTPase activating 
protein, SPET; suspended paw elevation time; TNF-α; tumour necrosis factor-α; UCH-L1, 
Ubiquitin C-terminal hydrolase; UPS; ubiquitin-proteasome system. 

 
 

INTRODUCTION 
 
Normal, physiological pain serves a useful purpose, alerting us to damaging stimuli and 

triggering withdrawal reflexes, or forcing a state of rest to promote recovery from injury. On 
the contrary, chronic pain, which persists long after the original cause has resolved, serves no 
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beneficial purpose and presents a major clinical problem. Neuropathic pain is a form of 
chronic pain which is caused by damage to the nervous system. It can occur as a result of 
trauma, diabetes and demyelinating diseases, viral infections (such as in postherpetic 
neuralgia), certain chemotherapeutic agents (all of which damage peripheral nerves) and also 
from central nervous system damage. Treatment options are limited [1]; conventional first-
line treatments such as NSAIDs (Non-steroidal anti-inflammatory drugs) and opioids are 
ineffective [2]. Current prescribed medications are anti-convulsant drugs (e.g. gabapentin), 
sodium channel blockers and tricyclic antidepressants, all of which show variable efficacy 
and cause deleterious side effects. Under normal circumstances, a sensation of pain is evoked 
when noxious stimuli to the periphery evoke action potentials in the terminals of nociceptive-
specific primary afferent neurons. These primary afferents terminate in the dorsal horn of the 
spinal cord, synapsing onto central spinal neurons, which form several pathways connecting 
to the thalamus and cortex. The synapse in the dorsal horn between primary afferent and 
second order neurons plays a key role in pain transmission and processing. Plasticity at this 
synapse is a major means by which behavioural sensitisation can develop. This sensitisation 
is reflected in hyperalgesia—heightened sensitivity to noxious stimuli, allodynia—perception 
of innocuous stimuli as noxious, and spontaneous pain. Various animal models have been 
developed in an effort to reproduce the sensory disorders accompanying human peripheral 
neuropathies. Partial nerve injury models mimic the most common type of injury seen in 
humans. Such models are highly reproducible and result in the hallmark behavioural signs of 
neuropathic pain; hyperalgesia and allodynia. Sensitisation as a result of plasticity in pain 
pathways occurs normally following injury, but is short-term and reverses as the injury heals. 
However, in neuropathic pain, continuing modification of the pain pathways, particularly at 
the early synapses in the dorsal horn, results in long-term sensitisation, which far outlasts the 
injury. Damage to the peripheral nerves causes some axons to degenerate, and remaining 
neurons display altered properties including spontaneous and ectopic firing. Phenotypic 
changes occur in damaged and neighbouring afferents with alterations in expression of ion 
channels, receptors, and levels of neurotransmitters, and de novo expression of certain 
proteins. In postsynaptic neurons, levels of receptors and cellular proteins are also altered. 
These changes result in central sensitisation, a form of synaptic plasticity with some 
analogies to hippocampal long-term potentiation (LTP) and to other forms of central nervous 
system plasticity resulting in a facilitation of neurotransmission due to repetitive conditioning 
stimuli (see Chapter 14-17; Figure 1). Activity-dependent sensitisation has been reported in 
rodent, cat and primate dorsal horn neurons [3,4]. A central sensitisation-like phenomenon 
can also be generated in other supraspinal pain processing areas: the rostroventral medulla 
(RVM), anterior cingulate cortex, and amygdala [5-7].  

LTP and central sensitisation are both dependent on excitatory glutamatergic 
transmission involving AMPA and NMDA subtypes of ionotropic glutamate receptor [8-12]. 
AMPA receptors are composed of four subunits (GluR1-4), while NR1, NR2 (NR2A-D) and 
NR3 (NR3A/B) subunits all constitute the NMDA receptor family. All these subunits are 
differentially localised in the spinal cord with GluR1 and GluR2 subunits of AMPA receptor 
and NR1 and NR2B subunits of NMDA receptor being most concentrated in the major 
nociceptive processing area in the superficial dorsal horn (see later). Under basal conditions, 
acute nociceptive transmission is mediated by AMPA receptors, while NMDA receptors are 
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inactive, due to blockade by Mg2+ ions in the NMDA channel pore. Under conditions of 
nerve injury, high-frequency stimulation produces a cumulative membrane depolarisation 
which leads to removal of the voltage-dependent Mg2+ ion block in the channel pore, 
allowing entry of calcium ions and resultant calcium-dependent intracellular signalling. 
Metabotropic glutamate receptors (mGluR1-7) have also been implicated in synaptic 
plasticity in hippocampus and cerebellum as well as spinal neuronal sensitisation associated 
with chronic pain. 
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Figure 1. Peripheral and central mechanisms of neuropathic pain. Changes at the level of peripheral 
afferents, the dorsal horn of the spinal cord, and descending input from brain areas. All lead to the 
development of hyperalgesia (heightened sensitivity to noxious stimuli) and allodynia (perception of 
innocuous stimuli as painful) in neuropathic pain. 

 
THE UBIQUITIN-PTOTEASOME SYSTEM (UPS) 

 
A major intracellular pathway that is now known to act as an important regulator of such 

synaptic function is the ubiquitin-proteasome system [13-16]. The UPS is a highly conserved 
multi-enzyme mechanism that targets cytosolic proteins for degradation [17]. A sequential 
series of reactions is catalysed by ubiquitin-activating enzyme (E1), followed by ubiquitin 
conjugating enzymes (E2) and a number of ubiquitin ligases (E3), resulting in ubiquitin 
binding to lysine residues in the target protein [18]. Activity-dependent ubiquitination and 
degradation by the proteasome proteolytic complex is a mechanism by which synaptic 
proteins and thus synaptic strength may be regulated. Levels of ubiquitin-conjugated proteins 
are strongly linked to synaptic activity level, and this is particularly pronounced for 



The Ubiquitin Proteasome System in Pain Transmission and Neuropathic Pain 655

postsynaptic density (PSD) proteins [19]. This pathway is involved in the regulation of 
synaptic plasticity in the hippocampus, whereby the proteasome inhibitors MG-132 and 
lactacystin can block long-term depression, a further form of lasting alteration in synaptic 
function [16]. 

 
 

LOCALISATION OF THE UPS NEAR SYNAPSES 
 
The UPS has been localised intracellularly in the vicinity of the synapse, making it a 

plausible regulator of synaptic function. Confocal microscopy demonstrates that ubiquitin 
and the proteasome are abundant in dendrites of cultured hippocampal neurons, in or near 
putative spines [15]. Ubiquitin conjugation has been demonstrated in synaptosomal and PSD 
preparations, indicating that ubiquitination can occur in or near synapses [19]. It is possible 
that dynamic recruitment of UPS components to synaptic sites could act as a regulator of 
function [15]. The UPS is directly involved in affecting growth of dendritic spines by a 
mechanism involving degradation of the protein SPAR (spine-associated Rap GTPase 
activating protein) which is a postsynaptic scaffolding molecule that binds both filamentous 
actin and the MAGUK (membrane-associated guanylate kinase) family adapter protein 
prominent in postsynaptic densities, PSD-95. Degradation of SPAR by the UPS is activity-
dependent, and results in depletion of both SPAR and PSD-95 from spines, leading to 
dissipation of spines [20]. 

 
 

THE UPS AND NEUROPATHIC PAIN 
 
The UPS is specifically implicated in the sensitisation that occurs in the spinal cord in 

chronic pain [21]. Extracellular recordings of multireceptive dorsal horn neurons show 
heightened neuronal activity following the topical application of the chemical algogen 
mustard oil (allyl isothiocyanate), a selective activator of nociceptive C-fibers [22]. 
Ionophoresis of the ubiquitin-proteasome inhibitors lactacystin or MG-132 in vivo partially 
inhibits the mustard oil-induced increase in firing but had no effects on responses to an 
innocuous brush stimulus [21]. This indicates that the UPS is preferentially involved in the 
processing of noxious (mustard oil) but not innocuous (brush) sensory stimuli in the spinal 
cord under normal conditions (Table 1).  

The sciatic nerve chronic constriction injury model (CCI) produces sensitisation in the 
neurons of the spinal dorsal horn and the behavioural correlates of hyperalgesia and allodynia 
indicative of neuropathic pain [23]. Spinal dorsal horn neurons from neuropathic animals 
show elevated responses to brush as well as mustard oil, which is representative of 
mechanical allodynia, but there is also a de novo response to noxious (4oC) cold stimulation, 
known as ‘cold allodynia’. In extracellular recordings from the spinal neurons of neuropathic 
animals, the same proteasome inhibitors lactacystin and MG-132 could significantly inhibit 
elevated neuronal responsiveness evoked by noxious stimulation with mustard oil or cold 
stimulation as well as that evoked by innocuous brush stimulation [21]. This further indicates 
that ubiquitin is involved in the processing of noxious sensory stimuli, which, following 
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nerve injury, includes not only mustard oil, but now also brush and cold stimulation (Table 
1). 

 
Table 1. Summary of effects of proteasome inhibitors on sensory stimulation-induced 

dorsal horn neuronal activity 
 

 Normal Nerve injury 
Stimulus type Innocuous Noxious Innocuous Noxious 
 Brush Mustard 

Oil 
Cold Brush Mustard 

Oil 
Cold 

Lactacystin -  n/a    
MG-132 -  n/a    

Summary of the effects of the ionophoretic application of proteasome inhibitors lactacystin and MG-
132 on dorsal horn neuron responses to innocuous (brush) or noxious (mustard oil or cold) sensory 
stimulation. In naïve animals, neither drug had any effect (-) on non-nociceptive brush-evoked firing, 
while both drugs were capable of reducing ( ) neuronal firing induced by the noxious mustard oil 
stimulus. The cold (4°C) stimulus was not tested (n/a) in normal animals, as it elicits behavioural reflex 
withdrawal responses only in neuropathic animals. Thus normally, the UPS appears to contribute only 
to the processing of nociceptive sensory stimuli. In neuropathic animals, proteasome inhibitors are now 
capable of reducing dorsal horn responses evoked not only by nociceptive mustard oil and newly 
developed nociceptive responses to cold stimulation but also responses evoked by non-nociceptive 
brush stimulation. Thus, in the sensitised state following nerve injury, the UPS is now involved in 
processing noxious and innocuous sensory stimuli. 

 
In agreement with the electrophysiological results, administration of the ubiquitin-

proteasome inhibitors MG-132 and epoxomicin into the intrathecal space reversed whole 
animal behavioural thermal hyperalgesia and mechanical and cold allodynia which develop 
ipsilateral to nerve injury, but had no effect in naïve animals or on uninjured contralateral 
paw values [Figure 2; 21]. In both behavioural and electrophysiological experiments, 
proteasome inhibitors exerted an effect within 20 minutes of application. Such rapidity of 
action suggests that UPS activity is essential for the maintenance of established neuropathic 
sensitisation. 

Biochemical changes were also observed consistent with an involvement of the UPS in 
the neuropathic pain state. RT-PCR, in situ hybridisation, and Western blot analysis of the rat 
homologue of ubiquitin C-terminal hydrolase, UCH-L1, (also referred to as PGP 9.5), 
showed a significant elevation of the expression of mRNA and protein in the spinal cord 
ipsilateral to nerve injury with a time course paralleling the development of sensitised 
behavioural reflex withdrawal responses [21]. Thus, there is a clear involvement of the UPS 
in chronic pain states. But what are the key targets that have implications for spinal cord 
sensitisation? 
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POTENTIAL TARGETS OF THE UPS IN NEUROPATHIC PAIN 
 

Protein Kinase A (PKA) 
 
One possible target is protein kinase A (PKA). PKA is composed of regulatory and 

catalytic subunits, whereby the regulatory subunits normally maintain the kinase in an 
inactive state. Upon activation, the regulatory subunits of PKA dissociate and there is a 
translocation to the cell nucleus of the now constitutively active catalytic subunit [24]. 
Ubiquitin-directed proteolysis is known to degrade the regulatory subunits, leading to 
persistent kinase activation [13,24]. PKA is involved in pain transmission, as activation of 
PKA causes increased dorsal horn neuron responsiveness and leads to hyperalgesia [25-27] 
and mice with a knockout of specific regulatory subunits of PKA have reduced responses in 
the formalin model of inflammation [28]. Furthermore, enzymatic activity of PKA in the 
spinal cord is enhanced following nerve injury [21]. This increase is blocked by local spinal 
application of the ubiquitin proteasome inhibitors epoxomicin and MG-132 [21]. Thus, UPS 
regulation of PKA is important for nociceptive transmission.  
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Figure 2. Reversal of neuropathic pain behaviour following epoxomicin treatment. The bar chart shows 
mean percentage difference in nerve-injured ipsilateral (ipsi) paw from uninjured contralateral paw, at 
pre-drug baseline (unshaded columns), and 10-25 minutes following intrathecal administration of the 
proteasome inhibitor epoxomicin (shaded columns). Data illustrate the percentage change ipsilateral to 
nerve injury (compared to the contralateral side) in thermal sensitivity (PWL – paw withdrawal latency 
to noxious thermal stimuli: approximately 40% reduction), mechanical sensitivity (PWT – paw 
withdrawal threshold to calibrated mechanical stimuli; approximately 80% reduction) and cold 
allodynia (SPET – Suspended Paw Elevation Test to 4ºC water; response seen only on the ipsilateral 
side). Data are shown as mean ± standard error of the mean. * represents significant ipsilateral-
contralateral difference (p<0.05, t-test for thermal, Wilcoxon test for mechanical/cold), † represents 
significant effect of drug (p<0.05, One-Way repeated measures ANOVA followed by Dunnett’s post-
hoc test for thermal, Friedman ANOVA on ranks followed by Dunn’s post-hoc test for 
mechanical/cold). Nerve-injury induced sensitisation is substantially reduced by epoxomicin 
administration, as indicated by thermal, mechanical and cold sensory tests. 
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A number of downstream targets of PKA have been identified that are likely to be critical 
to spinal cord sensitisation and neuropathic pain states and these notably include NMDA and 
AMPA type glutamate receptors. The C-terminal domains of the NR1 and NR2 subunits of 
NMDA receptors contain sites of PKA phosphorylation that may increase the degree of Ca2+ 
entry evoked by NMDA receptor stimulation [29,30,31,32]. Electrophysiological responses 
of spinal neurons to NMDA are known to be facilitated by PKA [12,25,26]. NR1 
phosphorylation at serine residue 897 (Ser897) is increased in spinal cord following CCI and 
in spinal dorsal horn spinothalamic tract cells following capsaicin injection [33,34]. 
However, it has not yet been established whether there are any PKA regulatory affects on 
NMDA receptors involving the UPS. 

PKA can also phosphorylate serine residue 845 (Ser845) located in the intracellular C-
terminal domain of the GluR1 AMPA receptor subunit [35,36]. Phosphorylation at Ser845 
increases AMPA receptor responsiveness through a modulation of channel gating and 
channel open probability without affecting channel conductance [37]. GluR1 subunit 
phosphorylation at Ser845 is known to occur in the superficial (LI/II) spinal dorsal horn in 
response to noxious stimulation with capsaicin [38,39] and following peripheral nerve injury 
[Garry et al., unpublished observations]. This modulation by PKA is required for the 
insertion of GluR1-containing receptors into synapses [40]. Correspondingly, the adenylyl 
cyclase activator forskolin can also elicit recruitment of functional AMPA receptors [16].  

 
 

NMDA Receptors 
 
NMDA receptors are critical to the spinal sensitisation and hyperexcitability that occurs 

following injury [41-43]. In the spinal cord, NMDA receptor blockade reduces frequency-
dependent potentiation (wind-up) of cells to repeated C-fiber stimulation and following 
mustard oil application [44,45]. The NR1 subunit of the NMDA receptor is ubiquitinated by 
Fbx2, and binding of Fbx2 to the subunit is activity-dependent [46], suggesting that the UPS 
regulates the NMDA receptor in an activity-dependent manner. Ubiquitination of NR1 in 
HEK293 cells is blocked by co-expression with the neuronal filament protein, neurofilament-
light (NF-L), [47] which has implications for NMDA receptor stability in the PSD [48].  

NMDA receptor activation triggers intracellular signalling cascades, which are involved 
in long-term plasticity. These include two prominent pathways through the nuclear 
transcription factor cyclic AMP response element binding protein (CREB) and the mitogen-
activated ERK-MAP kinase pathways. The CREB pathway activates transcriptional changes, 
leading to long-term modification of neuronal biochemistry and function. As well as its own 
profile of transcriptional changes, the MAP kinase pathway causes short-term modification of 
proteins via phosphorylation, and also activation of CREB [49]. Both pathways are 
associated with development of chronic pain states. Phosphorylation of p38 MAP kinase and 
p42/44(ERK1/2) MAP kinase is induced in the ipsilateral dorsal horn of the spinal cord and 
dorsal root ganglia following peripheral nerve injury (or inflammation) and inhibition of 
these pathways prevents the behavioural sensitisation seen following nerve injury [50-54]. 
Increases in phosphorylation of CREB in the spinal cord are observed following partial 
sciatic nerve ligation [55] and following chronic constriction injury, with a time-course 
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paralleling development of thermal hyperalgesia [56]. Both pre-treatment with proteasome 
inhibitors and synaptic blockade augmented NMDA receptor dependent activation of ERK-
MAP kinase, and inhibited activation of CREB [57]. CREB is also a prominent target of 
PKA, which may be activated by a variety of other non-NMDA receptor inputs and which is 
UPS-regulated (see above). Thus the UPS influences a variety of long-term transcriptional 
changes through modification of signalling cascades. 

 
 

AMPA Receptors 
 
AMPA receptors are involved in basal nociceptive responses but they are also critical in 

mediating sensitised sensory responses [58]. Agonists of the AMPA receptor result in 
sensitisation of behavioural nociceptive responses and increased activity of dorsal horn 
neurons [59,60]. AMPA receptor antagonists alter acute nociceptive withdrawal responses 
and reverse nerve-injury induced pain [9,58,61,62]. Virtually all dorsal horn neurons express 
GluR2 predominantly in the superficial (LI/II) dorsal horn, where it is known to increase 
following injury [38,58,63]. GluR1 expression is more restricted in the superficial dorsal horn 
LI/II where it has been localised at primary afferent synapses due to association with markers 
of unmyelinated afferents [38,63]. GluR3 and GluR4 are expressed in ventral and deep dorsal 
(LIII-VI) horn with weak expression in the superficial dorsal horn and are thus less likely to 
play a role in pain plasticity [38,63-68].  

Unlike NMDA receptors, AMPA receptors are rapidly turned over [69,70], and agonist 
binding may cause receptor internalisation and breakdown [14,71]. Insertion and removal of 
AMPA receptor subunits is now thought to be a major component of synaptic plasticity such 
that AMPA receptor abundance determines synaptic strength [69,72,73]. AMPA receptors 
undergo rapid endocytosis followed by recycling or degradation in response to ligand 
binding, NMDA receptor activation and during long-term depression [14]. Excitatory 
transmission is depressed following AMPA receptor internalisation [71] and AMPA receptor 
trafficking from the cytosol to the membrane is thought to be important in hippocampal LTP 
in culture [73]. It is generally believed that GluR2/3 containing channels are constitutively 
inserted into the synapse while GluR1/4 containing receptor insertion is inducible (eg. by 
LTP) [74]. Painful chemical stimulation of the colon or somatosensory nerve injury can cause 
delivery of GluR1 but not GluR2/3 from cytosol to the plasma membrane in the spinal cord 
[76, Garry unpublished observations]. However, there is a nerve injury- and AMPA receptor 
stimulation-induced internalisation of spinal GluR2 that can be prevented by inhibitors of 
clathrin-coated vesicle endocytosis [58], a mechanism known to regulate AMPA receptor 
trafficking [75].  

AMPA receptor surface expression is subject to regulation by the UPS [15,16,77,79]. 
There is ubiquitination of GLR-1, the C. Elegans form of mammalian GluR1, and this has 
been proposed as a signal for subunit endocytosis [77]. Also, AMPA- (or NMDA) receptor 
activation stimulated internalisation of GluR1 and GluR2 in hippocampal dendrites and 
spinal cord [14,15,58,78] is prevented by pre-treatment with the proteasome inhibitors MG-
132 and lactacystin [15]. These compounds inhibit behavioural reflex sensitisation and 
suppress dorsal horn neuron hypersensitivity that occurs in response to peripheral nerve 
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injury and noxious stimulation, as mentioned above [21]. This suggests that AMPA receptor 
trafficking requires UPS-dependent degradation, although no direct ubiquitination of AMPA 
receptors has been observed [16]. Nevertheless, ubiquitination may occur via a number of 
intracellular proteins in the PSD that interact with AMPA receptor subunits and are subject to 
degradation by the UPS [57].  

 
 

GLUTAMATE RECEPTOR-INTERACTING PROTEINS 
 
While AMPA receptor plasticity is thought to involve changes in the number of receptors 

at the synapse [72], NMDA receptor plasticity involves a complex of adapter and signalling 
proteins in the PSD [33,80]. 

The PSD matrix is responsible for the organisation of neurotransmitter receptors, scaffold 
proteins and signalling enzymes and is dynamically regulated in response to activity. At least 
some of these changes are mediated by the UPS. Profound changes in the PSD occur in 
response to prolonged activity, and these are prevented by proteasome inhibition [19]. 
Indeed, a diverse range of PSD proteins are controlled by UPS-dependent changes.  

One such protein is PSD-95, an NMDA receptor-interacting protein that forms 
intermolecular complexes with signalling and other molecules to regulate receptor function. 
PSD-95 has a critical role in the development of neuropathic reflex behaviours following 
nerve injury [33]. Mice with a mutation in PSD-95 that disrupts connections to intracellular 
signalling cascades but retains NMDA receptor interacting abilities fail to develop the 
expected sensitised responses following CCI-induced nerve injury but display normal 
responses to the formalin model of chronic inflammation [33]. This represented the 
identification of one of the first proteins underlying a differential processing capacity for 
different types of chronic pain [81].  

PSD-95 can also interact with AMPA receptors to promote their surface expression 
whereby over-expression of PSD-95 increases both AMPA receptor currents and the number 
of AMPA receptors at the synapse by inhibition of AMPA receptor internalisation [82-87]. 
Stimulation of AMPA receptors leads to a reduction in the number and intensity of PSD-95 
puncta in hippocampal dendrites that is sensitive to the UPS inhibitor, MG-132 [82]. This 
could provide a mechanism for UPS-dependent modulation of AMPA receptor synaptic 
accumulation. Furthermore, activation of NMDA receptors causes ubiquitination and 
subsequent degradation of PSD-95 that is prevented in the presence of MG-132 and 
lactacystin [16]. However, there is some controversy as to the conditions under which 
ubiquitination of PSD-95 might occur, i.e. basally or in response to NMDA receptor 
stimulation [16,57,82]. NMDA receptor stimulation also causes a reduction in the number of 
synaptic AMPA receptors that is blocked when PSD-95 ubiquitination is prevented 
[14,16,75,88,89]; MG-132 can block the loss in synaptic GluR1 subunits that occurs 
following NMDA receptor activation [15,16,78].  

PSD-95 interacts indirectly with AMPA receptors through the surface protein stargazin 
[84,86]. This trimeric interaction complex is thought to mediate surface expression and 
synaptic targeting of AMPA receptors [84,90]. The PDZ binding site of stargazin is regulated 



The Ubiquitin Proteasome System in Pain Transmission and Neuropathic Pain 661

by PKA and mutations that mimic this phosphorylation site (T321E and T321D) can 
downregulate AMPA receptor function [90,91].  

The GluR2 subunit interacts with a variety of intracellular proteins via sequences in its 
C-terminal tail. GRIP (glutamate receptor -interacting protein) and PICK1 (protein 
interacting with C kinase 1) have been implicated in AMPA receptor endocytosis [71,92] and 
receptor clustering is decreased in cultured spinal neurons with blockade of these interactions 
[93]. Consistent with this, there is translocation of both GRIP and PICK1 in the spinal cord 
following AMPA receptor stimulation [58]. Local spinal administration of interfering 
peptides to block interactions with PICK1 can reverse CCI-induced behavioural reflex 
sensitisation [58]. The related protein GRIP is also translocated from the membrane in spinal 
cord following AMPA receptor stimulation [58]. The translocation of both of these 
intracellular proteins is prevented in the presence of inhibitors of the ‘clathrin-coated vesicle’ 
pathway / clathrin mediated endocytosis [58]. However, any involvement of the UPS in this 
process has not yet been established. 

Another GluR2 interacting protein, NSF (N-ethylmaleimide-sensitive fusion protein) is 
involved in receptor exocytosis [89,94] and blockade of this interaction in the spinal cord 
reverses hyperalgesia and allodynia that results from peripheral nerve injury [58]. This 
interaction is thought to be necessary for normal synaptic expression of AMPA receptors as 
blocking this interaction in culture results in a rundown of synaptic currents in hippocampal 
neurons in association with reduced synaptic expression of AMPA receptors [94,95]. 
Activity-dependent insertion of AMPA receptors into functionally ‘silent’ synapses that only 
express functional NMDA (but not AMPA) receptors may be responsible for the expression 
of LTP [96,97]. Again, it is not known if the UPS is involved in the regulation of AMPA 
receptor interactions with NSF. 

 
 

METABOTROPIC GLUTAMATE RECEPTORS 
 
Metabotropic glutamate receptors also play an important role in pain processing, 

particularly at the level of the spinal cord. Group I mGluRs (mGluR1 and mGluR5) are 
implicated in the development of sensitised pain states [98], and Group II (mGluR 2 and 3) 
and Group III (mGluR4 and 7) receptors are implicated in inhibition of pain signalling 
[99,100-102]. Of these, the Group I mGluRs have been shown to be ubiquinated and 
therefore targeted for degradation by the E3 protein Siah1A (Seven in absentia homolog 1A), 
which binds to long splice forms of mGluR1a and mGluR5 [103]. Other mGluRs may also be 
potential targets for ubiquitination and thereby regulation by the UPS.  

 
 

THE UPS AND NF-κB SIGNALLING 
 
The UPS regulates gene expression via its interaction with the transcription factor NF-κB 

[104]. NF-κB normally exists in a dimeric form complexed with the inhibitory regulator, IκB 
[105]. The IκB complex prevents the nuclear import of NF-κB, holding it in the cytoplasm 
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and thereby inhibiting its transcriptional activity [105]. This interaction is mediated by 
ankyrin repeats and the ubiquitination and subsequent degradation of IκB by the proteasome 
is key to NF-κB regulation. The phosphorylation of IκB by IκB kinase (IKK) at two N-
terminal serine residues is the event which precipitates the polyubiquitination of IκB and 
therefore its degradation [106]. Genes over which NF-κB exerts control and are relevant to 
neuropathic pain include, proinflammatory enzymes [inducible nitric oxide synthase, 
cyclooxygenase-2 (COX-2)], cytokines such as tumour necrosis factor (TNF)-α, interleukin 
(IL)-1β, IL-6, chemokines (RANTES, macrophage inflammatory protein, IL-8), adhesion 
factors (intracellular adhesion molecule, vascular cell adhesion molecule) and proteins 
involved in controlling apoptosis (Fas, FasL) [107]. Recent evidence has demonstrated that 
the regulation of NF-κB by the UPS has direct relevance to neuropathic pain as in the CCI 
model of nerve injury NF-κB activity is increased in rat lumbar DRG ipsilateral to injury 
[108]. Furthermore, intraneural introduction of competitive inhibitors for NF-κB has been 
shown to reduce hyperalgesia following spinal nerve ligation [109]. In a recent study we have 
shown that glial release of cytokines including TNF-α plays a key role in the sensitisation of 
spinal cord neurons in neuropathic pain [50]. Subcutaneous injection of Complete Freund’s 
adjuvant (CFA), a model of inflammatory pain, has also been shown to cause the immediate 
activation of spinal NF-κB [110].  

In the CFA model, pre-treatment with intrathecally administered inhibitors of NF-κB 
significantly reduces mechanical allodynia and thermal hyperalgesia [111]. Similarly the IκB 
kinase inhibitor, S1627 has been shown to reduce or reverse allodynia and hyperalgesia in 
both the zymosan-induced model of inflammatory pain and the CCI model, by preventing 
NF-κB dependant gene expression [107]. These changes in UPS function are likely to have 
marked effects on NF-κB-mediating signals that bring about central changes in protein 
expression, which support the development of chronic pain states. 

 
 

CONCLUSIONS 
 
It is clear that the UPS plays an important part in the sensitization of spinal cord neurons 

in the neuropathic pain state. Intrathecally administered UPS inhibitors display striking 
reversal of neuropathic sensitization even when it has become previously established, so may 
have potential as a novel form of analgesic for this currently intractable pain state. We and 
others have identified a number of key proteins that are implicated in synaptic plasticity in 
either spinal cord or forebrain and whose degradation or function is regulated by the UPS. It 
is unlikely that the role of the UPS in neuropathic pain comprises multiple components with 
the function of NMDA, AMPA and metabotropic glutamate receptors and major intracellular 
signalling pathways such as PKA and NF-κB being modulated by UPS activity. Important 
questions for the future will be unravelling which of these potential contributions are 
function-limiting in neuropathic pain, whether specific proteins or targeting mechanisms 
underlie dynamic actions of the UPS in synaptic plasticity and whether agents perhaps 
targeting such specific actions of the UPS could be developed as useful analgesics. In 
principle, ubiquitin-proteasome inhibitors would be expected to be beneficial when acutely 
applied in chronic neuropathic pain states, however, some clinical studies indicate that the 
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first clinically available ubiquitin-proteasome inhibitor, the boronic acid derivative, 
bortezomib actually caused peripheral neuropathy de novo or perhaps exacerbated a pre-
existing peripheral neuropathy, such as Charcot-Marie-Tooth disease [112]. It is not clear if 
this neuropathy develops because the agent is blocking the UPS chronically rather than 
acutely or because it is a side effect of this particular drug, as is found for example, with 
some other chemotherapeutic drugs such as the vinca alkaloid, vincristine [113,114]. Only 
trials with other ubiquitin-proteasome inhibitors of different chemical structures, but the same 
effect, will reveal this. 
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ABSTRACT 
 

Protein misfolding and aggregation are common to most neurodegenerative diseases, 
suggesting that abnormalities of protein homeostasis contribute to pathogenesis. Protein 
folding inside cells is assisted by various chaperones and folding factors, and misfolded 
proteins are eliminated by the ubiquitin-proteasome system (UPS) and macroautophagy 
to ensure high fidelity of protein expression. Under certain circumstances, misfolded 
proteins escape the degradation process, yielding to deposit of protein aggregates such as 
loop-sheet polymer and amyloid fibril. Dysfunction of the UPS or macroautophagy 
pathways might contribute in a wide variety of neurodegenerative diseases. Some 
proteins, when not properly degraded through the UPS, tend to form aggregates by 
binding to one another to form an insoluble structure that is very difficult to disassemble. 
Many of the components of neurodegenerative disease aggregates have been studied for 
their ability to form independent aggregates in vitro and in vivo and their biological 
activity described. Consistent with this view, protein aggregates have been regarded in a 
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pathogenic connotation, with most aspects of neurologic pathogenesis being largely 
attributed to their presence in nerve tissues. However, the neurotoxicity of protein 
aggregates remains ambiguous as direct evidence substantiating it have long remained 
elusive. Primary UPS involvement in neurodegenerative diseases seems even more 
probable when the UPS is viewed not simply as an isolated degradation machine but 
rather as a complex cascade linked both to other degradation processes and to chaperone 
systems. In neurodegenerative diseases, perturbations of proteasome function may occur 
through its recruitment to or sequestration into protein aggregates, through chronic 
overloading of proteasome capacity by misfolded protein, or through still undetermined 
effects on other activities of the UPS. Collectively, these dysfunctions in proteasome 
activity could also be called proteasomepathies and differentiated from other specific 
protein degradation system disturbance. The identification of several degradation system 
disturbances will assist in choosing therapies when protein-specific disease-modifying 
treatments are available. 
 

Keywords: Amyloid fibril, Conformational disease, Protein folding, Protein misfolding, 
Protein aggregation, ubiquitin, proteasome, neurodegenerative disease.  
 
 

INTRODUCTION 
 
Many late-onset neurodegenerative diseases are caused by aggregate prone proteins [1]. 

The Conformational Diseases [2], known also as proteinopathies, represent a group of 
conditions characterized by protein misfolding, followed by self-association and subsequent 
deposition of the aggregated protein in the affected tissues. These diseases include conditions 
in which the proteins are predominantly cytosolic, such as Parkinson’s disease (PD) and 
adult-onset Huntington’s disease (HD), predominantly intranuclear (for example, 
spinocerebellar ataxia type 1), aggregated in the endoplasmic reticulum (ER) as seen with 
neuroserpin mutations that cause familial encephalopathy with neuroserpin inclusion bodies, 
and secreted extracellularly such as β-amyloid (Aβ) in Alzheimer’s disease (AD).  

The hallmark of these otherwise unrelated diseases is the formation of aggregates 
containing misfolded proteins, i.e. proteins in a non-native folding state, with a concomitant 
gain of function which eventually leads to neuronal death [3,4]. The aggregates have various 
supramolecular organizations and, in most cases, form structurally well-defined insoluble 
fibrillar deposits [5]. In one case (prion disease), aggregates are even believed to be 
responsible for disease transmission [6]. 

The realization that abnormal protein accumulation characterizes particular disease sets 
has led to a classification based on the composition of the abnormal protein inclusions [7]. 
These deposits are usually fibrillar and have characteristic structural and histological 
morphologies while the biological effects of these differing protein deposits are distinctive 
and depend upon such features as the tissue involved and whether the deposits are intra- or 
extracellular. In the case of neurodegenerative diseases, the gross histopathological 
consequences of protein misfolding are features such as senile plaques and neurofibrillary 
tangles in AD, Lewy bodies (LBs) in PD and Lewy body dementia (LBD), other nuclear 
inclusions in the polyglutamine (poly-Q) repeat diseases such as HD and the spinocerebellar 
ataxias (SCAs). Whether soluble monomers, oligomers or larger aggregates are the most 
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toxic species causing many of these previous cited conditions has been the subject of 
considerable debate and uncertainty [8,9]. Nevertheless, in general, it seems that the capacity 
to aggregate (although not necessarily the aggregates themselves) is correlated with toxicity. 
Thus, it is important to understand the cellular processes regulating their levels. 

Folding of the protein chain to give the functional structure, and maintenance of the 
functional conformation are complex and critical processes. All proteins, at some point, 
complete their given task and must be degraded and recycled by the cell. In order to be 
biologically active, proteins must fold into their well-defined three-dimensional structures. 
The properties of the peptide bond and the amino acid side chains confer a high degree of 
conformational flexibility to the protein conformation, resulting in tremendous possible 
conformations from a single polypeptide chain [10]. Nonetheless, only one conformation that 
is thermodynamically the most stable state generally corresponds to the native state, which is 
determined by the primary sequences. Protein folding has recently been described in terms of 
energy landscape of a ‘folding funnel’ [11] (see Chapter 12). The bottom of the funnel 
represents the native state of the protein. At top of the funnel, the protein exists in random 
states with large number of conformations of high free energy. Progress down the funnel is 
accompanied by an increase in native-like structure as folding proceeds [12]. The surface of 
this folding funnel is unique for a specific polipeptide sequence under a particular set of 
conditions and is determined by both thermodynamic and kinetic properties of the folding 
polypeptide chain. Based on the realization that the unfolded and partially folded states are 
conformationally heterogeneous, and that there may not be a single route to the native state, 
models of folding have now evolved into the landscape view of protein folding [11-13], in 
which the unfolded polypeptide chain searches for the native conformation on a usually 
rugged energy surface or ‘landscape’, until the unique native structure is formed. Random 
fluctuations in the unfolded or partially folded states drive this reaction, as different native as 
well as nonnative contacts are sampled. In general, native interactions between residues are 
assumed to be more stable than non-native contacts, and as such contacts form; the number of 
available conformations is reduced, driving the polypeptide chain towards the native 
structure. Partially folded states on this landscape may be intrinsically prone to aggregation, 
and favorable intermolecular contacts may lead to their association and ultimately to protein 
misfolding diseases. 

Protein folding has been studied in detail by both experimental and theoretical 
procedures and this has expanded the impact of studies of protein folding from a key 
fundamental question to a central issue in the understanding of several human diseases. 
Biophysical methods have been relatively successful at probing the structural consequences 
of some disease-associated mutations. For example, three-dimensional structures of variant 
proteins show the impact of particular mutations, analysis of altered folding and unfolding 
kinetics may illustrate the affect of a mutation on protein stability in vitro, and fiber 
diffraction and electron microscopy studies have illuminated the structure of amyloid fibrils. 
In vitro folding of some simple proteins has been investigated in detail by various optical 
techniques including NMR, circular dichroism and fluorescence spectroscopy, with the aid of 
rapid-mixing devices [14,15] (Table 1). However, in vivo folding inside living cells is 
substantially different from in vitro folding in many aspects even though the underlying 
principles are the same: (i) in vivo protein folding occurs in a crowded environment with a 



Mario Di Napoli and Francesca Papa 674 

number of different proteins or different type of macromolecules; (ii) protein folding 
sometimes occurs before completion of its synthesis. Our understanding of the impact of 
alternative conformers on the cell, and how alternative conformations may compromise 
cellular activity or induce toxicity, is steadily growing. However, the rate of synthesis of the 
full-length protein may not be a major determinant of the production rate of the toxic 
species— the main rate limiting step under conditions of synthesis varying between 50% and 
100% of physiological rates may be at the level of cleavage (if the cleavage step is saturated). 
The best-known example of cleavage generating a toxic product occurs during the production 
of Aβ peptide from full-length amyloid precursor protein (APP) [16]. However, related toxic-
fragment models also seem to be relevant to certain poly-Q diseases, such as HD [17,18] and 
SCA3 [19].  

 
Table 1. Experimental approaches to characterize protein folding and protein 

aggregation free energy landscapes 
  

Experiment Technique Species 

Kinetic 
Folding ⁄ Assembly 

 
Spectroscopy (absorption, fluorescence, CD, etc.)  
NMR (real time, relaxation and line-shape analysis, etc.)  
Mass spectrometry  
Single molecule experiments (FRET, optical tweezers, etc.) 
Protein engineering (phi-value analysis, etc.)  
Specific dye binding (ANS, Thioflavin T, ligands, etc.)  
Hydrogen-deuterium exchange  
Turbidity and light-scattering  
Chemical cross-linking  
 

 
U, N, O, A  
U, N  
U, N, O, A  
U, N  
U, N  
U, N, O, A  
U, N, O, A  
N, O  
O, A  
 

Equilibrium 
Structure 

X-ray crystallography  
Fibre diffraction  
Solution NMR  
Solid state NMR  
Cryo-electron microscopy  
 

N  
A  
U, N  
O, A  
A  
 

Conformation Spectroscopy (see above)  
Electron and atomic force microscopy  
Analytical ultracentrifugation  
Gel permeation chromatography  
Calorimetry  
 

U, N, O, A  
O, A  
U, N, O  
U, N, O  
U, N  
 

Dynamics NMR (relaxation measurements, dipolar couplings, etc.)  
Hydrogen-deuterium exchange  
Denaturant and proteolysis stability  
 

U, N  
U, N, O, A  
U, N, O, A  
 

A indicates amyloid fibril; N, native state; O, small oligomer; U, unfolded or partially folded states. 
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The three main categories of nonnative conformations— namely, stable misfolded forms, 
unstable misfolded forms, and aggregation-prone forms— can have three different 
consequences: functional deficiency, dominant-negative effects, or toxic cellular effects. The 
first studies of protein misfolding pathologies tended to focus most on intra- or extracellular 
aggregation of proteins in diseases that exhibit a gain-of-function pathology. There is 
increasing recognition that early species may be toxic in these processes, and there is now a 
shift toward investigating the cellular response to aggregation, in addition to studying the 
impact of the aggregation itself. Another large group of diseases involves the rapid 
degradation of mutant protein, resulting in a loss-of-function pathology. Increasingly, studies 
of different conformational diseases are highlighting the fact that the cellular responses 
observed with various pathologies have common features. Examination of these defective 
folding disorders has also highlighted the normal cellular mechanisms for dealing with 
protein quality control (QC). Generally, extracellular proteins are taken into the cell and 
processed by lysosomes, while proteins in the cytosol and the nucleus are degraded by 
proteasomes [20]. This fact has led to the accepted view that protein QC plays a critical role 
in neuronal function and survival. Its importance is underscored by studies showing that 
manipulating QC pathways alters pathogenesis of neurodegenerative diseases [21,22]. 
Various components of the QC machinery likely contribute to disease mechanisms, most 
notably the heat shock protein (HSP) system [19,21-23] (see Chapter 19), the ubiquitin–
proteasome system (UPS) [19,24-28] (see Chapter 3) and the authophagy system. This 
chapter focuses on the study of the many cellular consequences of protein misfolding on the 
pathways that clear aggregate-prone and toxic proteins and their relationship with the UPS. 

 
 

CELLULAR PROTEIN FOLDING  
 
Many details of the folding process depend on the environment in which folding takes 

place. When polypeptides are synthesized in the cells, they fold in the cytoplasm after release 
from the ribosome or in other subcellular compartments such as ER or mitochondria after 
they are translocated through membranes [14,29,30]. Within the cells, proteins in the process 
of synthesis encounter particular challenges imposed by the crowded macromolecules before 
completion of folding [31]. As incompletely folded chains expose particular regions that are 
destined to be buried in the native state, they are prone to aggregate with other molecules 
because they have exposed hydrophobic surfaces. Situations are more problematic because 
aggregation process follows second order kinetics and therefore surpasses the first order 
folding process as their concentration increases [10], which condition is normally satisfied 
within the concentrated milieu of the cells [31]. Consequently, elaborate systems have 
evolved to prevent proteins from being aggregated prior to folding. The first one is molecular 
chaperones, and the second one is UPS, each of which is not independent of the other, and in 
some way they cooperate in living cells. The details on the role of chaperones as folding 
assistants are given in Chapters 19 and 22 while the folding process in ER is discussed in 
Chapter 13. For further details, the reader is remander to the corresponding chapters. Cellular 
machinery regulating synthesis, translocation, folding and degradation of proteins seems to 
operate in a very stringent manner to ensure protein aggregation is minimized (Figure 1).  
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Figure 1. A schematic representation of the factors influencing protein folding and aggregation events in 
vivo.  Molecular chaperones (Hsp) as well as the ubiquitin-proteasome system (Ub, ubiquitin) prevent protein 
unfolding and aggregation by facilitating refolding or degradation, respectively. An increased population of 
misfolded proteins as a result of genetic or extracellular factors may lead to a saturation of these defense 
mechanisms and subsequently to an increase in protein aggregation. The species involved in converting 
kinetically stabilized globular structures into the thermodynamic global free energy minimum in the form of 
amyloid fibrils for different proteins is currently not defined. The small dimensional representation of the 
complex energy landscape suggests that the initial conditions, which can be changed by counterions, 
stretching force, or denaturants, can alter folding pathways. Although detailed structural models for many 
of these species are not yet available, experimental data have allowed the placement of different 
‘intermediate’ structures. Partially folded proteins associate with each other to form small, soluble oligomers 
that may undergo further assembly into protofibrils or mature fibril deposits. Whether these species can 
interconvert, or whether the indicated structures represent assembly end products, is dependent on the 
assembly conditions and the identity of the polypeptide sequence. Furthermore, the species involved in 
converting kinetically stabilized globular structures into the thermodynamic global free energy minimum in 
the form of amyloid fibrils for different proteins is currently not defined. The toxicity of different species and 
their role in the development of disease is currently being explored for different protein systems. 

Nevertheless, in a certain disease condition, misfolded protein will escape such elaborate 
system forming protein aggregates. The folding of newly synthesized proteins to their native 
conformations involves the sequential action of multiple molecular chaperones (see Chapter 
19). Two major chaperone classes, Hsp70 and Hsp60, act in a tightly controlled ATP-
dependent manner to bind and release unfolded or misfolded substrates, thereby enhancing 
substrate refolding and preventing aggregation. Furthermore, recognition of abnormal 
proteins by the cellular machinery leads to their ubiquitination and subsequent degradation by 
the 26S proteasome (see Chapters 3 and 7) (Figure 1). However, even for proteins that fold 
successfully to their native state and hence escape the cellular QC machinery, random 
conformational fluctuations can lead to the transient formation of aggregation-prone 
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intermediate states (Figure 1). In the crowded environment of the cell, and also influenced by 
environmental factors, such species may then start to aggregate, forming small oligomers or 
larger particles that initiate the formation of intracellular aggregates. This may lead to the 
accumulation of large quantities of partially folded proteins and the saturation of the capacity 
of the QC machinery, exacerbating the formation of intracellular aggregates before refolding 
or degradation is possible [29] (Figure 1). Several intermediate structures have been 
identified using electron and atomic force microscopy in in vitro studies during fibril 
formation, including small oligomers, membrane embedded pores and protofibrils (Figure 1). 
Whether these structures form on-pathway or are an off-pathway product of fibril formation, 
and which of these structures are actually the toxic ones, are probably the most debated 
questions today [32]. 

 
 

MISFOLDED PROTEINS AS KEY EFFECTORS IN 

NEURODEGENERATIVE DISEASES 
 
A broad array of human neurodegenerative diseases are characterized by the 

accumulation of extracellular and/or intracellular protein aggregates sharing strikingly similar 
histopathological features that may hold the key to their molecular pathogenesis [33-36] 
suggesting a role of the biophysical properties of protein stability, aggregation and 
degradation in the pathology of nervous system (Table 2) [9,37,38]. It is accepted by many 
that misfolding and deposition imparts a gain of function that ultimately leads to neuronal 
death [4] although there are opponents to this point of view [39]. In these diseases, specific 
peptides or proteins misfold, often because of mutations, and give rise to protein aggregates. 
Although misfolded proteins are also considered to accumulate in neurons and glia as a result 
of physiological processes associated with ageing, protein overexpression and conformational 
rigidity has been shown to be particularly toxic to neurons under disease conditions. 
Neurodegenerative diseases are typically manifested at an advanced age and it is completely 
unclear, why the corresponding protein depositions do not occur during the first decades of 
life. It is suspected that molecular and/or cellular clearance mechanisms are of significance 
and lose their efficiency increasingly with rising age probably for an efficiency reduction of 
antioxidative systems [40]. 

In most cases, the critical event characterizing these disorders is the conversion of a 
native protein conformation typified by α-helix and or random structure, into β-pleated sheet 
aggregates. Aβ eptides (proteins), α-synuclein (α-syn), huntingtin (Htt) and prion protein 
(PrP) may undergo misfolding processes. During these conformation changes β-pleated sheet 
structures will be formed. Peptides possessing β-structure have a high tendency to form 
suprachemical structures: oligomers, protofibrils and fibrils. The general rule for misfolded 
proteins is that they are rich in β-sheet structures, formed of alternating peptide-pleated 
sheets. The natural, active conformation of most proteins usually comprises a mixture of α-
helix and some unordered structure. In the pathological condition, the proportion of α-helical 
structure diminishes with a concomitant appearance of highly β-pleated sheet aggregates, 
characterized by a higher order fibrillar structure. In many cases, molecules of β-sheet 
misfolded protein will polymerize into the fibril-type structures, which characterize amyloid. 
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The common property of the polymerized protein aggregates is proposed to be the induction 
of tissue damage, either by gaining a toxic activity or by losing the intrinsic biological 
function of the native protein. 

 
Table 2. Neurological diseases caused by defects in protein folding, stability and 

aggregation. 
 

Disease Aggregate type UPS components Location Characteristic pathology 
Plaques Ubiquitin 

Proteasome 
Extracellular Extracellular neuritic plaques  Alzheimer disease 

Tangles Ubiquitin 
Proteasome 

Cytoplasmic Neurofibrillary tangles of 
hyperphosphorylated tau 

Parkinson disease Lewy bodies Proteasome 
Ubiquitin HSPs 
E3–Parkin 
DUB– UCH-L1 

Cytoplasmic Intracellular Lewy bodies, Lewy 
neurites, fibrillar, α-synuclein 

Multiple system 
atrophy 

Glial/neuronal 
inclusions 

Ubiquitin Cytoplasmic Oligodendroglial inclusions 
immunostained with tau and 
ubiquitin 

Polyglutamine 
disease 

Inclusions Proteasome 
Ubiquitin 
HSPs 

Cytoplasmic Aggregates and fibrillar, 
huntingtin fragments 

   Nuclear neuronal inclusions 
Prion diseases Aggresome-like Ubiquitin 

HSPs 
Cytoplasmic Intracellular deposits, and 

occasional synaptic and axonal 
deposits 

   Extracellular Amyloid plaques 
Familial 
encephalopathy 
with neuroserpin 
inclusion bodies 

Collins bodies 
neuronal 
inclusions  

Neuroserpin Cytoplasmic Eosinophilic neuronal inclusions 
of neuroserpin (Collins' bodies) in 
the deeper layers of the cerebral 
cortex and the substantia nigra.  

Stroke Aggresome-like Ubiquitin 
HSPs 

Cytoplasmic/n
uclear 

Protein aggregates surrounding 
nuclei and along dendrites in 
postischemic neurons in the 
neuronal soma, dendrites, and 
axons. Ubiquinated proteins are 
associated with intracellular 
membranous structures in 
neuronal lysosomal vesicles and 
in late endosome-like organelles 
in the ischemic area 

DUB indicates deubiquitinating enzyme, UCH-L1, ubiquitin C-terminal hydrolases-L1, HSPs, heat 
shock proteins. 

 
At the cellular level, these diseases are characterized by the accumulation of aberrant 

proteins either intracellularly or extracellularly in specific groups of cells that subsequently 
undergo death [41]. The precise association between protein accumulation and cell death 
remains incompletely understood and may vary from disease to disease. Moreover, what is 
also puzzling is the observation that these inclusions are found almost exclusively within 
certain subgroups of neurons in specific regions of the brain regardless of the widespread 
tissue distribution of the core proteins [42]: aggresome like structures in prionopathies 
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[43,44], neurofibrillary tangles and plaques in AD and tauopathies, LBs in PD and related 
synucleinopathies [45-47], cytoplasmic and nuclear inclusion bodies in poly-Q expansion 
diseases such as HD and SCA [21,48-50]. In serpinopathies, neuroserpin molecules form 
cytosplasmic neuronal inclusions of loopsheet polymers (Collins’ bodies) in the deeper layers 
of the cerebral cortex and the substantia nigra [51,52]. Aggresome like structures that 
clumped protein aggregates surrounding nuclei, along dendrites and ubiquitin (Ub)-
immunoreactive nuclear inclusions are also formed after brain ischemia [53-57]. The 
presence of insoluble proteinaceous deposits differ in their protein content but invariably 
contain components of the UPS [33]. This has led to the suggestion that a chronic imbalance 
between their generation and processing may be the primary cause for the formation of 
protein deposits [34,58]. The classic causes for protein misfolding, which lead to a loss of 
function, are missense mutations, protein modifications or post-translational damage, or 
expansion of amino acid repeats as is observed in poly-Q disorders. Misfolded proteins 
escape the protective mechanisms and form intractable aggregates within cells or in the 
extracellular space. It is thought that either the aggregates of the disease protein themselves 
or the work done by the aggregates, or the process of their formation confers cellular toxicity. 
This idea supports the notion that misfolded disease proteins act through a gain-of-function 
[4,59]. 

The pathological hallmark is the presence of insoluble intra- or extracellular inclusion 
bodies (IB) in affected regions of the brain. Significantly, neurons cannot dilute toxic, 
misfolded proteins through cell division, which coincides with a decreased proteasome and 
molecular chaperone activity (for a review, see [36,60,61]). The major constituents of these 
inclusions are misfolded proteins. IB contain aberrantly polymerized or aggregated disease 
protein, either full-length protein or proteolytic fragments including cytoskeletal elements 
such as tau, tubulin-associated proteins and neurofilaments [62-66], display amyloid-like 
properties, suggesting a similar fibrillar structure [66].  

The disease proteins involved in conformational disorders have no obvious sequence 
similarities. Moreover, they display amyloid-like properties, suggesting a fibrillar structure. 
Almost all aggregations result in β-linkages formed by hydrogen bonding between peptide 
loops and sheets. Domain swapping is another mechanism of intermolecular linkage in 
cystatin polymer [67]. In these polymers, the individual molecules substantially retain their 
ordered structure. The linkage is formed by the remarkable realignment of peptide segments 
to give the sequential layering of β-structures known as β-amyloid fibril. Molecular models 
of Aβ fragments and α-syn suggest that amyloid fibrils are composed of a number of 
protofilaments exhibiting cross-β conformation i.e. hydrogen bonding β-sheet structure where 
the β-strands run perpendicular to the fibril axis [68]. Results from the experiments by X-ray 
fiber diffraction, cryoelectron microscopy and solid-state NMR have shown that amyloid 
fibrils are long, unbranched and often twisted structures a few nanometres in diameter and the 
organized core structure is composed of β-sheets whose strands run perpendicular to the fibril 
axis [69-71]. The conversion or misfolding of the protein is a product of one or many factors 
acting independently or in tandem. Under appropriate circumstances, misfolded monomers 
may oligomerize into pre-fibrillar assemblies. Such circumstances can be satisfied by 
mutations in the native protein, ionic strength, pH, the presence of metal ions and the 
concentration of the protein itself. In vitro studies with purified disease proteins are most 
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consistent with nucleation- and concentration-dependent self-aggregation— that is, a self-
driven reaction [72,73]. Given this, the formation of oligomers and aggregates will tend to 
occur as long as a critical concentration of misfolded protein is reached in the cell. Any factor 
that increases the intracellular concentration of misfolded disease protein would favor 
aggregation and inclusion formation. 

Much of our information on the regulation of amyloid formation is based upon studies of 
the Aβ protein. It has been proposed that oligomeric seeds of Aβ facilitate further protein 
misfolding, thus promoting polymerization of the protein and eventual fibril formation 
[74,75]. The intrinsic effect of specific mutations on the rate of aggregation can be correlated 
to a remarkable extent with the changes in simple physicochemical properties such as 
hydrophobicity, secondary structure propensity and charge [76]. Unfolding of substrate 
proteins is the prerequisite for degradation by the proteasome, and β-structure is more 
difficult to unravel than α-helix or surface loop. This explains why amyloid deposits, having 
high content of β-structure, are not easily cleared away by the proteasome system [77]. 

 
 

EFFECTS OF PROTEIN AGGREGATES ON NEURON PHYSIOLOGY 
 
A lot of mechanisms have been proposed and experimentally verified for the observed 

neuronal loss in the affected brain regions, most of which involve either the generation of 
reactive oxygen species (ROS) and induction of oxidative stress or the perturbation of Ca+2 

homeostasis. The undegradable deposits may sequestrate components of the chaperone and 
degradation systems: Ub chains, parkin, proteasome subunits [78-81], HSP chaperones such 
as Hsp70 and Hsp27 [82,83], reducing the activity of assisted folding and proteolysis. 
Finally, IB often contain other proteins that, although not themselves intrinsically 
aggregation-prone, such as intermediate filaments, protein kinases, and transcription factors 
[1,41], become recruited, concentrated, or trapped within the inclusions. The molecular 
forces driving their co-localization to inclusions and the potential role this plays in 
pathogenesis are still largely unknown.  

Generally, aggregation occurs in two steps. The first step characterized by a slow lag 
phase seems to involve the formation of soluble oligomers because of relatively nonspecific 
interactions. The oligomeric nucleus then rapidly grows. The lag phase can be minimized or 
eliminated by seeding preformed nucleus [84,85]. The whole process will form a positive 
feedback cycle leading to cellular toxicity. Aberrant interactions of misfolded proteins with 
other proteins will also cause cellular toxicity because the interacting proteins are then no 
more functional. Sequestration of one or more of these cellular proteins into IBs— and 
consequent depletion from the cytosol or nucleus— has been proposed as one possible 
mechanism through which protein aggregates can damage cells [86]. For example, poly-Q-
expanded Htt can recruit other important cellular proteins with normal poly-Q stretches into 
the aggregates [87]. Misfolded and aggregated peptides appear to owe their toxicity to protein 
regions that become exposed on their surfaces while being buried in the interior of correctly 
folded native state structures. Surface exposure of large hydrophobic groups favors 
interactions of misfolded proteins with cell membranes with a subsequent loss of the 
regulation of intracellular ion balance and redox status [46,84,88,89]. Aggregated protein 
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forms a ring-like structure and inserts into the cellular membrane as a pore, which induces 
cytotoxicity including calcium dysregulation, membrane depolarization, mitochondrial 
dysfunction, and inhibition of long-term potentiation [89]. 

 
 

Induction of Oxidative Stress 
 
Numerous studies have implicated Aβ in the induction of oxidative stress as an 

underlying cause of pathogenesis in AD. The contributory role of both soluble and 
aggregated Aβ in the generation of oxidative radicals is well documented and has been 
demonstrated both in vivo and in vitro [90,91]. The mechanisms of Aβ-dependent ROS 
formation include (i) the participation of transition metal ions (Fe+2, Cu+2), ROS are 
generated from peroxides through Fenton chemistry reactions by these ions bound to Aβ 
moieties [92]; (ii) the activation of the receptor for advanced glycation end-products (RAGE) 
[93]. Aggregated Aβ has been found to bind and activate RAGE or type 2-scavenger 
receptors, leading to the downstream activation of NADH oxidases [94] that catalyze 
formation of superoxide (O2•-) and subsequent generation of hydrogen peroxide (H2O2) and 
related species [95]; (iii) prolonged excitatory state of neurons by perturbation of the 
glutamate cycle [96]. Increased excitability of neurons by glutamate induces oxidative 
processes either by binding to the NMDA receptors [97] or by competing for the cysteine-
antiporter system and thereby depleting intracellular glutathione (GSSH) pools from neurons 
and glia [98]. Elevation of intracellular Ca+2 levels via ionotropic glutamate receptor 
stimulation leads to calmodulin-dependent activation of nitric oxide synthase (NOS) and the 
generation of reactive nitrogen species (RNS), such as the highly neurotoxic peroxynitrite 
(ONOO-) [99]; (iv) induction of inflammatory mediators (e.g. IL-1β, TNF-α) from astrocytic 
and reactive microglial cells [100]. The activation of NOS is also known to be mediated by 
the inflammatory factors released from activated astrocytes and microglia, which, besides 
causing upregulation of NOS expression, can increase oxidative load by induction of 
cyclooxygenase 2 (COX-2) [101], an enzyme with a proven contributory role to oxidative 
cell damage in neurodegeneration [102]. Microglial cells are also activated in AD, the 
process involves Aβ binding and activation of cell surface molecules such as CD45, CD40, 
CD36 and integrins [103]. α-Syn may interfere with ERK-signaling [104]. Htt distrupts 
receptor signaling mediated by EGF and NGF [105]. PrP plays important role in signal 
transduction pathways of neurons, the abnormal prion protein can act on MAPK signalling 
pathway or on the JNK-c-Jun pathway causing neurodegeneration [106].  

 
 

Perturbation of Ca+2 Homeostasis 
 
Regulation of Ca+2 dynamics in neurons is complex [107]. Activation of metabotropic 

glutamate receptor results in release of Ca+2 from ER. Two types of Ca+2 channels in the ER 
membrane regulate efflux, the inositol (1,4,5) triphosphate receptor (IP3R) and the ryanodine 
receptor (RYR). Ca+2-release plays important role in modulating synaptic plasticity [108]. 
Oxidative stress is also presumed to mediate subsequent perturbation of Ca+2 homeostasis via 
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additional pathways besides ionotropic glutamate receptor stimulation, through the 
deregulation of some equally critical ion transport systems, including ion channels (Ca+2, K+ 
channels), ion pumps (Ca+2 pump, Na+/ K+ ATPase), ion exchangers and cotransporters (Na+/ 
Ca+2 exchanger, K+/Cl- cotransporter), which are vital for neurotransmission and synaptic 
function [109].  

Altered Ca+2 homeostasis is believed to be of fundamental importance in the 
development of AD pathology since it represents a vital element of synaptic transmission. 
The exact sequence of events is supposedly instigated by raised levels of ROS, which in turn 
cause alteration in Ca+2 homeostasis and tau phosphorylation, a step also believed do be Aβ 
induced [110]. Overactivation of glutamate receptors results in a substained elevation of 
intracellular Ca2+ levels and induces alterations in the neuronal cytoskeleton similar to those 
seen in neurofibrillary tangles [111]. 

Studies performed on cultured cortical neurons and SH-SY- 5Y neuroblastoma cell lines, 
however, provide evidence for a different sequence of events for Aβ-mediated neurotoxicity, 
in which Ca+2 influx represents the initial step that precedes presentation of an oxidatively 
stressed environment and tau phosphorylation [112]. Whatever the initiating event, both 
oxidative stress and alteration of Ca+2 homeostasis are known to culminate in neurological 
lesions in the AD brain that either manifest as neuronal loss due to apoptosis or necrosis, or 
synaptic loss [92]. Apoptosis through oxidative stress has been extensively studied and it is 
known to involve one of many distinct pathways that include mitochondrial dysfunction and 
cytochrome c release, caspase and calpain non-specific activation, lipid peroxidation, DNA 
damage and protein oxidation, some of which are also replicated in necrosis and in processes 
leading to loss of Ca+2 homeostasis [92,109].  

 
 

Perturbation of other Intracellular Pathways 
 
Deleterious effects of misfolded proteins also include the pathological interplay with 

synaptosomal proteins [79,113] and the membranes of intracellular organelles, in particular 
those of the mitochondria, leading to the generation of ROS with subsequent oxidative stress 
and cellular demise through classical apoptotic pathways. Aβ and α-syn have dual effects: in 
monomer form these peptides have neurotrophic effect, in aggregated form they can disturb 
signaling pathways causing dysfunction and death of neurons. Aβ may act on ionotropic 
glutamate receptors and cause Ca2+-influx. Wnt/β-catenin signaling is also involved in Aβ-
dependent neurodegeneration [114-117].  

In addition, misfolded, intracellularly stable protein aggregates can trigger transcriptional 
dysregulation [118,119], disruption of microtubule-dependent axonal transport [120], 
perturbation of membrane permeability [121], and impaired function of the UPS [27,122]. It 
is important to note that those mechanisms described above are not mutually exclusive but 
complementary to each other and may act in combination. Finally, major deficits in 
autophagic pathways have also been linked to the overexpression of mutant α-syn given that 
α-syn antagonized the receptor involved in chaperone-mediated autophagy (CMA) and 
thereby significantly enhanced the accumulation of the toxic, misfolded protein [123].  
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Experimental advances highlighted common pathogenic mechanisms among the most 
common neurodegenerative disorders and designated aggregated proteins, such as Aβ, α-syn, 
Htt and PrP, as pivotal effectors triggering neuronal demise. Though evidence correlating 
inclusions with neurotoxicity is substantial [124], several studies suggest compellingly that 
inclusions are neither necessary nor sufficient to cause neurodegeneration. The Poly-Q 
diseases illustrate this particularly well. In a mouse model of the Poly-Q disease SCA1, two 
separate molecular manipulations— mutating an E3 ligase and deleting the ataxin-1 self-
association domain— reduced inclusion formation but actually worsened the disease 
phenotype [125,126]. A knock-in mouse model of SCA1 also showed that brain regions most 
susceptible to neurodegeneration had fewer inclusions than did relatively resistant regions 
[127]. In a Drosophila model of Poly-Q disease, overexpression of HSP chaperones 
suppressed toxicity markedly without reducing inclusions [21]. These findings, as well as, 
similar findings in PD models [23,28], argue that inclusion formation cannot be the principal 
pathogenic element in neurodegenerative diseases. 

Many of the mutations that cause dominantly inherited neurodegenerative diseases have 
been demonstrated to dramatically increase the propensity of the mutant gene products to 
self-associate into protein aggregates in vitro and in vivo [128,129], supporting the widely 
considered hypothesis that aggregation underlies the molecular pathogenesis of many 
neurodegenerative disorders [1]. Amyloid diseases, the most significant class of 
neurodegenerative disorders associated with protein misfolding, are underscored by the 
aggregation of a specific protein together with a range of other components, such as 
additional proteins and carbohydrates, which become incorporated into amyloid deposits. 
Although the major protein constituents that landmark amyloidose disorders are unrelated in 
size or primary amino acid sequence, their aggregates exhibit common characteristics, 
including morphology, detergent insolubility, high β-sheet content, protease resistance, and a 
specific optic behavior as revealed by dye binding [130,131]. Mutations resulting in 
neurodegenerative diseases fall into two broad classes. The first class comprises mutations 
that affect proteins, irrespective of their native function, and cause them to misfold. The 
classic example of this one is HD. The protein encoded by the Htt gene contains a stretch of 
glutamine residues (or polyglutamine repeat), and the genomic DNA sequence that codes for 
this polyglutamine repeat is subject to misreading and expansion. When the length of the 
polyglutamine repeat in Htt reaches a critical threshold of approximately 35 residues, the 
protein becomes prone to misfolding and aggregation [21]. This appears to be the proximate 
cause of neurotoxicity in this invariably fatal disease. A number of other neurodegenerative 
diseases are caused by poly-Q expansions. For example, SCA-1 is caused by poly-Q 
expansions in the protein ataxin-1 [50,132]. In other diseases, protein misfolding occurs due 
to other mutations that induce misfolding and aggregation; for example, mutations in 
superoxide dismutase-1 (SOD1) lead to aggregation and neurotoxicity in amyotrophic lateral 
sclerosis (ALS) [133-135]. Other mutations that result in neurodegenerative diseases are 
instructive in that they directly implicate the UPS in the pathogenesis of these diseases. For 
example, mutations in the gene encoding the protein parkin are associated with juvenile-onset 
PD [136]. Parkin is a RING finger-containing Ub ligase, and mutations in this Ub ligase 
cause accumulation of target proteins that ultimately result in the neurotoxicity and motor 
dysfunction associated with PD [136]. Repressor screens of neurodegeneration phenotypes in 
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animal models have also linked the molecular chaperone machinery to neurodegeneration 
[42,137,138]. Taken together, the pathophysiology of neurodegenerative diseases provides a 
compelling demonstration of the importance of the regulated metabolism of misfolded 
proteins and provides direct evidence of the role of both molecular chaperones and the UPS 
in guarding against protein misfolding and its consequent toxicity [42,137,138]. 

As protein misfolding poses a major threat to cell function and viability, molecular 
mechanisms must have evolved to prevent the accumulation of misfolded proteins and thus 
aggregate formation. Two protective strategies appear to be followed (see Chapter 12): (i) 
molecular chaperones are employed to stabilize nonnative protein conformations and to 
promote folding to the native state whenever possible [60]. Chaperones are essential for 
guiding folding and protecting against self-association of misfolded species into protein 
oligomers and aggregates. Misfolded proteins may be ‘rescued’ via chaperones and co-
chaperones as has been observed for ataxin-1, parkin associated endothelin-receptor-like 
receptor (Pael-R) and α-Syn [139-141]. The sequestering activity of chaperones serves to 
prevent misfolding and aggregation [41,42,137]. (ii) Misfolded proteins are removed by 
degradation, involving, for example, the UPS and autophagy-lysosome pathways [42]. 
Protein fate thus appears to be determined by a tight interplay of cellular protein-folding and 
protein-degradation systems. 

 
 
PATHWAYS THAT CLEAR AGGREGATE-PRONE PROTEINS 
 
The autophagy-lysosome pathways and UPS are the two main routes of protein and 

organelle clearance in eukaryotic cells (Figure 2). Autophagy, is the mechanism by which 
long-lived, stable proteins are degraded, and is the only mechanism by which entire 
organelles such as mitochondria and peroxisomes are recycled. Autophagy was originally 
described as a cellular response to starvation, and one of the primary functions of autophagy 
is to produce amino acids from degraded proteins for the survival of the cell when nutrients 
are scarce. Thus, autophagy is stimulated by the decrease in amino acid content [142] and is 
hormonally controlled; glucagon promotes, while insulin inhibits, autophagy [143]. The 
lysosomal pathway of intracellular protein turnover can be further divided into three distinct 
pathways in higher eukaryotes: macroautophagy, CMA, and microautophagy [144]. 

Macroautophagy has been described as the main route for bulk protein degradation under 
conditions of nutrient starvation or stress. It is generally considered to be a non-specific 
process in organisms from yeast to humans, but a specific uptake process is conceivable, as 
there are precedents for cargo selection in the macroautophagy-related cytoplasm-to-vacuole 
trafficking (Cvt) pathway in yeast [145]. Macroautophagy is a multi-step process. First, the 
autophagosome, a vesicular structure possessing a double membrane presumably derived 
from the ER, forms in the cytoplasm, engulfing various proteins, lipids, and damaged or 
dysfunctional organelles. The autophagosome later fuses with primary lysosomes (or 
vacuoles in yeast), which are comprised of a single membrane-bound compartment harboring 
a host of hydrolytic enzymes. The external membrane of the autophagosome becomes part of 
the lysosomal membrane upon fusion. Following fusion, the complex acidifies and matures 
into an autophagolysosome. The autophagosome and autophagolysosome are collectively 
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referred to as autophagic vacuoles (AVs). Finally, the inner membrane structure within the 
autophagolysosome disintegrates while its contents are digested, and the vacuolar contents 
are recycled to provide amino acids and energy as needed by the cell (Figure 2; for review, 
see [146]). The proteins involved in macroautophagy have been well defined in yeast, and a 
subset of the genes involved are known as apg or aut genes (for review, see [147,148]). The 
proteins involved in mammalian macroautophagy are less well known, although a number of 
mammalian homologues to the yeast apg proteins have been recently discovered. Very little 
information has been garnered for proteins involved in neuronal macroautophagy, a role for 
the lysosomal enzyme cathepsin D has been suggested by the recent introduction of cathepsin 
D knockout mice. The central nervous system (CNS) tissues of these mice are filled with 
autophagosomes and autophagolysosomes and contain ceroid lipofuscin [149], suggesting 
that cathepsin D is necessary for complete autophagic proteolysis.  
 

 

Figure 2. Schematic diagram of the ubiquitin–proteasome system (UPS) and macroautophagy as a 
default pathway for protein and organelle clearance in eukaryotic cells. Before they are targeted for 
proteasome degradation, most proteins are covalently modified with ubiquitin (Ub). Typically, three enzyme 
types are involved in this process — ubiquitin-activating (E1), ubiquitin-conjugating (E2) and ubiquitin 
ligase (E3) enzymes. Proteins tagged with chains of four or more ubiquitins are shuttled to the the 
proteasome by various proteins such as CDC48/p97. In the proteasome, proteins are reduced to peptides, 
which are then released into the cytosol and further broken down by peptidases. Autophagy begins with the 
formation of double-membrane-bounded autophagosomes. The origin(s) of the autophagosome membranes 
are unclear. The mammalian target of rapamycin (mTOR) is a negative regulator of autophagosome 
formation, although how mTOR regulates this process in mammals is not clear. When mTOR is inhibited by 
rapamycin, autophagy is stimulated. Autophagosomes fuse with lysosomes to form autophagolysosomes, a 
process that is governed by a number of factors, including dynein activity. The contents of 
autophagolysosomes are finally degraded by acidic lysosomal hydrolases. The green dots represent the 
protein LC3 (also known as ATG8). This is the only known marker that specifically localizes to 
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autophagosome and autophagolysosome membranes and not to other membranes. LC3 localizes to these 
structures after it has been processed and conjugated to phosphatidylethanolamine. When proteins are 
accessible to both the Ub–proteasome and autophagy pathways, the greater efficiency of the UPS makes it 
the favoured and dominant clearance route. When a cytosolic protein is aggregate prone and a poor 
proteasome substrate, then autophagy becomes the main clearance route by default — under these 
circumstances, the autophagy route becomes more effective than the proteasome. 

Another pathway for cytosolic protein clearance through lysosomes is CMA, a pathway 
distinct from macroautophagy that was first identified in confluent, serum-deprived cultured 
fibroblasts and its defining feature is selectivity for distinct proteins [150]. This process is 
restricted to the elimination of proteins that possess an amino acid sequence biochemically 
related to the pentapeptide Lys-Phe-Glu-Arg-Gln (KFERQ) during conditions of prolonged 
starvation [151]. Proteins containing this motif, which is present in ~30% of cytosolic 
proteins [152], are recognized and bound by the cytosolic form of heat shock cognate protein 
of 70 kDa (HSC70), a molecular chaperone [153,154]. The list of known substrates for 
chaperone-mediated autophagy include annexins, transcription factors, glycolytic enzymes, 
and cytosolic protease subunits [155] and it is likely that a diverse array of proteins are 
degraded by this pathway. The selectivity of this pathway is further mediated by lgp-96 (or 
LAMP2A), a lysosomal integral membrane receptor of 96 kDa [156]. This transfers protein 
substrates to the lysosomal membrane, where, through binding to the LAMP2A, they are 
translocated into the lysosomal lumen and degraded. Lysosomes can also directly engulf 
cytoplasm by invagination, protrusion and/or septation of the lysosomal limiting membrane, a 
process known as microautophagy [157]. Microautophagy appeared to be responsible for the 
gradual, continuous turnover of cytosolic proteins that is not activated by nutritional 
deprivation or stress. However, this process is poorly understood in mammalian cells. 

The UPS is the other and more efficient pathway in degrading wild-type proteins (Figure 
2; see Chapter 3). The UPS is responsible for the regulated degradation of aged, damaged, 
and misfolded proteins. Proper function of the UPS is vital for cell survival, and the loss-of-
function of the UPS has been found in a wide variety of neurodegenerative diseases, 
including AD, PD, and HD, and many others [20,158,159]. In neurodegenerative diseases, 
perturbations of proteasome function may occur through its recruitment to or sequestration 
into protein aggregates, through chronic overloading of proteasome capacity by misfolded 
protein, or through still undetermined effects on other activities of the UPS. Coupled with 
UPS dysfunction is protein aggregation, in which proteins self associate to form one large, 
tangled complex. Whether aggregation triggers UPS dysfunction or vice-versa is widely 
debated, as well as the effect of protein aggregates on cell toxicity [88,158]. The UPS is also 
important for the degradation of misfolded proteins in the ER. Misfolded ER proteins are 
retrotranslocated back into the cytosol, where they are degraded by proteasomes (a process 
known as endoplasmic reticulum-associated degradation, or ERAD; see Chapter 13). Many 
of the proteins that cause proteinopathies (including those with poly-Q expansions and α-syn) 
are partly dependent on the UPS for their clearance [160,161]. The inhibition of 
macroautophagy has much smaller effects (if any effect at all) on the clearance of wild-type 
Htt exon 1 fragments or wild-type α-syn than on the clearance of the mutant aggregate-prone 
species [160-164]. For the proteins that have access to both pathways, proteasomes are the 
favoured and dominating clearance route. This preference for UPS may also relate to tagging 
and targeting mechanisms that contribute to the selectivity of this pathway. When a cytosolic 
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protein is aggregate-prone and a poor proteasome substrate, macroautophagy becomes a 
major clearance route by default and becomes more effective than the proteasome (Figure 2). 
PolyQ-expansion mutations, such as those seen in mutant Htt and ataxin 3 mutant forms of α-
syn, and different forms of tau are strongly dependent on the macroautophagy pathway for 
their clearance [161-167]. Inhibition of macroautophagy by gene knockout in otherwise 
normal mice leads to the formation of ubiquitinated aggregates in various tissues [168] and 
the dependence of proteins on the macroautophagy pathway for their clearance correlates 
with their propensity to aggregate [160-164]. Furthermore, when normal cultured neurons are 
treated with proteasome inhibitors, the proteins that form aggregates seem to be degraded by 
macroautophagy [169]. Probably the macroautophagy is a default pathway that becomes 
increasingly important when an aggregate-prone substrate cannot be efficiently cleared by the 
proteasome, it is possible that there are also signals that preferentially target such proteins to 
autophagosomes.  

 
NEURODEGENERATION AND AUTOPHAGY DYSFUNCTION 
 
One of the salient pathological features of chronic neurodegenerative disease is the slow, 

continual loss of cells within specific neuronal populations. Apoptotic cell death has been 
reported in AD, PD, HD, ALS, and various prion diseases, including Creutzfeldt-Jakob 
disease (CJD) (for review, see [170,171]). Autophagy may play a protective role in the early 
stages of programmed cell death [172,173]. A number of studies have demonstrated the 
presence of autophagy in HD brain [174] and in animal models of HD [175,176]. The 
increased autophagic activity in these contexts appeared to be due to the sequestration and 
functional inactivation of mTOR (a negative regulator of autophagy) by the poly-Q 
aggregates. This may be a mechanism accounting for enhanced autophagy in diseases other 
than HD as mTOR sequestration was seen in the aggregates in brains of patients with a 
number of different poly-Q expansion diseases [167]. Thus, increased autophagy in poly-Q 
diseases may be due to increased autophagosome production, due to inhibition of mTOR, 
which negatively regulates an early stage in this pathway. While the proteasome can process 
soluble monomeric forms of Htt, its narrow pore precludes proteasome clearance of 
oligomeric and aggregated species. Furthermore, the proteasome cannot cleave within the 
poly-Q tract [177]. Thus, the proteasomes effectively remove the sequences flanking the 
poly-Q stretch and leave an expanded poly-Q stretch with almost no flanking sequences. 

Likewise, autophagic degeneration was observed in AD [178,179] and alterations in the 
lysosomal system were observed in both human disease and animal models of AD 
[178,180,181]. Because proteasome activity declines in aging and is further impaired in AD 
[182,183], a loss of autophagy function, if it develops in AD, leaves neurons with no 
competent mechanism to remove abnormal and potentially toxic proteins.  

Autophagic degeneration is prevalent in melanized neurons of PD brain [184]. Recent 
evidence provides further support for this autoptic data. PC12 cells expressing mutant α-syn 
are deficient in the degradation of protein substrates through the CMA pathway [185]. The 
upregulation of macroautophagy that occurs in PC12 cells expressing mutant α-syn appears 
therefore to be a compensatory response, following the primary defect at the level of CMA 
[185]. The primary aberrant effect appears to be an inappropriately tight binding of mutant α-
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syn to LAMP2a, the receptor component of CMA. In this fashion, mutant α-syn do not permit 
the binding and uptake of the normal endogenous substrates of CMA [185]. Thus, in this 
cellular model, macroautophagy is a compensatory response of the cell attempting to cope 
with constraints imposed on its ability to degrade proteins, and not a primary mechanism of 
cell death induction. It has also been hypothesized that PD may be caused, at least in part, by 
dysfunction of the UPS [186]. It has recently been demonstrated that neuronal cell lines 
treated with low doses of proteasome inhibitors activate macroautophagy as a compensatory 
response [187]. Similar findings have been reported earlier in HeLa cells acutely treated with 
proteasome inhibitors [188]. In the first such study in primary neurons, Rideout et al. 
observed marked induction of macroautophagy and activation of the lysosomal pathway in 
cultured cortical neurons treated with proteasome inhibitors [169]. Furthermore, 
pharmacological modulation of macroautophagy led to alterations in the number of LB-like 
ubiquitinated inclusions formed in this model, suggesting that macroautophagy may be 
responsible for inclusion dissolution [169]. A related issue that is quite controversial is the 
degradation of α-syn itself. Initial studies showed that α-syn, in some cases in a 
polyubiquitinated form, accumulated in cells upon proteasome inhibition, suggesting that the 
proteasome was responsible for α-syn degradation through the UPS [189-191]. A subsequent 
study, based on a purified system, showed that α-syn, as would be predicted from its natively 
unfolded state, does not need to be ubiquitinated to be degraded by the proteasome [192]. To 
complicate matters, other studies have failed to replicate the finding of accumulation of 
endogenous or overexpressed α-syn with proteasome inhibition [193-196]. Some of these 
studies in particular were performed with endogenous α-syn in PC12 cells or cultured cortical 
neurons [194,195] and thus may reflect more closely the normal turnover of the protein. 
While some of the earlier studies may have suffered from limitations due to the artificial 
transient nature of α-syn overexpression, the presence of epitope tags, and the expression in a 
non-neuronal environment, other studies have observed that proteasome inhibition impairs α-
syn clearance in both differentiated and undifferentiated PC12 cells [161]. One reason for 
these apparent discrepancies is that α-syn may be processed via a diversity of pathways and 
that a small change in turnover resulting from proteasome inhibition (which may not be a 
major degradation route) may not rapidly or overtly translate into alterations in steadystate 
levels. There is now considerable evidence that α-syn levels can accumulate with lysosomal 
inhibition, although the exact circumstances (cellular milieu, species of α-syn, class of 
lysosomal inhibitor) differ across studies [161,185,196-198]. In the most physiological 
system examined so far, that of cultured post-natal rat dopaminergic neurons, endogenous α-
syn turnover was significantly increased only by the general lysosomal inhibitor ammonium 
chloride, but not by the macroautophagy inhibitor 3-methyladenine. Consistent with a minor 
role of the proteasomes in α-syn degradation, application of epoxomicin, the selective 
proteasome inhibitor, provided only a very small increase in the half-life of α-syn in this 
setting. In fact, α-syn contains a pentapeptide motif that targets it to the pathway of CMA. 
Analysis in an in vitro system of purified lysosomes has confirmed that α-syn can be 
degraded by CMA. CMA appears to be the major rate-limiting pathway used for wild-type α-
syn degradation in a neuronal cell context [185]. It would also be interesting to study the role 
of macroautophagy in α-syn clearance. In conclusion, macroautophagy appears to occur 
under physiologic conditions in substantia nigra pars compacta, and to be further induced in 
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PD. It is likely to represent a compensatory response to the dysfunction of other intracellular 
degradation pathways, mitochondrial dysfunction or the accumulation of cytosolic dopamine. 
The attempt of the neurons to activate macroautophagy may eventually backfire, leading to 
further cellular dysfunction and autophagic death. Degradation of α-syn in lysosomes may be 
closely related to its aberrant effects. In particular, disturbance of CMA may be a primary 
pathogenic effect of mutant α-syn. While mutant forms of α-syn are very rare, it may be 
important to consider if there is dysfunction of CMA in sporadic PD. 

Experimental scrapie and CJD, both prion-related diseases, promoted the activation of 
neuronal autophagy and formation of AVs [199,200]. Finally, lipofuscin that accumulates in 
epithelia and neurons of senescent organisms is associated with autophagocytosis [201].  

Interestingly, mice with neuronally confined autophagy-gene knockouts develop 
intraneuronal aggregates and neurodegeneration [202,203]. Although defects in autophagy-
restricted genes have not been described in humans, autophagy may be compromised by other 
means. For example, dynein function is important for autophagosome-lysosome fusion, and 
autophagic clearance is impaired even by hemizygous loss of dynein activity [204]. Dyneins 
are motor proteins that typically move cargoes towards the cell centre along microtubules, 
and components of this machinery are genetically compromised in some forms of motor 
neuron disease, either directly [for example, by a dynactin mutation in one form of human 
motor neuron disease [205,206], and dynein heavy-chain mutations in the legs at odd angles 
(Loa) and cramping (Cra1) mice] [207], or indirectly, if dynein functions are compromised 
by other mutations (for instance, SOD1 mutations causing familial ALS [208,209]). In some 
of these conditions (for example, SOD1 mutations, Loa mice and human dynactin mutations), 
protein aggregation is a feature, and this may be due in part to compromised autophagy. This 
possibility is supported by studies showing increased autophagosome numbers (compatible 
with decreased autophagosome-lysosome fusion) in the Loa mice, and increased aggregation 
and toxicity of mutant huntingtin fragments when HD mice are crossed with the Loa mice (or 
when the HD mutation is expressed in flies with hemizygous loss of either dynein heavy-
chain or light-chain genes) [204]. Although one cannot claim that defective autophagy is 
responsible for all of the pathology resulting from such mutations, by slowing the clearance 
of the aggregate-prone proteins and possibly increasing susceptibility to apoptosis, its 
contribution of dyneins is likely to be significant [210,211]. The chaperone-mediated 
autophagy pathway may also be relevant to neurodegeneration. Wild-type α-syn has recently 
been shown to be selectively translocated into lysosomes for degradation by the CMA 
pathway as well as being a substrate for the proteasome. In assays in vitro using isolated 
lysosomes, the pathogenic A53T and A30P α-syn mutant proteins were shown to bind to the 
CMA-pathway receptor on the lysosomal membrane, but seem to act as uptake blockers, 
inhibiting both their own degradation and that of other substrates [185]. It will be interesting 
to investigate whether similar effects are mediated by these mutations in vivo, because such a 
mechanism might contribute to their toxic gain of function. 
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NEURODEGENERATION AND PROTEASOME DYSFUNCTION: 
THE PROTEASOMEPATHIES 

 
The UPS, recognizing and selectively degrading misfolded and damaged proteins, 

protects cells against the potentially toxic effects of protein aggregation. A number of 
proteinopathies have been associated with decreased proteasome activity in humans or in cell 
models. Analyses of AD and PD human disease brain have shown modest decreases in the 
proteolytic activities of the proteasome [183,186]. General levels of proteasome activity are 
also reduced in affected neurons during the symptomatic phase in a transgenic mouse model 
of familial ALS [212,213]. In transfected cells overexpressing disease proteins, the formation 
of aggresomes is associated with decreased proteasome activity. For example, using a 
‘destabilized’ green fluorescent protein (GFP) reporter cell line that provides a physiological 
readout of proteasome activity, Kopito and co-workers observed failed UPS activity as 
suggested by increasing in GFP fluorescence when mutant proteins became aggregated in the 
cell [27]. Similar results have been observed in cellular models of PD [24,191,194,214], 
prion diseases [215-217], poly-Q diseases [27,122,218], and ALS disease [219]. A reduction 
in proteasome activity, however, does not necessarily require aggregation formation. In PC12 
neural cells, for example, Tanaka et al. showed that inducibly expressed mutant α-syn did not 
form aggregates yet significantly decreased peptidase activities of the proteasome, resulting 
in increased sensitivity to sublethal doses of proteasome inhibitors [28]. Additionally, 
whereas a nontoxic reduction in proteasome activity was observed in neuronal cells 
expressing mutant α-syn, subsequent stress with normally sub-lethal concentrations of a 
proteasome inhibitor resulted in apoptotic cell death [28]. These findings of proteasome 
inhibition have been observed in cell-culture models where the mutant protein is 
overexpressed. Whether this accurately mirrors the in vivo state, where expression levels of 
mutant protein are lower and the pathophysiological insult occurs over years rather than days, 
is unknown. Probably, under most circumstances cells are capable of handling misfolded 
proteins sufficiently to prevent them from exerting toxicity and/or being sequestered into 
inclusions. However, under circumstances of increased physiological or environmental stress 
or compromise of protective mechanisms with aging, the UPS may become overloaded and 
impaired. Indeed, despite the existence of many mouse models with intraneuronal inclusions, 
no one has yet reported inhibition of proteasome activity by inclusions in vivo. There is even 
some negative evidence: in some poly-Q disease mouse models, proteasome impairment is 
not seen at early stages [220,221]. Proteasome subunits can be cleaved by caspases in cells 
undergoing apoptosis [222], and it is possible that this process may explain some of the cell-
model data. However, further studies of proteasome function in animal models, including 
inducible models, and the necessity of conducting accurate biochemical measurements are 
required to answer whether direct compromise of proteasome activity plays any role in 
pathogenesis.  

Proteasome inhibition, pharmacologically or genetically, increases aggregation or 
inclusion formation in cells and invertebrate models [21,122,194,214,215,218,223-226]. If 
during the course of disease the UPS becomes compromised for any reason, this would 
further reduce the global rate of protein degradation and foster a cellular environment that 
increasingly favors aggregation and inclusion formation. Because a build-up of aggregated 
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protein in the cell may itself directly compromise the UPS [27], a vicious cycle of protein 
aggregation and proteasome perturbation might ensue. In addition, at least some disease 
proteins appear to be degraded less efficiently than their normal counterparts — a property 
that also should increase their steady-state levels and favor aggregation. For example, mutant 
α-syn was degraded 50% slower in a cellular PD model [189], degradation rates of Htt and 
ataxin-1 slowed proportionally with increasing glutamine repeat length [122,125], and ataxin-
7 protein levels increased over time in a SCA7 mouse model [227]. Once disease proteins 
have aggregated, they are probably even less efficiently degraded. Still, the UPS has the 
capacity to eliminate proteins stuck in inclusions, as shown in an inducible HD mouse model 
where inclusions were cleared once the Htt transgene was repressed [228]. The significance 
of this latter role is underscored by the discovery that loss-of-function mutations in genes 
encoding UPS components can cause neurodegenerative diseases in humans [229] and 
rodents [230,231] and enhance the cytotoxicity of aggregation-prone proteins linked to 
dominantly inherited neurodegenerative diseases [125,232]. 

In general, the inclusion bodies consist of insoluble, unfolded proteins that are commonly 
tagged with the small protein, Ub. Covalent tagging of proteins with chains of Ub generally 
targets them for degradation. Indeed, the UPS is the major route through which intracellular 
proteolysis is regulated. This strongly implicates the UPS in these disease-associated 
inclusions, either due to malfunction (of specific UPS components) or overload of the system 
(due to aggregation of unfolded/mutant proteins), resulting in subsequent cellular toxicity. 
The production or accumulation of intracellular protein aggregates in cells profoundly 
impairs the functional capacity of the UPS [27,122,233]. Although defective UPS function is 
a robust and reproducible response to protein aggregation, the mechanism by which protein 
aggregation is linked to UPS impairment remains an open and compelling question.  

Apoptosis is promoted by accumulation of abnormal proteins and through depletion of 
HSPs that have direct inhibitory effects on apoptotic pathways in addition to their protein 
chaperoning activity [34]. The proteasome is the major pathway for degradation of 
transcription factors and other short-lived regulatory proteins, thus proteasome inhibition 
could alter transcription of multiple gene families includine those that promote cell death 
[234]. Another important function of proteasomes is degrading misfolded proteins shuttled 
into the cytoplasm from the ER. ER stress results from disturbance of ER calcium 
homeostasis or an imbalance in the amount of misfolded protein and ER chaperoning 
capacity; both ER and Golgi networks are disrupted for example in ALS and experimental 
models of mutant SOD1, implicating multiple compartments in failure of protein QC [235]. 
Proteasome inhibitors also disrupt mitochondrial homeostasis [236,237]. 

Inclusion formation is also, at least in part, a cellular response that serves to concentrate 
misfolded proteins and perhaps facilitate their degradation— in other words, a cell-driven 
process. The best example is the aggresome: an inclusion body described in many cell models 
that overexpress mutant proteins [41,215,238,239]. Aggresomes are cytoplasmic deposits of 
aggregated protein that form in a microtubule-dependent manner and localize to the 
microtubule organizing center. Aggresomes arise when the rate of abnormal protein 
production exceeds the cell’s capacity to handle it, including when the proteasome is 
compromised [41,215,238,239]. An unresolved issue is whether the cytoplasmic inclusions 
seen in human diseases— such as LBs, glial cytoplasmic inclusions and perinuclear poly-Q 
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inclusions— are in fact aggresomes. In addition, it is entirely unknown what nuclear forces 
contribute to the formation of the nuclear inclusions seen in poly-Q diseases and in some 
neurons during normal aging (e.g. the Marinesco bodies found in neurons of the substantia 
nigra). However, it is not clear whether these phenomena are a cause or late effects of 
disease. There is no doubt that proteasome inhibition enhances aggregation of mutant 
proteins in cells. It is less clear whether aggregates directly inhibit proteolytic activities of the 
proteasome in the disease state. Evidently, substrates need to be unfolded to pass through the 
narrow pore of the proteasome barrel, which precludes the clearance of oligomeric and 
aggregated proteins [233]. Two possible models could account for the impairment of UPS 
function by protein aggregation. One model suggests that aggregated or aggregation-prone 
proteins directly inhibit or ‘choke’ the 26S proteasome— a situation that might result from 
their engagement by degradation-resistant [240,241] or hard-to-unfold proteins: perturbations 
of proteasome function may occur through its recruitment to or sequestration into protein 
aggregates, through chronic overloading of proteasome capacity by misfolded protein, or 
through still undetermined effects on other activities of the UPS. In this manner protein 
aggregates directly inhibit or sequester 26S proteasomes. Because proteasome proteolysis is 
highly processive [242], aggregates could be inhibitors of proteasome degradation, as they 
are undegradable and slowly released. Recent data suggest that the proteasome’s enzymatic 
machinery might not be able to cleave between successive glutamine residues [240,241], 
despite the presence of endogenous ubiquitination. This has important implications for poly-
Q expansion mutations, as it suggests that the proteasome removes the flanking sequences 
around the expansions. On exiting from the proteasome, such isolated poly-Q stretches may 
be more toxic than the pre-proteasome species with the flanking sequences. However, it is 
likely that the isolated poly-Q peptides exiting the proteasome are rapidly degraded by as yet 
unidentified cytosolic peptidases, because there are a number of normal proteins with 
wildtype poly-Q stretches of 20-35 repeats. 

This ‘proteasome choking’ model predicts that in cells exhibiting near complete loss of 
UPS function, a substantial fraction of total cellular proteasomes should be associated with 
protein aggregates. Thus, aggregates could simply sequester proteasomes away from cellular 
sites where they are required, as suggested from the observation of proteasome subunits in 
IBs in brains from human [243] and animal models [58] of neurodegenerative disease. 
Inspection of immunofluorescent images of proteasome subunit distribution in aggregate-
containing cells indicates a clear enrichment of proteasome subunits in IBs. However, this 
enrichment is not accompanied by significant depletion of proteasomes from nuclear or 
cytoplasmic pools [244] and protein aggregates do not inhibit 26S proteasome-mediated 
degradation of Ub-dependent and Ub-independent substrates, even when present in vast 
molar excess argueing strongly against a requirement for direct physical interaction between 
proteasomes and aggregates for UPS impairment [244]. These data do not exclude the 
possibility that ubiquitinated aggregates might interact more tightly with proteasomes. In AD 
and several other neurodegenerative diseases, molecular misreading of a Ub gene leads to 
accumulation of an aberrant, frame-shifted Ub, UBB+1 [245]. UBB+1 accumulates in 
degenerating neurons of tauopathies, such as AD, progressive supranuclear palsy (PSP) and 
Pick’s disease (PID), and of Poly-Q diseases. By contrast, synucleinopathies, such as PD, 
LBD and multiple system atrophy (MSA), are negative for UBB+1 [246]. The UBB gene 
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codes for a polyubiquitin protein, which is post-translationally cleaved into three Ub 
monomers by Ub specific protease. In the UBB mRNA, a GU dinucleotide deletion occurs 
adjacent to a GAGAG motif in the first Ub repeat, and a CU deletion occurs in a CUCU 
motif in the third Ub repeat. The first deletion results in the extended Ub molecule, UBB+1, 
which comprises 95 amino acids instead of 76, of which the last 20 amino acids are out of 
frame. The CU deletion results in a truncated Ub of 19 amino acids, of which the last five are 
out of frame. UBB+1 is ubiquitinated, targeted to the proteasome and then degraded by the 
proteasome; a low expression of the protein is thus not detectable [247]. A high expression of 
UBB+1 can block the proteasome and subsequently will result in cell death by apoptosis 
[248]. The inhibitory effect of UBB+1 has been shown in a cell-free system [249] and in living 
cells by monitoring the accumulation of GFP-based proteasome substrates [247,250]. This 
inhibition is completely dependent on the ubiquitination of UBB+1. A mutant UBB+1 in which 
both lysine residues at positions 29 and 48 were replaced with arginine residues, is not 
targeted to the proteasome and is consequently unable to inhibit UPS activity [247]. 
Conditional expression of UBB+1 in neuroblastoma cells results in elevated expression of 
HSPs, which might be explained by the accumulation of misfolded proteins, following 
inhibition of UPS activity [250]. An induction of the heat-shock system chaperones 
misfolded proteins and protects the cell against a possible toxic action of these proteins. 
Unexpectedly, these cells were found to be less vulnerable to oxidative stress [250]. This last 
finding is an indication that proteasome inhibition and aggregate formation might protect 
neurons against oxidative stress, perhaps by compensatory mechanisms. 

A second model, not mutually exclusive with the first, is that protein aggregates 
indirectly interfere with UPS function by sequestering or directly clogging proteasomes, it is 
possible that they could impair UPS function by influencing the proteasome activity or 
distribution of UPS modulators, inactivating or depleting a UPS activator. For example, it is 
has been suggested that depletion of proteasomes [251] or other UPS components [252] by 
sequestration into IB could account for the observed impairment of UPS function by protein 
aggregates. However, measurement of free Ub levels in cells with large aggregate burdens 
does not support this hypothesis [27]. Proteins containing expanded poly-Q have been shown 
to interact with and inactivate poly-Q containing transcription factors [253,254]; recent 
studies have suggested that this interaction can occur with an early, oligomeric form of poly-
Q repeat and may depend more on the poly-Q conformation than on its aggregation state 
[255]. Smaller intermediate forms of protein aggregates are more toxic to cells than fibrillar 
forms [88,131]. Consistent with this, it has been argued that the formation of higher order 
aggregates and their subsequent coalescence into IBs may be cytoprotective [256,257]. Most 
disease-linked aggregated proteins accumulate in IBs that are characteristically restricted to 
either the nucleus or cytoplasm, and the effective toxicity associated with the presence of 
these IBs appears to be strongly influenced by the cellular compartment in which the 
aggregates accumulate [126,258]. Finally, it should be noted that nonnative pathogenic 
conformers of poly-glutamine proteins could interact with and activate UPS inhibitors. For 
example, the presence of nonnative undegraded protein aggregates could initiate caspase 
activation; one recent study reported that caspase activation results in irreversible inhibition 
of proteasomes via cleavage of 19S regulatory particle subunits S5a, S6’, and S1 [222]. A 
related issue is whether a natural age-related decline in proteasome activity contributes to 
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disease. Most inherited and acquired neurodegenerative diseases occur later in life, and some 
studies suggest that aged brains have lower proteasome activity [259,260]. Evidence 
supporting a link between aging and decreased protein surveillance comes from a 
Caenorhabditis elegans model of poly-Q disease in which a mutation in the longevity gene 
age-1 exacerbated aggregation and toxicity [261].  

The above findings demonstrate compromise of proteasome catabolic capacity in several 
models of neruodegenerative diseases. However, how those relate to disease pathogenesis 
requires further work.  

The strongest support for the possibility that the UPS has a primary role in the pathology 
of a wide range of proteinopathies (or in sporadic forms of diseases such as PD) comes from 
human/mammalian mutations that involve components of this pathway and cause 
neurodegeneration. Regardless of whether there is any direct inhibition of the 20S core, 
misfolded and aggregated disease proteins may perturb upstream elements of the UPS and, by 
extension, related Ub-dependent cellular processes. Just how important such upstream Ub 
pathways are for neurons is illustrated by the fact that early onset parkinsonism can be caused 
by the failure of a single Ub ligase, parkin [262] in which autosomal recessive loss-of-
function mutations cause PD [190,263,264]. A number of parkin substrates have been 
identified, but at present it is not clear which is the major contributor to pathology in parkin 
deficiency. Interestingly, parkin mutations usually cause nigral degeneration without LB 
formation, arguing that the compromise in Ub pathways caused by parkin deficiency occurs 
independently of aggregate formation [262]. Heterozygous mutations in the gene encoding 
ubiquitin carboxy-terminal hydrolase L1 (UCHL1) have been causally implicated in families 
with PD [265], although the data are contentious [266]. Although the S18Y variant has been 
associated with sporadic PD in genetic-association studies, this association has not withstood 
robust confirmatory analyses [267]. UCHL1 might function not only as a ubiquitin hydrolase 
(hydrolysing ubiquitin chains to free ubiquitin monomers) but also as a ubiquitin ligase [191]. 
The role of UCHL1 in human PD is still unclear, but loss of function is known to be 
deleterious, as recessive deletion of part of this gene causes gracile axonal dystrophy in mice 
[231]. Although this phenotype is not obviously parkinsonian, it is associated with the 
formation of ubiquitinated intraneuronal aggregates [231]. Mutations in CDC48/p97 (also 
known as valosin-containing protein, VCP) cause a dominantly inherited disease known as 
inclusion-body myopathy with Paget’s disease of bone and frontotemporal dementia, which is 
also characterized by cytoplasmic and nuclear aggregates in muscle and brain tissues [268]. 
This pathology is consistent with the role of VCP as a component of the machinery shuttling 
ubiquitinated ERAD substrates to the proteasome [269,270] (although VCP has a number of 
other roles that may also affect pathology). In addition, mutations in the E3 ligases E6-AP 
and hCdc34p have been shown to enhance disease progression in a mouse model of SCA1 
and toxicity in a cell model of HD, respectively [125,258]. It is important to recognize that 
perturbations of the UPS could be subtle and still compromise neurons by rendering them 
more susceptible to other cellular stresses. This was evident in a cell model in which 
expanded poly-Q protein caused a decrease in proteasome activity only when the cells were 
treated with heat shock [271]. 

The above genetic data, which suggest that primary genetic deficiencies of components 
of the ubiquitin-proteasome system are sufficient to cause neurodegeneration, are 
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complemented by pharmacological data showing that the injection of proteasome inhibitors 
into adult rats causes parkinsonian features, including LB-like aggregates [272]. However, it 
is still not clear whether proteasome dysfunction is an important early causal factor in vivo in 
proteinopathies in which there are no primary defects in the UPS. 

Although studies of human disease tissue suggest a role for proteasome perturbation in 
disease, proving that there is a causal link between proteasome inhibition and 
neurodegeneration is next to impossible in postmortem human tissue. Several groups have 
reported inhibition of the proteasome postmortem brain tissue. These experiments all 
involved homogenization of tissue and addition of fluorogenic peptides with protease 
cleavage sites. These substrates have been developed for the different proteolytic activities of 
the proteasome and they have subsequently been used to study the activity of the purified 
proteasome complex [273,274]. To elucidate the role of the UPS in the pathogenesis of 
neurodegenerative diseases, methods for measuring and manipulating proteasome activity, 
preferably in the brain of the living mouse, are needed. Recently, such methods have become 
available, and the first in vivo applications have been reported [220]. Based on irreversible 
inhibitors of the proteasome, another probe for activity has recently been developed which 
modifies the enzymatic moieties in the 20S core. With this activity probe, it is possible to 
determine the subunit-specific inhibition of the proteasome in living cells [275]. 

GFP-based constructs have been developed, enabling the possibility of monitoring 
proteasome activity in vivo. These constructs are based on the fact that destabilizing amino 
acid sequences (degrons) can confer proteasome-targeting signals to otherwise stable 
proteins. Independently, researchers have made destabilized versions of GFP, by fusion of 
CL1, a short degron from yeast, to GFP [27], using N-end rule modification [276] of the 
amino-terminus of GFP, by the destabilizing the amino acid arginine (R) (Ub–R–GFP) [277] 
or by synthesis of a Ub fusion degradation–GFP substrate (UbG76V–GFP) [277]. The UbG76V–
GFP construct has been engineered into transgenic mice and has been shown to report 
proteasome inhibition in vivo [278]. However, a caveat of the GFP reporters of proteasomal 
function is that significant loss of activity may be required before GFP accumulates to readily 
visible levels [279,280] and how cells live with this level of functional impairment is not 
known.  

An alternative mouse model to monitor inhibition of the UPS has been engineered by 
fusing four copies of noncleavable UbG76V to luciferase [281]. In vivo bioluminescence 
imaging of live Ub–luciferase mice thus enables repetitive testing of proteasome inhibitors. 
These reporter systems for the proteasome all depend on ubiquitination of the GFP- or 
luciferase fusion proteins, and in all likelihood the E2 and E3 ubiquitination enzymes are 
different for all three reporters: the Ub–R–GFP uses N-end rule Ub ligases UBR1 or UBR2 
[282], the UbG76V–GFP substrate is recognized by an unidentified Ub ligase and it is 
suggested that the CL1 degron is recognized by doa10 [283]. Because ubiquitination is an 
essential step for these proteasome activity reporters to be degraded, conclusions based on 
these reporters should always consider this caveat but the use of two different reporters [247] 
might rule out potential artifacts induced by the Ub ligases. In addition, recently, 
ubiquitination-independent GFP-based reporter has been established based on mouse 
ornithine decarboxylase [284], which is known to be degraded by the 20S proteasome 
independently of ubiquitination. Monitoring the ubiquitination of specific substrates in living 
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cells has recently also been facilitated by Ub mediated fluorescence complementation [285]. 
In this system, split GFP is reconstituted in vivo when a substrate is ligated to Ub molecules 
(ubiquitinated) or to small Ub-like modifier molecules (sumoylated). One attractive target for 
this system is tau, which is ubiquitinated in tangles [286] and thought to be regulated by the 
proteasome in AD [287,288]. 

 
 

CONCLUSION 
 
Undoubtedly, a large number of human diseases are associated with the accumulation of 

a whole myriad of misfolded proteins. This accumulation can be in tissues, intra- or 
extracellularly, in the CNS or in the periphery and contained within inclusions, aggresomes 
or filaments typically of fibrillar structure and accompanying extensive neuronal cell loss, 
displaying a selective brain distribution. The recently discovered similarities of a number of 
these aggregates with a novel type of experimentally induced protein deposit, formed as a 
general response to discrepancies in protein turnover and designated the ‘aggresome’, has 
prompted speculations about the involvement of degradation pathways (UPS and 
macroautophagy) acting on such aggregate-prone cytosolic proteins. Consistent with this 
view, protein aggregates have been regarded in a pathogenic connotation, with the most 
aspects of neurologic pathogenesis being largely attributed to their presence in nerve tissues. 
However, the neurotoxicity of protein aggregates remains ambiguous as direct evidence 
substantiating it have long remained elusive. A convergence of evidence now support the 
notion that the actual culprits might comprise the oligomeric, non-fibrillar intermediates that 
arise early during the aggregation process, termed protofibrils and that the fibrillar end-stage 
aggregates themselves might actually serve a neuroprotective function. The UPS is more 
efficient in degrading wild-type proteins than basal levels of macroautophagy, however the 
proteasomes can show a reduced catalytic activity towards the substrate molecule with the 
consequent filling of the proteolytic chamber or a a very low transport to the cavity of the 
20S, mostly because of an impaired or highly costly interaction between the ubiquitinated 
substrate and the 19S cap with a consequent accumulation of misfolding protein suggesting 
that the specificity of the substrate and the proteasome structure influence dynamically the 
degradation rate of proteasome. When a cytosolic protein is aggregate-prone and a poor 
proteasome substrate, macroautophagy becomes a major clearance route by default and 
becomes more effective than the proteasome. The above ones attest to the fact that protein 
aggregation remains a complex issue with a role far more enigmatic than originally thought 
but nonetheless important for the understanding of the pathological basis of 
neurodegenerative disorders. The identification of a specific protein degradation system 
disturbance and their corresponding clinical syndromes will assist in choosing therapies when 
protein-specific disease-modifying treatments are available.  
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ABSTRACT 
 

The ubiquitin-proteasome system (UPS) is a highly regulated and fundamental 
pathway for protein degradation. It controls many key cellular mechanisms critical for 
cell viability and function and also removes abnormal and toxic proteins generated by a 
lifetime of environmental damage. Most proteins are tagged by ubiquitin prior to 
degradation by the UPS. Notably, abnormal protein deposits containing ubiquitinated 
proteins are detected in a variety of neurodegenerative diseases. Such disorders include 
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis and Huntington’s 
disease, to name a few. Whether these protein deposits are pathogenic or represent a 
coping mechanism to prolong survival of the affected cells is a hotly debated issue. 
Lately, tremendous strides have been made to elucidate the mechanisms regulating the 
accumulation and aggregation of ubiquitinated proteins associated with 
neurodegeneration. This chapter provides a critical overview of the latest studies 
addressing these mechanisms. First, we will focus on oxidative stress. The brain is 
considered to be unusually sensitive to oxidative damage. Moreover, many age-related 
neurodegenerative disorders exhibit abnormal accumulation of oxidatively damaged 
proteins. Although there are many tantalizing clues indicating that the proteasome is 
crucial for the degradation of oxidatively modified proteins, we still lack a clear 
understanding of how these proteins are targeted for proteasomal degradation. The 
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controversy is over the requirement of ubiquitination for the degradation of oxidatively 
modified proteins. Secondly, we will address the relationship between inflammation and 
UPS impairment. The brain was long considered to be an immunologically privileged 
site, particularly because of the blood brain barrier and the lack of a lymphatic system. 
However, more recently it has been shown that the brain mounts an inflammatory 
response, as noted from the occurrence of edema, microglia and astrocyte activation, 
local invasion of circulating immune cells and production of cytokines and other immune 
factors. There is abundant evidence supporting that an inflammatory reaction is mounted 
within the CNS following trauma, stroke, infection and seizures, all of which can 
augment brain damage. We will discuss how products of inflammation induce oxidative 
stress and the accumulation and aggregation of ubiquitinated proteins. A better 
understanding of the mechanisms that regulate the aggregation of ubiquitinated proteins 
is of clinical importance for developing therapeutic strategies to prevent and treat 
neurodegenerative diseases. One of the major challenges that we are faced with is to 
single out the UPS as a therapeutic target for preventing neurodegeneration. This 
challenge rests on developing therapeutic strategies that will enhance degradation of 
abnormal and toxic proteins without compromising the normal function of the UPS. 
 

Keywords: protein aggregation, ubiquitin, oxidative stress, inflammation, neurodegeneration, 
J2 prostaglandins, dopamine toxicity, aggresome, proteasome, sequestosome. 
 
 

ABBREVIATIONS 
 
AD, Alzheimer’s disease; AID, acidic interaction domain; ALS, amyotrophic lateral 

sclerosis; AAA, ATPases associated with diverse cellular activities; ATP, adenosine 
triphosphate; CNS, central nervous system; COMT, catechol-O-methyltransferase; CP, core 
particle; COX-1 and COX-2, cyclooxygenase 1 and 2; DOPA, 3,4-dihydroxyphenylalanine; 
Erk, extracellular signal regulated kinase; GTP, guanosine triphosphate; HEK, human 
embryonic kidney; HNE, 4-hydroxy-2-nonenal; IL, interleukin; iNOS, inducible nitric oxide 
synthase; JNK, c-Jun NH2-terminal kinase; LBs, Lewy bodies; Lys, lysine; MAPK, Mitogen-
activated protein kinase; NFκB, nuclear factor κB; PD, Parkinson’s disease; PEST, proline, 
glutamic acid, serine and threonine; PKC, protein kinase C; PPARγ, peroxisome proliferator-
activated receptor gamma; 15d-PGJ2, 15-Deoxy-∆-12,14-prostaglandin J2; PG, 
prostaglandin; RING, really interesting new gene; RIP, receptor interactive protein; RNAi, 
RNA interference; ROS, reactive oxygen species; RP, regulatory particle; Rpn, Regulatory 
Particle, Non-ATPase-like; Rpt, Regulatory Particle, ATPase-like; TNF, tumor necrosis 
factor; TRAF6, tumor necrosis factor receptor-associated factor 6; TxA2, thromboxane A2; 
UBA, ubiquitin-associated domain; UBL, ubiquitin-like domain; UCH, ubiquitin-carboxyl 
terminal; UPS, ubiquitin-proteasome system.  

 
 

INTRODUCTION 
 
Protein deposits containing ubiquitinated proteins are detected in non-pathologic aging 

[1] as well as in a variety of age-related neurodegenerative disorders including Alzheimer’s 
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disease (AD), Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS), to name a 
few [2]. All of these protein deposits contain ubiquitinated proteins but their major structural 
components vary from cell type to cell type. For example, microtubule associated tau 
proteins are found in cortical neurofibrillary tangles and α-synuclein in dopaminergic Lewy 
bodies [3]. The presence of aggregated ubiquitinated proteins in inclusion bodies indicates 
impairment of the ubiquitin-proteasome system (UPS) or structural changes in protein 
substrates impeding their degradation. The mechanisms causing the aggregation of 
ubiquitinated proteins have to be addressed in order to understand the overall molecular 
disease processes of these neurological conditions.  

In this chapter, we will discuss evidence supporting the view that oxidative stress and 
inflammation are critical contributors to the intracellular aggregation of ubiquitinated 
proteins that evade degradation by the UPS. The involvement of oxidative stress in 
neurodegeneration has gained support from increasing evidence of its role in neuronal death 
in disorders such as AD and PD. Studies with autopsied brains of AD patients show a co-
localization of high levels of oxidative stress products with neurofibrillary tangles and senile 
plaques [4]. Signs of oxidative stress, such as lipid peroxidation, increased protein carbonyls 
and a decline in reduced glutathione, were also detected in the substantia nigra in brains of 
PD patients [5]. Oxidative stress, especially the production of free radicals, promotes partial 
unfolding of cellular proteins resulting in the exposure of previously buried hydrophobic 
domains to ubiquitin-conjugating [6] as well as to proteolytic enzymes [7,8]. One important 
cellular response to oxidative stress is an increase in intracellular proteolysis by the 
proteasome. 

Chronic inflammation of the CNS has also been implicated in a variety of 
neurodegenerative disorders. Notably, the spatial and temporal distribution of pro-
inflammatory cyclooxygenase-2 (COX-2) correlates with neuropathological changes in a 
wide variety of disorders including AD, PD and ALS [9]. These disorders, which exhibit 
signs of inflammation, are also associated with accumulation of ubiquitinated proteins in 
neuronal inclusions [10]. Notably, inflammatory processes occurring in the CNS differ from 
systemic inflammation. The order of events occurring in the CNS following a noxious insult 
includes: (i) immune cell proliferation, (ii) microglia activation, (iii) cytokine release and (iv) 
induction of tissue repair enzymes. Together, these responses are initiated as a defense 
mechanism to help limit cellular damage and repair the CNS [11]. Ironically, these same pro-
inflammatory agents can incite tissue damage in both acute and chronic CNS disorders. 

The overall aim of this review is to provide a challenging and sometimes provocative 
survey of studies supporting the view that oxidative stress and CNS inflammation are critical 
contributors to the formation of inclusion bodies detected in most neurodegenerative 
disorders. In an effort to provide a general overview of the current information available on 
the relationship among oxidative stress, neuroinflammation and the aggregation of 
ubiquitinated proteins in neurodegeneration, we will address the following topics: (i) 
Inducers of oxidative stress; (ii) Degradation of oxidatively modified proteins; and (iii) 
Inflammation and protein aggregation.  
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INDUCERS OF OXIDATIVE STRESS 
 

Aerobic Respiration  
 
Reactive oxygen species (ROS), such as superoxide and hydrogen peroxide, are produced 

by mitochondria during respiration rendering all aerobic organisms susceptible to oxidative 
stress. Of the total oxygen consumed during respiration, about 2% ends up as ROS, but this 
amount may vary depending on exposure to various stress conditions, such as environmental 
pollutants (metals and xenobiotics) and inflammatory cytokines. The brain is considered to be 
abnormally sensitive to oxidative damage because (i) it is enriched in the more easily 
peroxidizable fatty acids (20:4 and 22:6), (ii) relative to its small weight it consumes an 
excessive fraction of the body total oxygen consumption and (iii) it is not particularly 
enriched in antioxidant defenses [12]. For example, the brain is low in catalase activity 
containing about 10% of liver catalase. In addition, certain regions of the human brain are 
enriched in iron/ascorbate. If tissue organizational disruption occurs, the iron/ascorbate 
mixture becomes an abnormally potent pro-oxidant for brain membranes [12].  

Agents that impair mitochondrial activity decrease ATP production and promote ROS 
formation. These cytotoxic agents change the redox equilibrium and may, for example, 
increase the levels of mitochondrial quinones such as Coenzyme Q12. Coenzyme Q12 is 
essential for maintaining the proton gradient across the mitochondrial membrane. However, 
high levels of quinones elevate ROS production. Indeed, higher concentrations of quinones 
are found in the brains of AD patients compared to normal controls, supporting a role for 
these compounds in the etiology of neurodegenerative diseases [13,14].  

 
 

Inflammation 
 
In the context of neurodegenerative disorders, neuroinflammation refers to any set of 

responses culminating in a COX-2-induced, pro-inflammatory response in CNS tissues. 
Cyclooxygenases (COX-1 or COX-2) are the rate-limiting enzymes in the synthesis of 
prostaglandins. In the first step, cyclooxygenases convert arachidonic acid to prostaglandin 
G2 (PGG2). Their peroxidase activity then converts PGG2 to prostaglandin H2 (PGH2), the 
parental prostanoid. PGH2 is subsequently converted to a variety of products including 
PGD2, PGE2, PGF2α, PGI2, and TxA2 by cell-specific isomerases and synthases. Under 
physiological conditions, the concentrations of prostaglandins in body fluids are in the pico-
nanomolar range [15]. However, under inflammatory conditions, their concentrations may 
reach the micromolar range at the site of damage [16,17] and as such, they may act as pro-
inflammatory mediators of oxidative stress.  

Prostaglandins are primarily synthesized from arachidonic acid which comes from 
membrane phospholipids and dietary sources [18,19]. In general, the majority of 
prostaglandins are considered pro-inflammatory however, they may also be anti-
inflammatory [16]. In a rat model of inflammation, COX-2 was initially pro-inflammatory by 
way of PGE2 synthesis. Conversely, during the resolution phase of inflammation, COX-2 
was shown to be anti-inflammatory by way of PGD2 and 15d-PGJ2 production. Hence, the 
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dual role of COX-2 is quite complex. PGD2 is the major prostanoid synthesized in the 
mammalian CNS. This prostanoid is unstable and readily undergoes both in vivo and in vitro 
non-enzymatic dehydration to generate biologically active cyclopentenone J2 prostaglandins, 
such as PGJ2, 12d-PGJ2 and 15d-PGJ2.  
 

 

Figure 1. Environmental stress evoked by physical, chemical or microbial stimuli impairs the UPS 
causing aggregation of ubiquitinated (Ub) proteins. UPS impairment and environmental stress may also 
trigger inflammatory responses manifested by up-regulation of COX-2. Neurotoxic products of COX-2, 
such as PGJ2, may then accelerate the pathophysiological processes that underlie neurodegeneration. 
The resulting neuronal cell death may have devastating effects as, in the vast majority of cases, neurons 
lost to disease processes cannot be replaced. 

Some of the effects of J2 prostaglandins appear to be mediated by their interaction with 
an intranuclear target, the peroxisome proliferator-activated receptor (PPARγ). Several 
studies suggest that 15d-PGJ2 is a ligand for the PPARγ receptor [20]. PPARγ is a 
transcription factor found in many cell types, including neurons/microglia [21], 
macrophages/monocytes, myocytes, fibroblast, breast cells, and human bone marrow [22,23]. 
During a noxious insult, the stereotypic result of macrophage/microglia activation is the 
production of various pro-inflammatory mediators. However, in the presence of 15d-PGJ2, 
the production of pro-inflammatory mediators such as IL-6, TNF-α, IL-1β and inducible 
nitric oxide synthase (iNOS) seems to be inhibited, thus favouring an anti-inflammatory 
response. In further support of this view, 15d-PGJ2 was found to inhibit IL-10 and IL-12 
production by macrophages [24]. Other studies reported that PPARγ ligands induce 
monocytes/macrophages to respond in a pro-inflammatory manner by stimulating the 
expression of pro-inflammatory receptors, such as CD14 and CD11b/CD18 [25-28]. Clearly, 
the effects of PPARγ ligands, including 15d-PGJ2, are variable and may depend on factors 
such as intracellular concentrations, cell types and timing of activation of downstream targets 
that participate in the inflammatory response. In addition, J2 prostaglandins act through 
PPARγ-independent mechanisms including activation of Erk (MAPK and JNK) pathways 
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[29,30] and inhibition of the NFκB pathway [31,32]. This may account for the different 
effects of J2 prostaglandins and other PPARγ ligands [33].  

J2 prostaglandins are unique among the prostaglandin family in that they have α,β-
unsaturated carbonyl groups promoting Michael addition reactions with free sulfhydryl 
groups of cysteines in glutathione and cellular proteins [34]. These cyclopentenone 
prostaglandins were shown to covalently modify several proteins, including the p50 subunit 
of NFκB, which may explain their anti-inflammatory effects [35]. They also modify 
thioredoxin reductase, an enzyme that protects against oxidative damage [36] and activate 
Ras, a small GTPase oncogene known to activate Erk signaling pathways [37].  

Recent studies suggest that J2 prostaglandins play a role in the etiology of 
neurodegeneration (Figure 1). Specifically, the levels of 15d-PGJ2 were found to be elevated 
in spinal cord motor neurons of ALS patients [38]. Additionally, J2 prostaglandins were 
shown to be neurotoxic and pro-oxidant agents [39], up-regulate the expression of COX-2 
[30], inhibit ubiquitin isopeptidase activity [40] and Ubiquitin-carboxyl terminal hydrolase 
(UCH)-L1 and UCH-L3 [41] and induce the accumulation [39] and aggregation [41] of 
ubiquitinated proteins as well as neuronal apoptosis [42]. That UCH-L1 inhibition might be 
relevant to neurodegeneration is supported by the identification of a missense mutation in the 
gene encoding UCH-L1 in two siblings of a German family with autosomal-dominant 
familial PD [43]. As the UPS is a complex and tightly-regulated system, there are 
undoubtedly other mechanisms by which J2 prostaglandins negatively affect the UPS. 

 
 

Dopamine 
 
Parkinson’s disease (PD) is characterized by the selective degeneration of dopaminergic 

neurons of the nigrostriatal pathway. In PD, dopaminergic neuronal loss is accompanied by 
Lewy bodies (LBs), which are neuronal proteinaceous cytoplasmic inclusions [44,45]. The 
neuronal loss is also associated with the accumulation of highly-oxidized protein aggregates, 
often surrounded by microglia. Upon activation, microglia release a large amount of 
oxidizing species, thus initiating a potentially disastrous, inflammatory cytotoxic cycle. A 
compensatory mechanism initiated by the cell is to increase protein degradation [46].  

Among the catecholamines, dopamine is the most susceptible to autooxidation that leads 
to ROS formation. This is because of its high rate of oxidation to an electron-deficient 
quinone and a slower rate of internal cyclization of the o-quinone structure [47]. Conditions 
that promote the intracellular accumulation of dopamine might thus lead to increased 
dopaminergic neuronal loss [48]. Susceptibility of dopaminergic neurons to oxidative stress 
was shown in studies with rotenone, an environmental toxin linked specifically to PD [49]. 

Cyclooxygenases are also able to oxidize dopamine to dopamine quinone via their 
peroxidase activity. These enzymes will readily utilize dopamine as an electron donor to 
support their peroxidase activity generating an electron-deficient dopamine quinone as a 
byproduct. Dopamine quinone can then covalently bind to the sulfhydryl groups of cysteine 
residues on proteins. If the covalently modified cysteine is located at or near the protein 
active site, the binding of dopamine quinone will cause inactivation of protein function. If 
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these protein functions are essential for cell viability, their inactivation may account for 
quinone-induced cytotoxicity [50].  

PD pathogenesis is thus closely linked to oxidative stress [51]. Under such cytotoxic 
conditions, direct or indirect proteasome impairment might occur. This impairment could lead 
to the accumulation of cytotoxic proteins, disruption of neuronal function and ultimately cell 
death.  

 
 

Proteotoxicity of Oxidative Stress  
 
Understanding the sources of oxidative stress and how these conditions affect UPS 

activity and its substrates is relevant to neurodegeneration. Strong oxidants like the various 
ROS resulting from oxidative stress damage the structure of cellular proteins [52] which, if 
not repaired, must be removed by proteolysis to prevent their accumulation and aggregation. 
One of the major roles of the proteasome is to remove oxidatively modified proteins. 
However, we still lack a clear understanding of how oxidatively modified proteins are 
targeted for proteasomal degradation. Some investigators support the notion that oxidatively 
modified proteins in cells are removed by the 20S proteasome independently of 
ubiquitination [53]. Nonetheless, it is not clear how these proteins would be recognized by 
the 20S proteasome. Others demonstrated that there is an accumulation of ubiquitin-protein 
conjugates as well as increases in ubiquitin-activating and ubiquitin-conjugating enzyme 
activities following episodes of oxidative stress. This suggests that the ubiquitination 
machinery is recruited to target oxidatively modified proteins for proteasomal degradation 
[54]. Understanding how oxidatively modified proteins are degraded is an important issue. 
Not only because the brain is considered to be unusually sensitive to oxidative damage, but 
also because many age-related neurodegenerative disorders exhibit abnormal accumulation of 
oxidatively damaged proteins. 

 
 
DEGRADATION OF OXIDATIVELY MODIFIED PROTEINS 

 
It is likely that some or the majority of protein components of the cytoplasmic inclusion 

bodies detected in neurodegenerative disorders are aggregates of oxidatively modified 
proteins [55]. Although somewhat phenotypically-characterized, the biochemical mechanism 
leading to the formation of these protein aggregates remains poorly defined. It is well 
established that the ability of cells to degrade abnormal, mutated, or oxidized proteins is 
exceeded when the UPS is inhibited [56]. Thus, UPS impairment is likely to play an essential 
role in protein aggregation. These protein aggregates could themselves impair the UPS, 
generating a disastrous positive feedback loop. Initially, protein aggregates may not affect the 
UPS as the proteasome does attempt to rescue the cell from oxidative insults by degrading 
oxidatively modified proteins. The increased surface hydrophobicity of oxidatively modified 
proteins is postulated to make them more susceptible to proteasome mediated degradation 
[57-64]. This degradation is thought to result from recognition of the hydrophobic moieties 
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spanning the core of the protein to its surface. Exposure of these hydrophobic patches to the 
intracellular milieu is dependent on protein unfolding induced by its oxidation.  

 
 

Modifications of Lysine Residues on Ubiquitin  
 
Modification of Lys residues, such as acetylation and biotinylation, occurs through 

nonenzymatic means. Certain ubiquitin Lys residues, such as Lys6, are targets for oxidative-
modification. Like Lys48-linked polyubiquitin chains, nontraditional Lys6-linked 
polyubiquitin chains target proteins for degradation by the 26S proteasome. To better 
understand the structure-function relationship of ubiquitin and its susceptibility to oxidative 
stress, the modification of the Lys6 residue of ubiquitin and its physiological consequences 
were investigated [65]. Through mass spectrometry-based peptide mapping and N-terminal 
sequencing, it was demonstrated that of the seven ubiquitin lysine residues, Lys6 was the 
most readily labelled by sulfosuccinimidobiotin [66]. Lys6 is also susceptible to modification 
by p-nitrophenyl acetate [67], aspirin [68], acetic anhydride [69] and Oregon green 
succinimidyl ester [70]. It is likely that Lys6 of ubiquitin is also susceptible to modification 
by the highly-reactive product of lipid peroxidation, 4-hydroxy-2-nonenal (HNE) [65]. 
Certain modifications of ubiquitin Lys residues may render cells more vulnerable to oxidative 
stress because they may impair polyubiquitin chain assembly. This is supported by the 
finding that expression of a dominant-negative mutant form of ubiquitin (K48R) in a human 
teratocarcinoma NT-2 cell line and a human neuroblastoma SK-N-MC cell line increased 
oxidative damage and rendered cells more susceptible to HNE [71].  

Lys6-biotinylated ubiquitin was found to form high molecular mass ubiquitin conjugates 
as readily as unmodified ubiquitin, thus it is an ideal model to study ubiquitin modification 
and its consequences. Ubiquitin-dependent degradation was shown to be inhibited by Lys6-
biotinylated ubiquitin, as protein conjugates formed with Lys6-biotinylated ubiquitin were 
less susceptible to 26S proteasome degradation [65]. Expression of K6W mutant ubiquitin in 
lens epithelial cells caused the stabilization of UPS substrates and also rendered the 
transfected cells more susceptible to oxidative stress, thus mimicking the effect of Lys6-
biotinylated ubiquitin. Based on these studies it is tempting to speculate that other 
compounds, such as J2 prostaglandins or HNE, might also interfere with the ubiquitination of 
proteins or their recognition by the 26S proteasome thus increasing the vulnerability of cells 
exposed to oxidative stress or inflammation. 

 
 

20S versus 26S Proteasomes 
 
Currently, it is uncertain whether it is the 26S or 20S proteasome that carries-out the in 

vivo degradation of oxidatively modified proteins. Several researchers support the notion that 
the 20S proteasome is sufficient for degradation of oxidatively modified proteins. It seems 
that degradation of the latter is ATP-independent [64] and that there is a decline in 26S 
proteasome activity following oxidative stress [72,73]. Furthermore, degradation of 
oxidatively modified proteins was not impaired in cell lines harbouring an E1-Ub-activating 



Aggregation of Ubiquitinated Proteins in Neurodegenerative Disorders 725

enzyme deficient mutant [74]. Several concerns tamper this hypothesis. In the first place, 
these experiments involve in vitro assays that assess the accumulation of ubiquitinated 
proteins in cell-free lysates and under conditions that may not occur in an in vivo setting. This 
paradigm does not take into account possible factors that may be absent upon cell lysate 
preparation. Such factors might be required for the in vivo ubiquitin-mediated degradation of 
oxidatively modified proteins. Secondly, lysozyme and ferritin were the only two substrates 
tested in these studies and they were exposed to high concentrations of H2O2, as the source of 
oxidative stress. These high H2O2 concentrations are unlikely to be ever attained 
intracellularly. Oxidative stress induced by H2O2 also affects the UPS, either by directly 
decreasing the activity of the 20S or 26S proteasome [75-77], or by increasing the expression 
and activity of at least two members of the ubiquitination machinery, namely E1 and E2 
enzymes [78]. The role of ubiquitination and ultimately, the involvement of the 26S 
proteasome in the degradation of oxidatively modified proteins should not be discounted. 

 
 

Substrate Recognition by the 19S Regulatory Particle of the 26S 
Proteasome 

 
The 26S proteasome consists of a 20S core particle (CP) and one or two 19S regulatory 

particles (RP) that cap the entry into the catalytic core [79]. The 19S RP facilitates 
recruitment of polyubiquitinated proteins to the 26S proteasome and their translocation into 
the 20S CP. The 19S RP is composed of two sub-complexes: the lid that is distal to the 20S 
CP and contains polyubiquitin binding as well as deubiquitinating activities, and the base that 
is in contact with the pore of the 20S CP and consists of six ATPase and two non-ATPase 
subunits. The two latter subunits [(Rpn1(S2) and Rpn2(S1)] interact with proteins that 
contain ubiquitin-like domains (UBL) and may participate in proteasomal substrate targeting 
[79]. In addition, at least two subunits of the 19S RP bind polyubiquitin chains directly, i.e. 
Rpn10 (S5a) and Rpt5 (S6’), but their role in substrate targeting remains undefined [79]. It is 
clear that recognition of substrates by the proteasome is facilitated by its 19S RP. This form 
of proteasome-substrate recognition might be compromised under stress conditions, such as 
oxidative stress, thus impairing the degradation of proteasomal substrates and leading to their 
aggregation in neuronal cells [80]. More details on proteasome structures and functions are 
given in Chapters 6 and 7. 

 
 

Modifications of the 19S Regulatory Particle of the 26S Proteasome 
 
To address the mechanism underlying cell death induced by oxidative stress, human 

neuroblastoma SH-SY5Y cells were treated with an endogenous electrophile, i.e. 15d-PGJ2 
that is a neurotoxic product of inflammation and a potent inducer of oxidative stress [80]. 
Through proteomic analysis of oxidation-sensitive proteins, the 19S RP Rpt3(S6) subunit that 
has ATPase activity was shown to be one of the major targets of the 15d-PGJ2 induced 
protein carbonylation. Furthermore, Cu2+/H2O2-treatment of SH-Y5Y cells also resulted in 
the oxidative modification of Rpt3(S6) [80]. As a mechanism to explain the metal-catalyzed 
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oxidation of Rpt3(S6), it was postulated that Cu2+ binds to a specific metal-binding site on 
Rpt3(S6) and that Cu2+ may react with H2O2 to generate ROS. These ROS would then have 
the potential to oxidize neighbouring amino acid residues, thereby generating carbonyl 
groups on the 19S RP subunit. These findings suggest that the Rpt3(S6) subunit may be one 
of various oxidation-sensitive subunits of the proteasome.  

The Rpt3(S6) subunit of the 19S regulatory particle is one of six non-redundant ATPases 
all belonging to the AAA (ATPases associated with diverse cellular activities) superfamily 
[81]. Previous studies demonstrated that Rpt3(S6) may interact with additional 19S 
regulatory subunits, such as the Rpt5(S6') and Rpt1(S7) ATPases [82-85], and that these 
hexameric ATPase complexes are associated with substrate unfolding and translocation into 
the 20S CP. It is clear that 19S RP subunits are targets of oxidative insults in cells under 
conditions of oxidative stress mediated by ROS or products of inflammation. Oxidation of 
19S RP subunits could compromise the ability of the 26S proteasome to recognize and 
degrade polyubiquitinated proteins leading to the accumulation of cytotoxic, oxidatively-
modified proteins. 

In conclusion, oxidatively modified proteins may become polyubiquitinated and targeted 
for degradation by the 26S proteasome. However, under conditions of oxidative stress, their 
degradation might be impaired because of the inability of the 19S RP to bind and unfold 
substrates before they enter the 20S CP. This hypothesis is supported by the finding that 
Rpt3(S6) down-regulation by RNAi resulted in enhanced accumulation of ubiquitinated 
proteins [80]. Depending on the severity of the oxidative insult, the ability of the 26S 
proteasome to degrade oxidatively modified proteins might be only partially compromised. 
However, if the oxidative insult is chronic, the overall ability of the 26S proteasome to 
degrade oxidatively modified proteins may become totally compromised leading to 
accumulation of ubiquitinated proteins to toxic levels. 

 
 

INFLAMMATION AND PROTEIN AGGREGATION 
 

Oxidative Modifications 
 
The levels of products of inflammation, such as J2 prostaglandins, may be increased 

rapidly in response to tissue injury or some other noxious insults. These high levels of J2 
prostaglandins could exert their effect by generating ROS and thus promoting oxidative 
stress. Cellular proteins are susceptible to the oxidative modification of their amino acid side 
chains. This oxidation may radically alter the native conformation of proteins and, if not 
repaired, is likely to trigger their loss of function. Methionine and cysteine residues may be 
particularly susceptible to damage by ROS. While methionine is readily oxidized to 
methionine sulfoxide [86,87] cysteine sulfhydryl group oxidation may result in the formation 
of intra- or intermolecular disulfide bridges [88]. In addition, the prominent α,β-unsaturated 
ketones of J2 prostaglandins may undergo nucleophilic addition reactions with cysteine thiol 
groups. All of these chemical modifications can promote the aggregation of proteins or 
peptides, which is a hallmark of many neurodegenerative disorders. Increases in ROS in 
conjunction with a decline in proteasome activity, both of which may be associated with 
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oxidative stress and/or inflammation, may thus lead to the progressive accumulation of 
oxidatively damaged and/or ubiquitinated proteins. Collectively, these could eventually lead 
to cellular dysfunction and neurodegeneration [88].  

 
 

Sequestosome 1/p62 
 
Sequestosomes, also known as p62, were first isolated in human tissues [89]. Due to their 

high affinity for polyubiquitin chains, sequestosomes were suggested to serve as receptors for 
binding and storing ubiquitinated proteins [90]. Sequestosomes contain seven structural 
motifs: an SH2 domain that binds the tyrosine kinase p56lck in a phosphotyrosine-
independent manner [91], an acidic interaction domain (AID) that binds the atypical PKC ζ 
[92], a ZZ type ZINC finger that binds the receptor interactive protein (RIP) involved in 
TNFα-induced apoptosis [93], a binding site for the RING-finger protein tumor necrosis 
factor receptor-associated factor 6 (TRAF6) that is an E3 ubiquitin ligase [94,95], two PEST 
sequences and a UBA domain [96]. Sequestosomes might bind polyubiquitin chains through 
the C-terminal UBA domain and the proteasome through their AID domain, which is closer 
to their N-terminus [97]. The AID domain is proposed to be structurally similar to ubiquitin-
like (UBL) domains, known to interact with the proteasome [97]. Studies with HEK cells 
transfected with full-length or truncated sequestosome forms indicate that sequestosomes 
may act as shuttles that deliver polyubiquitinated proteins to the proteasome [97] and protect 
the cells from apoptosis [98]. Sequestosome1/p62 was also shown to interact with K63-
polyubiquitinated tau through its UBA domain and might regulate tau proteasomal 
degradation [99].  

Sequestosome 1/p62 was detected in ubiquitin-containing intraneuronal and intraglial 
inclusions in a number of neurodegenerative disorders [100-103]. The expression of 
sequestosome 1/p62 in neuronal cells is increased by serum withdrawal conditions that 
trigger apoptosis and by proteasome inhibitors [104,105] as well as by expression of 
expanded pathologic polyglutamine repeats [106]. PGJ2, a neurotoxic product of 
inflammation, increased the levels of sequestosome 1/p62 and ubiquitinated proteins in a 
parallel manner in human neuroblastoma SK-N-SH cells [107]. Prevention of sequestosome 
1/p62 up-regulation by RNA interference (RNAi) precluded the cytoplasmic aggregation of 
ubiquitinated proteins induced by PGJ2 but not its cytotoxicity. These data support the notion 
that sequestosome 1/p62 up-regulation under stress conditions contributes to the 
‘sequestration’ of polyubiquitinated proteins into aggregates, perhaps to ensure that the 
proteasome is not overwhelmed. Excessive accumulation of ubiquitinated proteins, rather 
than their aggregation, is likely to be an important contributor to the cytotoxicity induced by 
the different stress agents. 

 
 

Inactivation and Sequestration of Metabolic Enzymes 
 
Catechol-O-methyltransferase (COMT) is an enzyme responsible for inactivating 

catecholamine neurotransmitters, such as dopamine, as well as catechol hormones and 
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catechol drugs like L-DOPA, α-methyl DOPA and isoprenaline [108,109]. Treatment of 
human neuroblastoma SK-N-SH cells with PGJ2, a product of inflammation, reduced the 
expression and activity of COMT and potentiated dopamine toxicity [110]. PGJ2 also 
triggered the formation of large perinuclear aggregates containing COMT, thus affecting its 
subcellular distribution. The latter was duplicated in rat primary cortical neurons. These 
results suggest that COMT-impairment induced by PGJ2-treatment, may increase the 
concentration of dopamine (or its metabolites) to neurotoxic levels and may thus be a 
potential risk factor in neurodegeneration. Furthermore, aggregation of metabolic enzymes, 
such as COMT as well as other proteins that may be essential for cell viability, has the 
potential to seriously jeopardize cellular homeostasis. Under stress conditions, such as those 
induced by inflammation, sequestration of these proteins into aggregates may impair their 
activities and prevent them from promoting cell survival. 
 

 

Figure 2. Scheme depicting some of the neurotoxic effects of neuroinflammation. Pro-inflammatory 
insults in the CNS may initiate a cascade of events that leads to increased oxidative stress and UPS 
impairment culminating in neurodegeneration (see text for a more detailed explanation).  

 
CONCLUSIONS 

 
Inflammatory processes, in particular those attributed to chronic neuroinflammation are 

with no doubt implicated in neurodegenerative disorders such as AD, PD and ALS. However, 
there is an obvious gap in the knowledge of how endogenous products of inflammation alter 
underlying cellular mechanisms fundamental to neurodegeneration. Our overall hypothesis 
(Figure 2) is that pro-inflammatory conditions may affect important cellular pathways 
involved in neuronal homeostasis through the production of J2 prostaglandins (PGJ2), which 
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are derived from PGD2, the major prostaglandin synthesized in the mammalian CNS. Pro-
inflammatory stimuli in the CNS induce COX-2 up-regulation and prostaglandin production. 
Neurotoxic prostaglandins, such as PGJ2, may trigger oxidative stress. Under mild (non-
lethal) conditions the cell initiates a ‘pro-survival/repair’ response, which includes increased 
expression of heat shock proteins, ubiquitin and sequestosomes, to name a few. Increased 
expression of these factors indicates a cellular attempt to rescue and/or remove abnormal 
proteins generated by the proteotoxic effects of PGJ2, such as oxidative stress and/or protein 
misfolding. If the damaging effects of PGJ2 cannot be reversed by these and other repair 
mechanisms and the proteasome is impaired as well, this will lead to protein aggregation. 
These protein aggregates may sequester ‘survival’ proteins, such as heat shock proteins and 
metabolic enzymes including COMT. Once trapped in the aggregates these ‘survival’ factors 
may no longer be able to reverse the damage induced by oxidative as well as other cellular 
stresses. Then pro-death pathways, including apoptosis, may be activated most likely to 
remove damaged cells. The resulting neuronal cell death may have devastating effects as, in 
the vast majority of cases, neurons lost to disease processes cannot be replaced. In 
conclusion, pro-inflammatory insults in the CNS may initiate a cascade of events that leads to 
increased oxidative stress and proteasome impairment resulting in protein aggregation and 
culminating in neurodegeneration. Pro-inflammatory events, oxidative stress and proteasome 
impairment may collectively contribute to the development and exacerbation of 
neurodegenerative disorders. 
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ABSTRACT 
 

Tau proteins belong to the family of Microtubule-Associated Proteins (MAPs). They 
are mostly expressed in neurons where they act on the assembly and the stability of 
tubulin. Depending on their phosphorylation state, tau proteins will modulate the 
polymerisation and the stability of microtubules within the axon. The primary function of 
tau and its differential phosphorylation enable tau to be involved in neurite outgrowth 
and in axonal transport. Hence, these proteins appear important for the physiology and 
the normal function of a neuron. However, tau proteins are also the major constituents of 
intraneuronal and glial inclusions described in Alzheimer’s disease (AD) and many other 
related disorders called tauopathies. They are thought to be directly linked to the 
progression of neurodegeneration. For instance, the gravity of the symptoms observed in 
AD was shown to be closely related to the progression of the ‘tau pathology’. The recent 
discovery of mutations within the tau gene has strengthened the role of tau in the 
neurodegenerative processes observed in all these disorders. Indeed, the presence of 
certain mutations within tau can lead to its intraneuronal and intraglial aggregation and 
the death of the cells affected. In all these diseases tau proteins are abnormally modified 
when aggregated. In particular, molecular analysis revealed that this protein is 
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hyperphosphorylated in its filamentous state. This implies that some kinases or 
phosphatases are involved in the abnormal processing of tau and may be responsible for 
its aggregation and the subsequent neurodegeneration. The intracellular accumulation of 
tau may also induce its hyperphosphorylation and fibrillogenesis. Inhibition of tau 
protein proteolysis may then be one of the mechanisms involved in its intracytoplasmic 
accumulation. In AD or Parkinson’s disease (PD), it was shown that the activity of 
proteasome was inhibited. In its aggregated form, tau is also ubiquitinated suggesting that 
the proteasome can be involved in the degradation of tau protein. A major question 
concerning the proteasome impairment in AD and its involvement in the degradation of 
tau is its place in the cascade of events leading to tau aggregation and neurodegeneration. 
On one hand, a proteasome defect could contribute to the failure of the clearance of tau 
inclusions noticed in the disease as observed by the presence of ubiquitinated tau in the 
neurofibrillary tangles. On the other hand, the deficiency of this proteolytic system can 
also lead to tau protein accumulation, hyperphosphorylation, ubiquitination and finally to 
its intraneuronal aggregation.  

This review focuses on the recent advances made in the understanding of the 
relationships between tau protein malfunction, its hyperphosphorylation and the 
ubiquitin-dependent proteasomal degradation of tau in AD and other tauopathies. The 
challenge is to pinpoint the role of the proteasome in the cascade of events leading to 
neurodegeneration. 
 

Keywords: Neurodegenerative Disorders, tau, phosphorylation, aggregation, ubiquitin, 
proteasome. 
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INTRODUCTION 
 
Most neurodegenerative disorders can be viewed as diseases presenting intraneuronal 

accumulations of fibrillary materials and are now recognised to involve abnormalities of 
protein metabolism. Abnormalities of three proteins, β-amyloid, α-synuclein and tau are most 
frequently observed in these disorders, and represent a hallmark for more than 90% of all 
neurodegenerative dementias. Growing evidence also suggests that the proteasome may play 
a role in the accumulation of these three proteins. For example, the inhibition of the 
proteasome is now thought to be involved in the intraneuronal aggregation of α-synuclein and 
tau protein in Parkinson (PD) and Alzheimer’s (AD) diseases respectively.  

Neurofibrillary degeneration (NFD) corresponds to the intracellular accumulation of 
pathological fibrils in the cytosol of neurons [1]. In AD, NFD may be caused by the abnormal 
aggregation of tau proteins [2-6]. In this disorder, tau deposits form paired helical filaments 
(PHFs) and straight filaments (SFs). In AD, this pathological accumulation of tau fibrils was 
shown to be directly correlated to the progression of the NFD and the disease [7,8]. Indeed, 
previous work has demonstrated that the development of the NFD is progressive, hierarchical 
and that its progression is directly related to the severity of the symptoms observed [9]. 
Moreover, the intraneuronal and/or intraglial aggregation of tau protein is not restricted to 
AD but is a common event occurring in diseases grouped as tauopathies. This pathological 
hallmark was found in Progressive Supranuclear Palsy (PSP), Corticobasal Degeneration 
(CBD), Pick’s Disease (PiD), Parkinsonism with dementia, the Amyotrophic Lateral 
Sclerosis/Parkinsonism-Dementia Complex of Guam (ALS/PDC) and the Frontotemporal 
dementia with Parkinsonism linked to chromosome 17 (FTDP-17) [10]. The latter has 
strengthened the evidence of the role played by tau protein in the neurodegenerative process, 
since FTDP-17 pathology has been linked to mutations in the tau gene. In June 1998, the first 
mutations in the tau gene were reported in FTDP-17 [11-13], with the current number 
standing at 38. Known mutations are either missense, deletion or silent mutations in the 
coding region or intronic mutations located close to the splice donor site of the intron after 
exon 10 of the tau gene. Functionally, most coding region mutations lead to a reduced ability 
of tau protein to interact with microtubules. Some coding region mutations also promote the 
assembly of tau protein into filaments and affect the capacity of tau to bind tau protein 
kinases or phosphates [14-17]. Studies on FTDP-17 have established that dysfunction of tau 
is sufficient to cause neurodegeneration and dementia. This is of particular interest not only 
for AD but also for PSP, CBD and PiD, since some mutations give rise to clinical and 
neuropathological phenotypes which resemble those found in these diseases. Taken together, 
these studies demonstrated that tau proteins have a key role in the degenerative processes 
observed in all these diseases.  

Tau protein is abnormally modified when aggregated. The mechanism for this abnormal 
fibrillogenesis is not completely understood despite much evidence suggesting a 
hyperphosphorylation of tau before its aggregation [10]. Several studies have also suggested 
that an imbalance between the activity of tau protein kinases and/or phosphatases may be 
involved in this pathological modification of tau. In neurons, the accumulation of tau proteins 
in the cytoplasm may induce their hyperphosphorylation and aggregation [18,19]. Tau 
proteins are substrates for many intracellular proteases, including caspases, calpain 1 and the 
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proteasome. Inhibition of one of these proteolytic systems could then lead to the 
intraneuronal or intraglial accumulation of tau protein. Among all proteolytic systems acting 
on tau, the least documented is the proteasome. In fact, it has been shown that the activity of 
the proteasome is impaired in AD and PD [20-22]. In tauopathies, tau proteins are also 
ubiquitinated when aggregated, arguing that proteasome activity may be implicated in tau 
degradation. Finally, recent experiments in animal models showed that an inhibition of the 
proteasome activity may contribute to the stabilisation of aggregates made of 
hyperphosphorylated tau in oligodendroglial cells [23]. All these experimental data suggest 
that the inhibition of the proteasome may be directly involved in the intracellular 
accumulation and/or aggregation of tau protein and may therefore be associated with the 
neurodegenerative process observed in tauopathies.  

This review will focus on the specific factors, which may lead to the aggregation of tau 
proteins in AD and tauopathies. The dysfunction of the proteasome in these diseases and the 
recent advances in the understanding of the ubiquitin-dependent proteasomal degradation of 
tau will be also reviewed in detail. Finally, the relationships between hyperphosphorylated 
tau, aggregated tau and proteasome activity will be discussed. 

 
 

TAU PROTEIN: FROM ITS PHYSIOLOGICAL  
ROLE TO ITS ABNORMAL BEHAVIOUR 

 
Structure and Primary Function of TAU Proteins 

 
Tau protein belongs to the family of Microtubule-associated proteins (MAPs). In 

humans, these proteins are mainly expressed in neurons. Tau proteins are expressed from a 
unique gene located on the long arm of chromosome 17 at band position 17q21 [24,25]. In 
the Central Nervous System, an alternative splicing of the tau gene gives rise to six isoforms 
of tau protein ranging from 352 to 441 amino acids (Figure 1A) [26]. These variants differ 
from each other by the presence or the absence of exons 2 and 3 in the amino-terminal (Nt) 
part of the protein and exon 10 in the carboxy-terminal (Ct) part (Figure 1A). The Nt part of 
the protein is called the projection domain and the Ct represents the microtubule-binding 
domain of tau. The Ct part of the protein is responsible for the primary function of tau, i.e. 
the polymerisation and stability of microtubules (MTs). This side of the molecule may also be 
involved in the polymerisation of tau protein into intracellular fibrils. The splicing of tau is 
under complex temporal (developmental) and spatial (anatomical) regulation. For instance, 
only one isoform, lacking exons 2, 3 and 10 is present during embryogenesis. In the adult 
central nervous system, the six isoforms are synthesised. This spatial and differential 
expression of tau isovariants suggests that each of these isoforms could have a specific 
function within neurons, especially during brain development [10]. 

Originally, tau proteins were discovered as proteins binding tubulin and leading to the 
polymerisation and stability of MTs in cells [27-29]. This property of tau is related to the 
carboxy-terminal part of the protein that contains the microtubule-binding domain. Indeed, 
tau protein binds MTs through repetitive regions called repeat domains (R1-R4), which are 
encoded by exons 9-12. Each of these repeats contains a motif of 18 highly conserved amino  
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Figure 1. Tau protein: from its structure to its function. A: Schematic representation of the different tau 
isoforms present in the central nervous system. These variants differ by the presence or the absence of 
the sequences encoded by exon 2 (green), 3 (yellow) `and 10 (purple). The N-terminal part of the 
protein, the projection domain can interact with the plasma membrane, be involved in several signal 
transduction pathways or bind other molecules. The C-terminal part, the microtubule-binding domain is 
composed either by 3 or 4 repeats (3 or 4R). This side of the molecule is involved in the polymerisation 
and the stability of the microtubules. It can also bind other proteins as the presenilin1 (PS1) and the tau 
phosphatase PP2A [10]. B: The primary function of tau. In a weakly phosphorylated state, tau proteins 
(3R and 4R) will bind the microtubules and stabilise these structures within the axon. It is of note that 
the 4R tau binds more efficiently to microtubules than the 3R. This difference is due to the presence of 
the additional repeat but also to the inter-repeat region between the two first repeats (IR R1/R2). The 
stabilisation of the microtubules by tau will be modulated by its phosphorylation. When tau is 
phosphorylated by certain kinases, its interaction with the microtubules will decrease and the 
microtubules will depolymerise. The regulation of the phosphorylation of tau will thus change the 
dynamism of the microtubules, allowing the processes of neurogenesis, differentiation of neuronal cells, 
the axonal transport and neuronal survival. 

acids indicating their importance for tau function [25,30]. The composition of the 
microtubule-binding domain varies with the incorporation of exon 10. Hence, the presence of 
exon 10 within tau will confer four microtubule-binding sequences (4R) to three tau 
isovariants. The three other tau isoforms only have three of these sequences and are called 3 
repeat tau (3R). The insertion of this supplementary repeat is of importance for the 
functionality of tau, since it was demonstrated that 4R tau binds and stabilises MTs more 
efficiently than their 3R counterparts [31-33]. It is of note that this primary function of tau 
protein is regulated by its phosphorylation state since the interaction between tau and MTs 
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involves electrostatic interactions (tau protein being basic and the microtubules containing 
acidic charges). The phosphorylation of tau at specific sites will then create a repulsion 
between tau and MTs, thus decreasing their interaction (Figure 1B) [34]. 

 
The Phosphorylation of TAU Protein: a Factor Regulating its Normal and 
Pathological Behaviour 

 
The Normal phosphorylation of TAU 

The phosphorylation of tau is the most important posttranslational modification of the 
protein and also the most studied [45]. Phosphorylation sites have been identified on tau 
(Table 1) thus creating a huge number of possible tau-phosphoisoforms. Some of these sites 
are located outside the microtubule-binding domain and are on Ser-Pro or Thr-Pro motifs. 
The remainder are Ser or Thr residues but do not involve a following Pro. The different 
phosphorylation states of tau result from the activity of specific kinases and/or phosphatases 
(Table 1). Two groups of kinases can be distinguished: the proline directed protein kinases 
(PDPK) and kinases directed against non-Ser/Thr-Pro motives (non-PDPK). The PDPK 
include the Mitogen-Activated Protein Kinases (MAPK), the Stress-Activated protein 
Kinases (SAPK), the Glycogen Synthase Kinase 3 alpha and beta (GSK3α and β), and the 
proteins of the Cyclin-Dependent Kinases family (Cdk1, 2 and 5). The non-PDPK are 
represented by the tau Tubulin Kinase (TTK), the Microtubule-Affinity Regulating Kinase 
(MARK), the Calcium/Calmodulin protein Kinase II (CamKII), the Casein Kinase I and II 
(CKI and CKII), and finally, the Protein Kinase A, B, C and N (PKA, PKB, PKC and PKN). 
Tau proteins are also substrates for Protein Phosphatases 1, 2A and 2B (calcineurin) [10, 
http://www.alzheimer-adna.com/Gb/Tau/TauPhosphoSeq.htm]. The balance between the 
activity of these Protein Kinases and/or Protein Phosphatases will regulate the different 
phosphorylation states of tau and will thus act directly on its function. It is also important to 
note that the activity of some kinases will be regulated by their own phosphorylation state. 
The tau Protein Phosphatases could thus change the phosphorylation of tau directly or by an 
inhibitory mechanism of certain tau protein kinases.  

Little is known about the function of these phosphorylation states except that some alter 
the binding kinetics of tau to MTs. Indeed, in vitro experiments have shown that 
phosphorylated tau is less able to bind MTs compared to unphosphorylated tau [35,36]. 
However, all the phosphorylation sites on tau are not involved in this MTs binding. In fact, 
some motifs are more important than others for this regulation: they include the Thr205 and 
the Ser202, 214, 262, 324 and 356. The phosphorylation on these sites leads to a huge 
decrease of the affinity of tau for the MTs and the depolymerisation of the latter (Figure 1B). 
The kinases able to phosphorylate these sites (Table 1) and their antagonists, the 
phosphatases, will then regulate the interaction of tau with the MTs by changing the 
phosphorylation on these specific motifs. The fragile balance in the phosphorylation state of 
tau at these sites is crucial for the cell since the dynamics of the MTs is indispensable for the 
viability and the physiology of neurons not only during neurogenesis, but also for the axonal 
transport and the process of neuronal differentiation. 
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Table 1. The phosphorylation of tau proteins, associated kinases and phosphatases 
 

P P P P P P P P P P P P P P P P
29 39 46 50 69 153 175 181 184 185 195 198 199 202 205 208 210 212 214 217 231 235 237 238 245 258 262 285 293 305 320 324 352 356 361 377 396 400 403 404 409 412 413 416 422

PHFs + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
CamKII x x x x x x x
CKI x x 
CKII x x x 
Cdc2 x x x x x x x 
Cdk2 x x x x 
Cdk5 x x x x x x x x x x x x 
GSK3α x x x x x x x x x x 
GSK3β x x x x x x x x x x x x x x x x x x x x x x x 
MAPK x x x x x x x x x x x x x x 
MARK x x x x x x
Phosphorylase k x x x x x x
PKA x x x x x x x x x x x x x x x x x 
PKB x
PKC x x x x x
PKN - - x - x x x
PK35/41 x x x x 
SAPK x x x x x x x x x x x x x x x x
TTK 
PP1 x x x x
PP2A x x x x x x x
PP2B x x x x x x x x x 

Y T S T T T T T S S S S S S T S S T S T T S S S T S S S S S S S S S T T S S T S S S S S S

 
Summary of the phosphorylation sites on the longest human tau (441 aa) that can be phosphorylated in 
vitro or in vivo by tau kinases (listed on the right) and dephosphorylated by tau phosphatases PP1, 
PP2A and PP2B (crosses). Positive signs show the phosphorylation sites on tau that are present in tau 
aggregates in tauopathies. Grey colour indicates the abnormal phosphorylation sites on tau 
(Thr212/Ser214: AT100; Thr231: TG3; Ser422: P-Tau 422 epitopes respectively). Minus signs 
represent the inhibitory effects of certain phosphorylation sites on subsequent tau phosphorylation. 
Abbreviations used: P: Proline; S: Serine; T: Threonine and Y: Tyrosine. For references, see the 
website http://www.alzheimer-adna.com/Gb/Tau/TauPhosphoSeq.htm. 

 
The Aggregation of TAU: a Process Influenced by its Hyperphosphorylation 

In solution, tau protein is natively unfolded. However, this protein has itself the ability to 
form filamentous deposits. Indeed, native and soluble tau is able to aggregate spontaneously 
in solution [37]. The process of tau aggregation is complex and involves different steps 
which include: (i) A change in the conformation of the molecule, (ii) A nucleation of tau 
monomers leading to (iii) The aggregation into filaments (Figure 2). The first two steps of 
this process are relative to the primary sequence of tau. Thus, the microtubule-binding 
domain of tau, and notably the third repeat seems to be responsible for the aggregation 
[38,39]. In contrast, the Nt part of the molecule has an inhibitory effect on tau fibrillogenesis 
[40]. The aggregation of tau may also be driven by other sequences within the molecule able 
to form β-sheets structures. These structures may lead to a change in the conformation of the 
protein and the dimerisation of tau monomers [41]. These features of the primary sequence of 
tau were strengthened by the study of FTDP-17 mutations on tau. Indeed, certain mutations, 
which decrease the affinity of tau for the MTs, also affect its fibrillogenesis in presence of 
polyanions such as heparin [39,15]. These mutations will increase the aggregation of tau by 
changing the conformation of the molecule or by increasing the stability of the β-sheets 
formed [42,43]. Thus, tau is a soluble protein in solution but able to self-aggregate under 
certain experimental and physiopathological conditions.  
 



Patrice Delobel and Isabelle Lavenir 744 

 

Figure 2. The pathological phosphorylation of tau, a process driving its aggregation. In Alzheimer’s 
disease and other tauopathies, certain kinases and/or phosphatases may be deregulated. Tau proteins 
will then be hyperphosphorylated (increased phosphorylation on normal sites) and abnormally 
phosphorylated (appearance of new phosphorylation sites). This abnormal phosphorylation will induce 
the process of nucleation, e.g., the dimerisation of tau monomers into anti-parallels dimers. Finally, 
after other post-translational modifications (ubiquitination, oxidation, glycation, glycosylation and the 
binding of other co-factors), the hyperphosphorylated dimers will assemble into aggregates (Tau-
PHFs). 

This property of tau may also be influenced by different posttranslational modifications 
such as its hyperphosphorylation, oxidation, ubiquitination, glycation, glycosylation and 
proteolysis [10]. Because tau in PHFs is highly phosphorylated, it has been postulated that 
this modification may also be involved in the aggregation of the protein. In fact, studies have 
shown that tau presents an ‘abnormal’ phosphorylation in AD and other tauopathies. Indeed, 
despite the fact that many phosphorylation sites are identical between the native and the PHF-
tau, there are some biochemical features that differentiate them from each other and support 
the concept of a pathological phosphorylation of tau in tauopathies. First, the progression of 
the NFD is directly correlated with the presence of a hyperphosphorylation of tau at specific 
sites [44]. Secondly, only the abnormally phosphorylated tau proteins observed in AD, and 
never the ones from control samples, can be visualised by a few phosphorylation-dependent 
antibodies such as AT100, AP422 or the TG antibodies [10]. The use of these antibodies also 
suggested that tau adopts a different conformation when phosphorylated, since with the 
exception of Ser422, these sites found in PHF-tau are conformation-dependent epitopes. 
Finally, it was suggested that the pathological phosphorylation of tau protein could act 
directly on its fibrillogenesis or stabilize the aggregates already formed [18]. At the molecular 
level, the phosphorylation of tau protein will change its conformation, increasing its 
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fibrillogenesis [45]. It was proposed that the phosphorylation of tau would act on the 
aggregation process by two mechanisms: (i) It will promote the nucleation, a process which 
has been demonstrated after the phosphorylation of tau by Cdk5 [46]. The 
hyperphosphorylation of tau on its Ct part will then induce a change of conformation 
presumably starting the nucleation process [47,48]. (ii) The phosphorylation will also 
neutralise the basic charges on tau in flanking regions surrounding the microtubule-binding 
domain, a neutralisation which is fundamental for the self-aggregation of tau into PHF or SF 
[49]. Taken together, all these studies suggest that the phosphorylation of tau at specific sites 
is important for the formation of intraneuronal and intraglial inclusions observed in AD and 
other tauopathies. Another experimental approach, which supports this hypothesis is the 
overexpression of tau kinases or the inhibition of tau phosphatases in cellular and animal 
models. For instance, the constitutive expression of p25, the pathological activator of Cdk5, 
in a transgenic model, which already expressed the human mutant P301L tau, led to an 
increased phosphorylation of tau [50]. This double transgenic mouse also showed a 
significant deposition of tau in the cortex and the brainstem as compared to the single 
transgenic mouse expressing only the human P301L mutant tau. In the double transgenic 
model, another tau kinase, GSK3β, was associated with the NFD. The authors suggested that 
the phosphorylation of tau by p25/ Cdk5 released it from MTs and increased its deposition. 
These data and others demonstrated that the phosphorylation of tau protein could act as a 
catalyst for the aggregation of tau in vivo. 

However, even if the abnormal phosphorylation of tau seems to be a key event in its 
pathological behaviour, this posttranslational modification is unable to fully explain the 
process of aggregation. Indeed, as previously shown, unphosphorylated tau is able to self-
aggregate in solution. Several studies also suggested that the phosphorylation of tau at certain 
sites could have a protective effect on its aggregation [51]. Moreover, it was also 
demonstrated in different cellular models that the abnormal phosphorylation of tau, on sites 
found only in tauopathies is not sufficient to cause the aggregation of tau [52]. In these 
models, even when tau is phosphorylated on sites recognised by the antibodies AT100 and 
AP422/988, no tau aggregates were found, suggesting that the abnormal phosphorylation of 
tau at these epitopes does not necessarily lead to the aggregation of the protein. In fact, it 
seems that the phosphorylation of tau is an important event in the aggregation process of the 
protein but that this modification alone is not sufficient to induce tau fibrillogenesis in vivo. 

Moreover, an important concern about the role of the hyperphosphorylation and/or 
aggregation of tau is which form of tau is really involved in cell death and 
neurodegeneration. Indeed, direct toxicity of the aggregates themselves has become a less 
attractive hypothesis to explain neurodegeneration in AD and other tauopathies. In reality, 
despite the fact that the aggregated tau is a general feature observed in all tauopathies and 
most animal models expressing mutant tau, it could be that the presence of these filamentous 
deposits is a compensatory mechanism employed by the cells to protect themselves against 
toxic tau species. In this way, it has been demonstrated in Drosophila melanogaster that the 
expression of wild type or mutant tau (carrying the R406W mutation) leads to neuronal cell 
death related to the accumulation of hyperphosphorylated tau but without any neurofibrillary 
tangle formation [53]. More recently, another study in a transgenic rodent model showed that 
the accumulation of NFTs is not sufficient to cause neurodegeneration [54]. In this work, the 
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authors proved that in the mouse, the expression of human tau under the control of a 
repressible promoter led to neuronal loss, behaviour impairment and the development of 
NFTs. Surprisingly, after reduction of human tau expression, they also noted that the memory 
function was recovered and further neuronal loss prevented despite the accumulation of 
filamentous tau. They then concluded that the aggregation of tau is not sufficient to cause the 
neurodegeneration and cognitive decline observed in the mouse model. These studies also 
suggest that neuronal death is dependent on the expression of tau but that NFD is not directly 
caused by the intracellular aggregation of tau into PHFs. Finally, a recent study clarified 
these observations. Shimura and colleagues demonstrated that the accumulation of soluble 
hyperphosphorylated tau induced cell death. In contrast, when hyperphosphorylated tau was 
ubiquitinated, it formed intracellular aggregates that were no longer toxic [55]. In this case, 
the formation of hyperphosphorylated tau aggregates has a protective rather than a toxic 
effect on cells. This work also suggests that in the model used (Cos7 cells), the ubiquitination 
of tau is required for its aggregation. All in all, these results need to be investigated further to 
confirm which tau species are really involved in neurodegeneration observed in all 
tauopathies. 

 
 

THE INVOLVEMENT OF THE UBIQUITIN PROTEASOME SYSTEM 

IN ALZHEIMER’S DISEASE AND OTHER TAUOPATHIES 
 
Ubiquitin (Ub) was first described in 1975 [56] as a highly conserved ubiquitous protein 

(see Chapter 2). Through a complex enzymatic machinery, multiple Ubs can be attached to 
the target protein. The polyubiquitin-tagged proteins will then be degraded by the Ubiquitin-
Proteasome-System (UPS), the major system for intracellular protein degradation in 
eukaryotes [57]. The cascade responsible for the polyubiquitination of intracellular proteins 
involves distinct classes of enzymes: E1 (Ub-activating enzyme), E2 (Ub-conjugating 
enzyme) and E3 (Ub-protein ligases). The E1 enzyme activates Ub in an ATP-dependent 
mechanism. The activated Ub is then transferred to the E2 enzyme, which catalyses the 
covalent attachment of Ub to the target proteins. E2 enzymes may also transfer the activated 
Ub to an E3-Ub intermediate. Finally, E3 enzymes will be responsible for the specific 
recognition of the polyubiquitinated protein by the UPS [58] (see Chapter 3). The 
ubiquitination of proteins is a reversible process, which also involves deubiquitination 
enzymes (DUBs), cysteine proteases important for the control of the stability of Ub-
conjugated proteins (see Chapter 4). Polyubiquitinated proteins are directed to the 26S 
proteasomes for degradation [59,60]. The 26S proteasome is a large enzymatic complex, 
ubiquitously found in all eukaryotic organisms (see Chapter 7). In fact, the 26S proteasome is 
formed by a proteolytic core called ‘20S proteasome’, able to degrade unfolded proteins by 
an Ub-independent mechanism (see Chapter 6). The 20S core can also bind several 
multimeric components like the 19S regulatory units, which will allow the degradation of 
polyubiquitinated proteins. Together, the 20S proteasome and the 19S particles form the 26S 
proteasome, which is, as a whole, involved in the proteolysis of polyubiquitinated proteins 
[61]. The 26S proteasome may also be responsible for the degradation of unfolded proteins 
by an Ub-independent mechanism [62].  
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The degradation of certain intracytosolic unfolded or damaged proteins by the UPS 
sometimes involves a prior interaction of the damaged polypeptide with chaperone proteins. 
One major group of these molecular chaperones is represented by the Heat-shock-proteins 
(Hsp70, Hsc70, Hsp90 and others), which are cell constituents under normal conditions (see 
Chapters 10 and 19). They are essential for the folding of newly synthetised proteins and to 
ensure their proper intracellular localisation. They can also rescue the activity of unfolded or 
aggregated proteins. For instance, Hsp40 and Hsp70 can catalyse the refolding of denatured 
or partially denatured proteins into active forms in an ATP-dependent mechanism [63,64]. 
After decades of research, it was shown that these Hsps are essential for the viability of cells, 
where they can adopt different functions under normal or pathological conditions. These 
molecular chaperones can catalyse the protein folding and multimer assembly, prevent the 
aggregation of mutant or damaged proteins, solubilize aggregated proteins, suppress 
apoptotic programs and promote the ubiquitination and degradation of abnormal proteins 
[65]. The protective effects of molecular chaperones, the repair of unfolded proteins or their 
degradation are complementary but not independent mechanisms and appear to be linked at 
certain levels. In this way, despite their role in refolding and preventing aberrant aggregation 
of damaged proteins, Hsp70 and other chaperones are also required for the ubiquitination and 
the rapid degradation of many abnormal proteins [66]. The capacity of certain chaperones to 
bind unfolded polypeptides will help their future recognition by E3 enzymes, a mechanism 
which may facilitate the further degradation of the proteins by the UPS. The duality of the 
chaperone activity is important for the control of the refolding or the degradation of altered 
intracellular proteins and is highly advantageous for the physiology of the cells. If an altered 
protein cannot be adequately refolded, it will be degraded by the UPS.  

As described previously, the aberrant accumulation of filamentous tau protein in NFD 
constitutes the neuropathological hallmark of AD and other tauopathies. In 1987, two studies 
described for the first time the presence of ubiquitin in PHF and so in NDF [67,68]. Since 
then, evidence which supports the hypothesis that the UPS may play a role in AD and other 
neurodegenerative disorders has grown [58]. In fact, the involvement of the UPS system in 
AD was suggested by an inhibition of the proteasome activity in AD brain, the accumulation 
of ubiquitinated proteins in NFD and the presence of proteasome subunit in disease related 
areas. First of all, the enzymes involved in the polyubiquitination of unfolded proteins are 
deregulated in AD, as demonstrated by the reduced levels of certain ubiquitinating (E1), Ub-
conjugated (E2) and deubiquitinating enzymes such as UCH-L1. The activity of the UPS is 
also altered [20]. Indeed, the activity of the 20S proteolytic core of the proteasome (20S α 5 
or the three β subunits, which are involved in confining the proteolytic chamber or in protein 
degradation respectively) and the S1 units (19S non-ATPase) are down-regulated in AD. 
Finally, another 19S ATPase (S6b) was shown to be present in NFTs [58]. The inhibition of 
the UPS activity in AD may be due to the presence of aggregates in NFD. Indeed, once small 
aggregates form within cells, they may negatively affect the activity and the function of the 
proteasome [69]. In AD, the inhibition of the UPS may result from a direct or indirect effect 
of the neurotoxicity of the amyloid peptide (Aβ1-42), which could bind and block the 
proteasome activity [21,70]. The inhibition of the UPS could also be caused by the 
aggregated tau [71]. This is in line with the studies on immunotherapeutic clearance of 
amyloid and tau aggregates in a mouse model of AD [72]. In this study, Aβ immunotherapy 
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reduced not only the extracellular amyloid plaques, but also the intracellular Aβ accumulation 
and even led to the clearance of early tau pathology, a phenomenon mediated by the UPS. 
This study showed a close relationship between Aβ and tau pathologies and suggested that 
intracellular Aβ species could inhibit the proteasomal activity and then increase the formation 
of hyperphosphorylated tau aggregates, which in turn may also inhibit the UPS. Recently, 
another piece of evidence strengthened the role which the UPS may play in AD pathology: a 
new form of ubiquitin, the UBB+1 was shown to accumulate in the neuritic plaques and 
tangles in AD brains [73]. UBB+1 is a mutant form of ubiquitin that lacks the C-terminal Gly 
of wild type Ub and instead has a 19-amino acid extension. This mutant ubiquitin can itself 
be ubiquitinated but is unable to bind other proteins. UBB+1 is a powerful inhibitor of the 
proteasome activity when its intracellular concentration reaches a certain threshold [21,74]. 
This mutant ubiquitin may therefore be an important component of the UPS inhibition in AD 
pathology. Taken together, all these observations suggest that the activity of the UPS 
complex and the enzymes required for the ubiquitination of unfolded proteins are affected in 
AD and may participate in the development of NFD as demonstrated by the accumulation of 
ubiquitinated proteins in PHFs.  

The major constituents of these PHFs, the tau proteins, were also shown to be 
ubiquitinated arguing that the UPS may be directly involved in their degradation or 
aggregation [75]. This modification of tau was reported later in CBD, another tauopathy [76]. 
Several (but not all) transgenic mouse models of human tauopathy, which over-express 
different mutants of human tau, have demonstrated the presence of ubiquitin in degenerating 
cells [77,78]. Finally, the inhibition of the proteasomal activity led to the stabilisation of 
aggregates made of hyperphosphorylated tau in oligodendroglial cells. In these experiments, 
the inhibition of the proteasome was followed by an increase of the levels of heat shock 
proteins αB-crystalin and Hsp70 [23]. As mentioned before, some proteins need to be 
recognised by molecular chaperones to be targeted to the UPS. tau proteins are such proteins. 
In AD, the levels of Hsp70, Hsp27, αB-crystalin and other chaperons are altered [79- 83] 
suggesting that they may participate in the progression of the disease. All in all, these studies 
suggest a close relationship between tau pathology, the failure of the UPS and the presence of 
molecular chaperones during neurodegeneration (see Chapter 19). 

 
 

THE RELATIONSHIP BETWEEN TAU AND THE UPS:  
A MECHANISM LEADING TO THE DEGRADATION OR THE 

AGGREGATION OF TAU? 
 
As shown previously, tau is an unfolded protein in solution. As such, it can be 

proteolysed by the 20S proteasome by a bidirectional mechanism in vitro without any 
phosphorylation [84]. Hyperphosphorylated tau could also be degraded by an Ub-
independent mechanism in cells. This mechanism involves the chaperone protein Hsp27, 
necessary for the recognition of phospho-tau, its targeting and its degradation by the 20S 
proteasome (Figure 3) and/or its dephosphorylation [85,86]. Hsp27 would then suppress the 
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toxicity of hyperphosphorylation tau species within cells. Tau can thus be degraded by the 
20S proteasome by an Ub-independent mechanism.  

 

 

Figure 3. The degradation or aggregation of tau: process regulated by the proteasome. Tau protein can 
be phosphorylated by either Cdk5 or GSK3. This will lead to the detachment of tau from the 
microtubules (transition 1 to 2). This phosphorylation is also regulated by PP2A. Once phosphorylated, 
tau can be recognised by the Heat shock protein Hsp27 and then be degraded by the 20S proteasome by 
a ubiquitin independent mechanism (3b). Phosphorylated tau can also be recognised by the Hsp70 or 
the Hsc70 (3) which will allow its binding by the complex CHIP/UbcH5B. This complex will 
polyubiquitinate hyperphosphorylated tau, a process that could lead to tau degradation (4) or to its 
aggregation into tau-PHFs (5 and 6). Both mechanisms seem to prevent the cell death caused by the 
accumulation of soluble but hyperphosphorylated tau. However, the tau-PHFs may also inhibit the 
proteasome activity, which in turn will render the tau-PHFs cytotoxic for the cells. It remains to be 
shown what tau species may be responsible for cell death, i.e hyperphosphorylated soluble or insoluble 
tau (question marks). 

However, tau can also be proteolyzed by the 26S proteasome following ubiquitination. 
Recently, three studies reported the degradation of tau by a ubiquitin-dependent pathway 
[55,87,88]. A common link between those three studies is the ubiquitination of tau by CHIP 
(carboxy terminus of the Hsc70-interacting protein), in a native [87] or hyperphosphorylated 
form [55]. CHIP can interact with tau through its microtubule-binding domain (amino acids 
187-311), a binding which will lead to the ubiquitination of tau. It is of note that CHIP was 
found to colocalise with NFTs in diseases presenting hyperphosphorylated and aggregated 
tau, e.g., AD, PSP, CBD, PiD and FTDP-17, but to different extents [87,88]. In this way, 
Hatakeyama and colleagues found that CHIP is preferentially involved in the degradation of 
4R tau and thus colocalised preferentially with hyperphosphorylated tau in PSP, a tauopathy 
which showed a specific aggregation of 4R tau isoforms [10]. In contrast, Petrucelli and 
colleagues argued that CHIP colocalises with aggregated tau to a greater extent in 3R (PiD= 
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50-70%) than in 4R + 3R (AD= 5-10%) or 4R (CBD, PSP and FTDP-17= 1-5%) tauopathies. 
In this study, only the tangles, and not the pre-tangle neurons with non-fibrillar 
phosphorylated tau, were immunoreactive for CHIP. Despite these differences, these data 
indicate that CHIP could act differently on tau protein depending on the isoforms considered 
(3R or 4R). The effect of the ubiquitination of tau by CHIP will also be different and can lead 
to either the degradation of the protein or its aggregation. These discrepancies may be related 
to the presence of different chaperone proteins, e.g., Hsp70 or Hsc70.  

In the first model, CHIP leads to the ubiquitination of tau in the presence of the E2 
conjugase UbcH5B, a process which increases the deposition of hyperphosphorylated tau 
[88]. In these experiments, tau was found to co-immunoprecipitate with CHIP but also with 
the Heat-shock protein Hsp70, which attenuates or antagonises the activity of CHIP on tau. 
Indeed, after co-transfection of COS7 cells with the mutant tau P301L and with CHIP, tau 
was found to be ubiquitinated in the detergent-insoluble fraction. In contrast, expression of 
Hsp70 selectively reduced the levels of detergent insoluble tau to undetectable amounts. 
These data indicate that CHIP would promote tau aggregation (following its ubiquitination) 
whereas Hsp70 would suppress it. In this model, Hsp70 would then protect the cells against 
tau aggregation and neurotoxicity. These results are consistent with another study, which 
showed that increased levels of Hsp70 or Hsp90 reduce tau aggregation or at least increase 
the association of tau for the MTs [89]. 

In the second model, CHIP could also ubiquitinate tau (phosphorylated or not), which 
can lead either to tau aggregation or to its degradation [55,87]. Shimura and colleagues 
demonstrated that hyperphosphorylated tau is recognised by the E2 enzyme UbcH5B and the 
complex formed by the E3 Ub-ligase CHIP and the chaperone protein Hsc70 (Heat-shock 
cognate 70 protein) rather than Hsp70. In fact, tau must be phosphorylated at specific sites to 
be ubiquitinated. These motifs include Ser199, Ser202, Thr205, Ser396 and Ser404. The kinases 
involved in the phosphorylation of these sites, e.g., GSK3β and Cdk5 could create these 
recognition sites. Their antagonist, the phosphatase PP2A eliminates the phosphorylation and 
prevents the ubiquitination of tau in vitro. In fact, the authors demonstrated that the 
phosphorylation of tau at these sites is necessary for the binding to Hsc70. Once 
phosphorylated by GSK3β or Cdk5, tau will be released from the MTs and interact with 
Hsc70, which will create a ‘bridge’ between tau and the E3 ligase CHIP. Together with the 
E2 enzyme, UbcH5B, CHIP will ubiquitinate the hyperphosphorylated tau (Figure 3). Then, 
hyperphosphorylated and ubiquitinated tau can either be degraded by the UPS or aggregate 
within the cell. The authors also demonstrated that both mechanisms (degradation or 
aggregation of tau protein) lead to cell survival and not to cell death, a process, which is 
apparently dependent on the accumulation of soluble but hyperphosphorylated tau species. 
This interesting finding is consistent with the one from Hatakeyama et al. [87] Indeed, in this 
study, 4R tau is ubiquitinated by CHIP, apparently without the requirement of any chaperone 
proteins. This ubiquitination leads to the degradation of tau and an increase in cell survival. 
The authors have also shown that even if after inhibition of the proteasome, some tau 
aggregates remain within the cell, they fail to induce the cell death. 

Despite the differences observed between these three studies, these findings are very 
interesting and show that (i) The ubiquitination of hyperphosphorylated tau protein can lead 
to its degradation by the UPS. This process will lead to the clearance of toxic tau species and 
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then to an increase in cell survival. (ii) Alternatively, if the ubiquitinated tau is not degraded, 
it will be aggregated. (iii) The ubiquitination of tau happens prior to the fibril formation in 
this model and (iv) The aggregation of ubiquitinated tau is also beneficial for the viability of 
cells since it will decrease the accumulation of soluble but hyperphosphorylated tau. These 
new discoveries are in line with the idea that the presence of aggregated tau is a cellular 
response of neurons to intracellular toxic species and that tau fibrils are not toxic for the cells.  

More recently, another study discovered a new protein, p62 that may be involved in the 
targeting of tau to the UPS [90]. Sequestosome p62 is a newly identified cellular protein, 
which binds polyubiquitin chains and targets polyubiquitinated proteins to the UPS [91]. p62 
was found to colocalise with hyperphosphorylated tau in AD. p62 is able to recognise 
polyubiquitinated tau (after ubiquitination by the E2 and E3 enzymes UbcH7 and TRAF6) 
and to shuttle it for its degradation by the proteasome. However, in contrast to the three 
previous studies, this work has also shown that if the proteasome function is impaired, 
polyubiquitinated-tau aggregates within cells and in this case tau fibrils are cytotoxic [90]. 

 
 

THE INHIBITION OF THE PROTEASOME:  
A MECHANISM THAT INDIRECTLY MAY CHANGE THE 

METABOLISM OF TAU PROTEINS 
 
As shown previously, the UPS could be involved in the degradation and/or the 

aggregation of tau, a phenomenon which involves apparently different chaperone proteins. 
However, these data must be assessed with caution. In fact, the UPS is a general proteolytic 
system that could act on proteins directly implicated in tau proteolysis or even 
phosphorylation. Concerning the tau proteases, the proteasome can act on their intracellular 
level or activity depending on the cell type and the cell metabolism. For instance, proteasome 
inhibition may lead to apoptosis or prevent cell death [92-94] (see Chapter 21). In this way, 
the proteasome may act directly or indirectly on the activity of tau proteases, i.e., caspases, 
calpain or some chaperone proteins as Hsp70/90, which as described before may be involved 
in the degradation and/or the aggregation of tau. In some cases, when proteasome inhibition 
leads to caspase activation, apoptosis occurs and tau proteins are degraded by a 
monodirectional mechanism starting from the Ct part of tau (Figure 4) [95]. This caspase 
activation may also be a prerequisite for tau aggregation since it was suggested that the 
caspase cleavage of tau is an early event which may precede the hyperphosphorylation and 
aggregation of tau in AD and other tauopathies [96,97]. It is of note that again, the activation 
of caspases after proteasome inhibition is dependent on the cell type since in sympathetic 
neurons, inhibition of the proteasome leads to neuronal protection by inhibition of caspases 
[92]. Moreover, if Hsps are synthesised after proteasome inhibition, these chaperones will 
have a protective effect on cell death [98,99].  
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Figure 4. The UPS: a crossroad for the metabolism of tau? Hypothetical scheme representing how an 
inhibition of the proteasome could act on tau protein metabolism. The proteasome may act on different 
proteases within the cell. Depending on the cell type, the proteasome will be involved directly in the 
degradation and/or the aggregation of tau proteins (see Figure 3 for more details). However, an 
inhibition of the proteasome can also lead to the activation of calpain1 by decreasing the levels of the 
endogenous calpain1 inhibitor, calpastatin. This process is dependent on newly synthesised proteins 
such as chaperone or other proteases. Once calpain1 is activated (a phenomenon which could also be 
dependent on different extracellular stimuli, i.e., neurotoxins, stress, calcium and amyloid deposits), it 
could lead to a complete or partial degradation of tau. The partial cleavage of tau could participate in its 
intraneuronal aggregation. Calpain could also over-activate Cdk5, by cleavage of its normal activator 
p35 into a cleaved form p25. It is of note that the p25 may be associated with Alzheimer’s disease 
[114,115]. In this case, calpain activation will lead to the hyperphosphorylation of tau protein, a process 
which may enhance neurodegeneration. However, this hypothesis must be treated with caution since 
other studies showed no increase of p25 levels in AD and other tauopathies as compared to control 
samples [116,117]. The proteasome could also act on the activation of the caspases, which can degrade 
tau from its C-terminal extremity. This caspase-related cleavage of tau may be a prerequisite for the 
formation of intraneuronal tau aggregates. Finally, the proteasome can act on the intracellular chaperone 
proteins levels. In this case, these chaperone proteins can restore the function of tau (Hsp70/Hsp90), 
participate in its degradation (Hsp27, Hsp70/90 and Hsc70), or lead to the formation of aggregates 
(Hsc70), which are apparently not any longer neurotoxic to cells. Black arrows represent the different 
potential aggregation pathways of tau protein. The pink arrows show the different effects of the 
inhibition of the proteasome on several tau protein proteases and/or kinases. Question marks indicate 
the hypotheses in the literature, which are still controversial. 

Other work in neuronal cell lines has also shown that the proteasome is neither directly 
involved in the degradation nor in the aggregation of tau [100-102]. In all these studies, the 
administration of proteasome inhibitors did not cause either hyperphosphorylation or 
aggregation of tau. In one study, inhibition of the proteasome was even shown to induce the 
bidirectional degradation of tau, a mechanism presumably dependent on the activation of 
calpain1, another tau protease [101]. In fact, in neuroblastoma cells, inhibition of the 
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proteasome was shown to induce an activation of calpain1 by decreasing the intracellular 
level of its endogenous inhibitor, calpastatin. Hence, after inhibition of the proteasome, tau 
proteins were degraded rapidly instead of being aggregated. In this model, if the proteasome 
is not efficient, calpain1 is activated and tau may be proteolysed by a bidirectional process 
(Figure 4).  

This effect is not direct and presumably requires protein synthesis since tau was not 
degraded if the translation was inhibited by cycloheximide. In fact, chaperone proteins or 
other proteases may be implicated in the degradation of calpastatin since the combination of 
translation and proteasome inhibitors had no effect on calpastatin levels. It was recently 
demonstrated that calpain is over-activated in AD [103]. This protease may also be involved 
in tau misfolding and aggregation. Indeed, calpain seems to be implicated in conformational 
changes of tau proteins after tau phosphorylation, a mechanism that could lead to tau 
fibrillogenesis [104]. However, it is of note that in AD, even if calpain is over-activated, this 
protease may not be able to degrade tau. Indeed, hyperphosphorylated or aggregated tau are 
less susceptible to calpain digestion [105]. Taken together, these data suggested that despite 
the fact that the proteasome can degrade tau directly, it could act indirectly on tau catabolism 
in different cells by affecting tau protease activity or the levels of different chaperone 
proteins. A last point, which needs to be considered is the hyperphosphorylation of tau and 
how the proteasome can modulate it. The proteasome can regulate the hyperphosphorylation 
of tau by changing the activity of several kinases and/or phosphatases.  

For instance, the proteasome could directly regulate the expression and activity of cell 
cycle proteins [106-108]. Tau proteins were also shown to be hyperphosphorylated and 
abnormally phosphorylated during cell cycle progression especially during mitosis 
[52,109,110]. The UPS may be then involved in this type of tau phosphorylation if its 
inhibition leads to the accumulation of cell cycle related proteins. This is of particular interest 
since it was suggested that these cell cycle proteins accumulate in NFD in AD and other 
tauopathies and may be a prerequisite for the hyperphosphorylation and/or aggregation of tau 
[111-113]. In conclusion, the inhibition of the proteasome in neuronal cells can change the 
metabolism of tau protein in two ways: first by increasing the activity of tau proteases and 
secondly by leading to the accumulation or the activation of tau kinases. In both cases, the 
inhibition of the proteasome may then participate indirectly in the aggregation process of tau 
proteins in neurons. 

 
 

CONCLUSION 
 
The UPS is inhibited in AD and probably in other tauopathies. This dysfunction may be 

related to the presence of intracellular aggregates within degenerating neurons as 
demonstrated with cytotoxic forms of amyloid peptides or tau-PHFs. The inhibition of the 
proteasome could also be the result of the new mutant ubiquitin UBB+1. As the UPS could be 
either directly or indirectly involved in tau proteolysis and/or aggregation, it seems that it is a 
new potential target to thwart the intraneuronal accumulation of hyperphosphorylated tau and 
thus the neurodegeneration observed in all tauopathies. However, the effect of the 
proteasome on tau degradation is dependent on the cell system considered and appears to be 
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at least in part related to the presence of several chaperone proteins. Moreover, as the 
proteasome inhibition could also lead to the activation of other systems that could act on tau 
metabolism (and shown to be deregulated in AD and other tauopathies), further studies will 
be needed to really understand what are the consequences of the UPS inhibition on the NFD. 
Importantly, it is still necessary to determine the role of the inhibition of the UPS in the 
cascade of events leading to neurodegeneration and especially if the inhibition of the 
proteasome is a primary cause leading to neurodegeneration or whether it is a consequence of 
the accumulation of toxic species that may inhibit its activity. Finally, with the recent 
discovery that the tau-PHFs are probably not responsible for the neurodegeneration observed 
in tauopathies, future work must focus on how the UPS inhibition contributes to the disease 
and how to counter the toxic effect of tau species whatever they are. All in all, it appears that 
the UPS may play a central role in the development of the ‘tau pathology’ in tauopathies and 
that a better understanding of its inhibition will lead in the next decade to possible new 
treatments.  
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ABSTRACT 
 

Parkinson’s disease (PD) is a movement disorder characterized by the selective loss 
of dopaminergic (DA) neurons in substantia nigra. It is generally believed that a 
combination of environmental and genetic factors underlie the selective death of these 
DA neurons and ensuing locomotor symptoms. Significant breakthroughs in human 
genetic studies have recently led to the identification of several genes linked to PD. 
Among these genes, α-synuclein, parkin, UCH-L1 and DJ-1 play diverse roles in 
ubiquitin-dependent proteolysis by the 26 S proteasome, while the functions of PINK1 
and LRRK2 are still largely unknown. Pathogenic mutations of α-synuclein enhance its 
propensity to misfold and aggregate. Parkin has a protein-ubiquitin E3 ligase activity 
towards a variety of substrates. When parkin is mutated, accumulation of its substrates 
may significantly contribute to the demise of dopaminergic neurons. Ubiquitin Carboxyl-
terminal Hydroxylase L1 (UCH-L1) is a brain-specific deubiquitinating enzyme, whose 
catalytic activity is significantly reduced by its mutations found in a few PD cases. 
Among the many functions of DJ-1, its ability to counteract reactive oxygen species 

                                                        
∗ Correspondence concerning this article should be addressed to Dr. Jian Feng, PhD; Department of Physiology 

and Biophysics, State University of New York at Buffalo, 124 Sherman Hall, Buffalo, NY 14214, USA. Phone: 
1-716-829-2345; Fax: 1-716-829-2699 ; E-mail: jianfeng@buffalo.edu. 



Jian Feng, Thomas Schmidt-Glenewinkel and Mario Di Napoli 764 

appears to be critically involved in PD. Mutations of DJ-1 greatly affect its stability and 
dimerization, as well as interactions with a variety of proteins including parkin. The 
disparate functions of these PD-linked proteins all fall within the framework of how the 
cell handles misfolded and aggregated proteins. An emerging common theme is that 
unfolded or misfolded proteins, if not promptly removed through ubiquitin-dependent 
proteolysis by the 26 S proteasome, may induce Unfolded Protein Response (UPR). Cells 
activate the UPR program to increase the production of proteins that help to handle 
misfolded or unfolded proteins. Another cellular program that is operating in parallel and 
perhaps connected with UPR is the ability of the cell to accumulate misfolded proteins in 
the form of aggresomes. The formation of a single large inclusion at the centrosome area 
greatly minimizes the impact of dispersed aggregates of misfolded proteins. Increasing 
evidence suggests that the cell may activate autophagy to degrade proteins in the 
aggresome. Thus, a unifying theme may connect the diverse functions of several PD-
linked genes to the three sets of overlapping, interdependent cellular programs: UPR, 
Aggresome Formation and Autophagy. Cell death could be triggered when these 
protective mechanisms fail. The greatest challenge is to understand the selectivity of cell 
death. The general functions of the ubiquitin-dependent proteolysis system (UPS), as 
well as those of the three protective cellular programs, must be considered within the 
unique cellular and physiological context of dopaminergic neurons to ultimately answer 
the question. Superimposed on this complexity is the impact of various toxins implicated 
in PD. Although this multilayered view may be an oversimplification of the involvement 
of UPS in PD, it allows us to summarize many pieces of seemly unrelated information 
into a coherent model that can be tested experimentally. Future explorations under this 
framework would provide us a more comprehensive view on the molecular and cellular 
basis of PD.  
 

Keywords: Parkinson’s disease, parkin, autophagy, α-Synuclein, UCH-L1 (ubiquitin 
carboxy-terminal hydrolase L1), DJ-1, Pink1 (PTEN-induced kinase 1), Leucine-rich 
repeat kinase 2 (LRRK2).  
 
 

ABBREVIATIONS 
 
Aβ, β-amyloid protein; DA, dopaminergic; ER, endoplasmic reticulum; CSPα, cysteine-

string protein α; IBR, In-between RING fingers; LAMP2A, lysosome-associated membrane 
protein 2A; LB, Lewy bodies; LRRK-2:, Leucine-rich related kinase 2; MAO, Monoamine 
oxidase; MTOC, microtubule organizing centers; NAC, non-amyloid component; Nurr1, 
Nuclear – receptor related 1; PD, Parkinson disease; PINK1, PTEN – induced kinase 1; 
RING, Really Interesting New Gene; ROS, reactive oxygen species; SNpc substantia nigra 
pars compacta; UCH-L1: Ubiquitin-carboxy terminal hydrolase L1; UPR; unfolded protrein 
response; UPS, ubiquitin-dependent proteolysis system.  

 
 

INTRODUCTION 
 
Parkinson Disease (PD) is one of the most common neurodegenerative disorders, 

afflicting 1~2% of population over 65 years of age [1]. Despite the wide range of clinical 
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manifestations associated with various forms of PD, a core set of motor symptoms, including 
resting tremor, muscle rigidity, bradykinesia, gait disturbance and postural instability, 
distinguish this disease from other movement disorders. The most prevalent and unifying 
pathological feature of PD is the degeneration of dopaminergic neurons in substantia nigra 
pars compacta (SNpc), which leads to reduced dopamine release to the striatum, a brain 
region critical for voluntary locomotor activities [2]. Although neurodegeneration also occurs 
in other brain areas, the loss of dopaminergic neurons in SNpc is far more pervasive and 
appears to contribute most significantly to the symptoms of PD [8]. Dopamine replacement 
therapy with L-DOPA/carbidopa significantly alleviates clinical symptoms in many PD 
patients, especially at the early stage. The obligatory role of nigral dopaminergic neurons in 
PD is further substantiated by lesion studies using neurotoxins such as MPTP (1,2,3,6-
methyl-phenyl-tetrahydropyridine) [9], 6-OHDA (6-hydroxydopamine) [10] and rotenone 
[11]. These toxins selectively destroy dopaminergic neurons in SNpc, and produce symptoms 
remarkably similar to those of PD. Together these lines of evidence strongly suggest that the 
pathological hallmark and direct cause of PD is the degeneration of dopaminergic neurons in 
substantia nigra. 

A variety of genetic and environmental factors underlie the selective demise of 
dopaminergic neurons in PD. The majority of PD cases occur sporadically, with no obvious 
inheritance pattern. A large number of epidemiological studies [11,17], especially those 
performed on twins [18], reveal strong environmental connections to PD. The concordance 
rates are virtually identical in monozygotic and dizygotic twins with age at onset older than 
50. However, in PD twin pairs with age at onset younger than 50, the concordance rate in 
monozygotic twins (100%) is significantly higher than that in dizygotic twins (17%) [18]. 
This study provides very clear evidence that the common, sporadic forms of late-onset PD are 
highly influenced by environmental factors, while the early-onset forms of PD have a strong 
genetic basis. Among the environmental factors studied, the use of pesticides and herbicides 
has consistently been found to be a significant risk factor [19]. Recent studies in rats, using 
pesticides such as rotenone [11] or paraquat (N,N'-dimethyl-4,4'-bipyridylium) and maneb 
(manganese ethylenebisdithiocarbamate) [24], have demonstrated that PD-like symptoms and 
degeneration of DA neurons do occur in animals submitted to long-term treatment with these 
pesticides. 

In terms of genetic factors, mutations of five genes have been definitively linked to 
familial forms of PD [25]. Gain-of-function mutations of α-synuclein or triplication of the 
wild-type allele are linked to a rare, early-onset form of PD [26]. Dominant mutations of the 
LRRK2 gene appear to be a frequent cause of familial PD. On the other hand, mutations of 
parkin, DJ-1 and PINK1 cause PD largely in a recessively manner. Among recessively-
inherited PD cases, mutations of parkin seem to be most prevalent [25]. In addition to these 
genes, mutations of UCH-L1, NR4A2 (Nurr1) and synphilin-1 have been implicated in rare 
cases of PD. Furthermore, several loci have been linked to familial forms of PD, although the 
responsible genes have not been identified.  

Many lines of evidence have suggested that both environmental and genetic factors 
associated with PD impinge on several common pathways that are critical to the survival and 
death of dopaminergic neurons. These include impairment of the Ubiquitin-Proteasome 
System (UPS) and ensuing stress caused by misfolded proteins, mitochondrial dysfunction, 
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and oxidative stress. Among the genes linked to familial forms of PD, many are directly 
involved in the UPS and UPR misfolded protein stress. For example, parkin encodes for a 
protein-ubiquitin E3 ligase, and is responsible for the ubiquitination and degradation of a 
variety of substrates [30]. UCH-L1 is an abundant neuronal deubiquitinating enzyme that 
catalyze the hydrolysis of polyubiquitin chain into free ubiquitin monomer [31], which 
however also shows a ubiquitin ligase activity [32]. Mutations of α-synuclein or 
overexpression of the wild-type protein lead to fibrils and aggregates, which induce UPR 
[37]. On the other hand, environmental PD toxins such as rotenone disrupt mitochondrial 
functions by inhibiting complex I of the mitochondrial respiratory chain. Very interestingly, 
loss of parkin in Drosophila causes defects in mitochondrial morphology [38], although the 
underlying mechanism is unclear. Both complex I inhibition and dopamine metabolism 
produce reactive oxygen species that would cause oxidative stress in dopaminergic neurons. 
Overexpression of parkin significantly reduces dopamine-induced cell death by attenuating 
the production of reactive oxygen species, while DJ-1 functions as an anti-oxidant in 
response to oxidative stress. This chapter will focus on the involvements of PD-linked genes 
on ubiquitin-dependent proteolysis. By examining this particular pathway, we hope to offer 
some clues on the molecular and cellular mechanisms of PD. 

 
 

GENETIC MUTATIONS AND MISFOLDED PROTEINS  
INVOLVED IN PARKINSON’S DISEASE  

 
One of the pathological hallmarks of PD is the formation of intracellular inclusions 

called Lewy bodies (LB), eosinophilic hyaline structures frequently found in degenerating 
neurons including dopaminergic neurons in substantia nigra. LB are immunoreactive with 
anti- ubiquitin antibodies and contain many misfolded proteins including protein products of 
genes linked to PD. Evidence accumulated in the past few years has increasingly suggested 
the critical involvement of misfolded proteins in the molecular etiology of PD, particularly 
various familial forms that are very often associated with early age at onset. We will discuss 
the roles of genetic mutations and the corresponding misfolded proteins in the molecular 
pathogenesis of PD.  

 
 

α-Synuclein  
 
The first discovered gene causatively linked to familial PD is α-synuclein (Figure 1), 

which encodes a small protein of 140 amino acid residues [39]. So far, three point mutations 
of this gene (A30P, A53T and E46K) have been linked to a rare form of early-onset 
autosomal dominant PD [40]. In addition, triplication of a genomic region containing the 
wild-type α-synuclein gene has been shown to segregate with PD phenotypes in a kindred 
from Iowa [26]. Similarly, duplication of the α-synuclein locus has also been reported in 
French and Italian families with autosomal-dominant PD [43]. Subsequent studies using 
much large number of PD families have failed to identify multiplication of the α-synuclein 
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gene (SCNA), suggesting that such genomic changes are rare phenomena [44]. Nevertheless, 
this remarkable discovery mirrors the association of trisomy 21 (Down syndrome) with 
Alzheimer’s disease [45]. Triplication of chromosome 21 has long been linked to the 
occurrence of Alzheimer’s disease by the fifth decades of these patients [46]. This association 
prompted the landmark discovery of β-amyloid protein (Aβ) by Glenner and Wong from 
cerebrovascular amyloid deposits in patients with Down syndrome [50]. The similar link 
between α-synuclein triplication and PD suggest that overexpression of the wild-type α-
synuclein causes PD and may be particularly toxic to nigral dopaminergic neurons. This 
notion is corroborated by the recent finding that genetic variations in the promoter region of 
the α-synuclein gene are associated with sporadic PD, which suggests that expression levels 
of wild-type α-synuclein affect the chance of getting PD [51].  
 

1 140A30P A53TE46K KTKEGV repeats

Amphipathic Region NAC Domain Acidic Region

Synthesis

Unfolded Conformers

(in water)

ROS

RNS

mutations
overexpression

protofibrils

fibrils

Lewy body

u-SNARE

t-SNARE

CSPα

presynaptic terminal 

α-helical Conformer

(in membrane lipid of SV)

SVSV SV

DA oxidation

Mitochondrial Dysfunction

PD toxins

etc.

 

Figure 1. Biochemical properties and in vivo functions of α-synuclein. Domains of α-synuclein and 
positions of point mutations linked to PD are shown in the diagram. When α-synuclein is produced, it 
may assume different conformations depending on its environment. In aqueous solution, α-synuclein is 
disordered and prone to aggregate into protofibrils, fibrils, and eventually a prominent intracellular 
inclusion called Lewy body. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) 
produced in dopaminergic neurons, from dopamine oxidation, mitochondrial dysfunction or the actions 
of PD toxins may increase the propensity of α-synuclein aggregation by chemically modifying the 
protein. On the other hand, α-synuclein avidly binds to membrane phospholipids and exhibits α-helical 
conformation in such an environment. Through an unclear mechanism, α-synuclein cooperates with 
cysteine string protein α (CSPα), a chaperone responsible for the folding and refolding of SNARE 
proteins involved in synaptic vesicle recycling. This function of α-synuclein allows it to genetically 
complement the obligatory roles of CSPα in synaptic vesicle recycling, neuronal survival and viability 
of the mice.  

Together with β-synuclein, γ-synuclein and synoretin, α-synuclein belong to a family of 
small proteins whose functions still remain unclear despite extensive studies [52,53]. α-
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synuclein has an amphipathic N-terminal region that contains six imperfect repeats of the 
consensus sequence KTKEGV. This is followed by a hydrophobic middle region containing 
the NAC (non-amyloid component) domain. The C-terminal region of α-synuclein is quite 
acidic. Numerous studies on α-synuclein have reveal many different aspects of its 
physiological functions. A series of recent papers using α-synuclein knockout mice have 
generated a surprising yet converging theme of the in vivo function of this enigmatic small 
protein.  

α-synuclein is ubiquitously expressed in the brain and is associated with synaptic 
vesicles and membraneous structures in the presynaptic terminals. Its genetic ablation in mice 
resulted in mild defects in the recycling of dopamine vesicles and dopaminergic transmission 
[54]. No gross neuroanatomical or neurochemical change was seen in α-synuclein knockout 
mice [54,55]. However, transgenic overexpression of α-synuclein abolishes the severe 
degeneration of nerve terminals seen in cysteine-string protein α (CSPα) knockout mice, 
whereas genetic ablation of α-synuclein exacerbates the phenotypes of CSPα knockouts [56]. 
CSPα acts as a chaperone to facilitate the folding and refolding of synaptic SNARE proteins 
that are required for fusion of synaptic vesicles with presynaptic terminal [60] . In the 
absence of CSPα, defects in synaptic vesicle recycling leads to progressive 
neurodegeneration at 2-3 weeks postnatal and death of the animal at 1-4 months [61]. When 
α-synuclein is overexpressed in these animals, it rescues the deficiencies caused by the lack 
of CSPα apparently through a downstream mechanism that requires the binding of α-
synuclein to phospholipids [56]. Like other synucleins, α-synuclein is a soluble protein with 
unfolded conformations at the native state. It strongly binds to negatively-charged 
phospholipids and assumes α-helical conformation upon such binding [62]. α-synuclein 
binds to and inhibit phospholipase D [66], prevents lipid droplets from hydrolysis [67] and 
regulates vesicle trafficking in yeast [70]. Together, these converging lines of evidence 
suggest that a key physiological function of α-synuclein is to facilitate synaptic vesicle 
recycling at the presynaptic terminal through interaction with membrane phospholipids.  

The pathogenic properties of α-synuclein seems to be linked to its flexible conformations 
in aqueous environment. Wild-type α-synuclein is prone to aggregate due to its disordered 
structure. Overexpression of the wild-type gene or its PD-linked mutations increase this 
propensity [71]. 

In dopaminergic neurons, reactive oxygen species and dopamine quinones produced 
during dopamine metabolism may modify α-synuclein and exacerbate its misfolding and 
aggregation. Thus, genetic mutations of α-synuclein (point mutations, multiplication of the 
locus, or variations in its promoter sequence) may cause selective degeneration of DA 
neurons through accelerated misfolding and aggregation due to oxidative stress induced by 
dopamine oxidation. This condition may be exacerbated by the defects in synaptic vesicle 
recycling in the absence of functional α-synuclein. It should be noted that overexpression of 
wild-type α-synuclein may drive the proteins into aggregated forms, away from phospholipid 
environment on the membrane, where the α-helical conformers of the protein normally 
cooperate with CSPα to facilitate the folding and refolding of SNARE proteins required for 
vesicle recycling at the presynaptic terminal. Consistent with this model, the A30P mutant α-
synuclein, which does not bind to phospholipids, also fails to rescue CSPα knockout mice, 
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whereas the A53T mutant, which retain the ability to bind phospholipids, rescues CSPα 
knockout mice as well as the wild-type α-synuclein does [56].  

 
Parkin 

 
Among the PD-linked genes identified so far, mutations of parkin are by far the most 

frequent cause of recessive PD [40,72]. In addition, parkin mutations, presumably at the 
heterozygous state, play a significant role in idiopathic PD, especially in cases with an early 
age at onset [75,76]. These lines of evidence demonstrate that parkin is one of the most 
prevalent genetic factors in PD.  
 

 

Figure 2. Cellular functions of parkin. Functional domains and locations of PD-linked point mutations 
are shown in the top diagram. Parkin has three domains (linker, RING1 and RING2) that provide 
strong, independent and redundant binding to tubulin and microtubules. This feature suggests that 
parkin exerts its cellular functions in the context of microtubules. Minimally, three distinct functions of 
parkin are linked to its interactions with microtubules. First, the binding between parkin and 
microtubules stabilizes the microtubule network against depolymerizing agents including PD toxins 
rotenone and MPP+. Second, the location of parkin on microtubules and the attachment of ER to 
microtubules suggest that parkin could efficiently ubiquitinate misfolded transmembrane protein 
substrates (e.g. DAT), which have to be retrotranslocated to the cytosol for ubiquitination and 
degradation. Third, the strong binding between parkin and microtubules enable parkin to serve as a 
cytosolic anchor for transcription factors that regulate the expression of certain mitochondrial proteins 
(e.g. MAO). All three functions of parkin are directly linked to PD through stabilizing microtubule 
network for vesicular transport (in 1), enhancing the precision of dopaminergic transmission (in 2), and 
limiting dopamine oxidation by suppressing the expression of MAO (in 3). 
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Parkin is a protein-ubiquitin E3 ligase [77], which ubiquitinates proteins for their 
subsequent degradation by the 26S proteasome [78,79] (Figure 2). Recent studies from many 
groups, including ours, have identified a number of parkin substrates such as CDCRel-1 [82], 
Pael receptor [83], O-glycosylated α-synuclein [86], synphilin-1 [88], cyclin E [89], α- and 
β-tubulin [90], expanded polyglutamine [93], p38 [96], etc. The diversity of these substrates 
suggests that parkin may ubiquitinate many targets in different types of cells, as parkin and 
most of these substrates are widely expressed [97].  

Our previous studies have shown that parkin ubiquitinates α- and β-tubulin and 
accelerates their degradation by the 26S proteasome; these effects are abolished by PD-linked 
mutations of parkin [90]. We have also found that parkin tightly binds to microtubules and 
tubulin through redundant strong interactions mediated by three independent domains of 
parkin (linker, RING1 and RING2) [101]. In taxol-mediated microtubule co-assembly assays, 
almost all parkin exists as a complex with microtubules in the pellet fraction. The binding 
between parkin and microtubules is so strong that they cannot be separated even with 3.8M 
of NaCl; it co-purifies with tubulin and is found in >99% pure tubulin preparation [101]. 
Consistent with this tight interaction, parkin exhibits punctuate subcellular localization along 
microtubules [90].  

The ability of parkin to ubiquitinate α- and β-tubulin and to facilitate their degradation 
may be very important for cell survival. The synthesis of α- and β-tubulin polypeptides are 
very tightly regulated at the transcriptional and translational levels to ensure the equimolar 
production of both tubulins [104], as overexpression of either tubulin gene is toxic to the cell 
[105,106]. The formation of polymerization-competent α/β heterodimers requires a series of 
folding reactions that are perhaps the most complicated for all known proteins (reviewed in 
[109]. First, α or β polypeptide is folded into quasi-native conformers with the help of 
cytosolic chaperonins, which are ribosome-sized multisubunit complexes that facilitate 
protein folding in an ATP-dependent manner. Second, α and β monomers are captured by 
tubulin-specific folding cofactors. In a sequential, coordinated and reversible folding process 
catalyzed by cofactors A through E, α/β heterodimers are formed with the hydrolysis of GTP. 
Misfolded tubulins produced during this complicated process are quickly degraded through 
an unknown mechanism. As an E3 ligase for tubulins, parkin may well ubiquitinate 
misfolded tubulins to facilitate their degradation. Because the tubulin folding process is 
dependent on ATP and GTP hydrolysis, mitochondrial complex I-inhibiting PD toxins that 
can reduce ATP production (e.g. rotenone and MPP+) may adversely affect the folding 
reaction and lead to increased production of misfolded tubulin. In addition, the ability of 
these PD toxins to depolymerize microtubules [113-116] would further increase the amount 
of tubulin that needs to be degraded. It has been known for a long time that microtubule 
depolymerization leads to rapid degradation of tubulin, a protein that normally has a very 
long half-life [117]. By ubiquitinating and degrading tubulin, parkin could prevent the same 
kind of toxicity caused by overexpression of tubulin [105,106]. Because nigral DA neurons 
have very long axons projecting to striatum, a very high percentage of total cell volume is in 
the axon, which contains large quantities of microtubules. Thus, exposure of these PD toxins 
may result in much higher demand to ubiquitinate and degrade tubulin in nigral DA neurons 
than that in other types of cells with smaller volume and shorter processes. Our studies have 
shown the TH+ neurons in midbrain neuronal cultures are much more vulnerable than TH- 
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neurons to microtubule depolymerizing agents such as rotenone, colchicine or nocodazole 
[118]. 

Many parkin substrates, such as Pael-R [83], DAT [119], synaptotagmin XI [120], 
CDCrel-1 [82], are transmembrane proteins or membrane-associated proteins. At least some 
of these proteins are prone to misfold in the endoplasmic reticulum (ER) [83,119], which 
causes UPR if left unchecked [121] (see Chapter 13). Previous studies have demonstrated 
that misfolded membrane proteins are retroversely translocated from the ER to the cytosol, 
where they must be immediately ubiquitinated to avoid aggregation due to the abundance of 
hydrophobic residues left exposed by the disordered polypeptide chain [122]. Under normal 
situations, the ER is attached to microtubules to maintain its morphology and stability [123-
125]. The proximity of the ER to parkin, which is anchored on microtubules [90,126], gives 
parkin ideal accssess to misfolded substrates as they are retrotranslocated from the ER.  

Many misfolded proteins are transported along microtubules to the proteolytic center of 
the cell, a perinuclear area around the centrosome, where under conditions of impaired 
proteolysis area to form a single large inclusion is formed [127], termed the ‘aggresome’ 
[128] (see Chapter 12). The localization of parkin along microtubules [90] would greatly 
facilitate the ubiquitination of its substrates and their subsequent transport on microtubules to 
the proteolytic centeraggresome. Previous studies have shown that parkin and its substrates, 
such as CDCrel-1, Pael-R and DAT, are accumulated in the perinuclear aggresomesarea 
when protein degradation is compromised by proteasome inhibitors or an excess of misfolded 
proteins themselves [119,129,130]. Accumulation of these proteins around the centrosome is 
a microtubule-dependent process, since disruption or overt stabilization of microtubules 
abolishes this phenomenon [130]. It appears that parkin anchored on microtubules may serve 
as sentinels to efficiently ubiquitinate misfolded proteins for their destruction by the 26S 
proteasome or transportation along microtubules to the aggresome, proteasomes should be 
overwhelmed by misfolded proteins. Thus, a unique combination of several features – parkin 
as an E3 ligase anchored on microtubules, the attachment of ER to microtubules, and the 
need to retrotranslocate misfolded transmembrane proteins from the ER for ubiquitination 
and degradation in the cytosol – makes parkin ideally suited to ubiquitinate transmembrane or 
membrane-associated substrates. The ubiquitination of DAT by parkin appears to be a novel 
mechanism to regulate the functions of DAT, which are critical to dopaminergic 
transmission. In addition to these functions that are dependent on the E3 ligase activity of 
parkin, our recent studies have shown that parkin suppresses the transcription of monoamine 
oxidases through an E3-independent mechanism [131]. Monoamine oxidase has two 
isoforms, MAO-A and MAO-B, which are encoded by two distinct genes [132]. Both MAOs 
are located on the cytoplasmic side of the mitochondrial outer membrane through a C-
terminal tail anchored in the membrane [133,134]. MAO-catalyzed oxidative deamination of 
monoamines produces H2O2 that has been shown to damage mitochondrial DNA [135]. Thus, 
ROS produced during dopamine oxidation can affect mitochondrial functions and may lead 
to reduced ATP production and increased generation of ROS, if the electron transfer chain is 
disrupted. Several lines of evidence have indicated a strong involvement of MAO in PD. It 
has been found that PD patients have elevated MAO-B activity in the substantia nigra [136]. 
Consistent with these, MAO inhibitors such as deprenyl have been widely used to delay the 
progression of PD symptoms [137]. On the other hand, MAO-B knockout mice are resistant 
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to the PD toxin MPTP [138], because MAO-B is responsible for the conversion of MPTP to 
MPP+ [139], the active toxin that is selectively taken up by DA neurons through the 
dopamine transporter [140]. Thus, results from both basic research and clinical studies point 
to MAO as an important factor in PD pathogenesis. Our studies have shown that 
overexpression of parkin in the human dopaminergic neuroblastoma cell line SH-SY5Y or 
mouse fibroblast NIH3T3 cells significantly reduces the mRNA levels of both MAO-A and 
MAO-B. In B-lymphocyte cells obtained from a PD family with deletion of parkin exon 4, 
levels of both MAOs are significantly increased in the homozygous, but not heterozygous, 
carrier of this mutation [131].  

This study complements several studies that have indicated the involvement of parkin in 
mitochondrial functions. In parkin-deficient Drosophila, the flight and climbing problems are 
caused by apoptotic degeneration of indirect flight muscles, which is accompanied by 
abnormal mitochondrial morphology [38]. Mitochondrial defects are also found in spermatids 
of male mutant flies, which are sterile due to the lack of mature sperm [38]. Consistent with 
this, overexpression of parkin in PC12 cells delays ceramide-induced mitochondrial swelling 
and subsequent release of cytochrome C and apoptosis [141]. Parkin is shown to be 
associated with mitochondria and may interact with an unknown target that is critical for 
mitochondrial functions [141]. A recent report shows that parkin enhances mitochondrial 
biogenesis in proliferating cells by regulating the expression of many mitochondrial proteins 
[142].  

How does parkin, a cytosolic protein, regulate the gene expression of mitochondrial 
proteins such as MAOs? Parkin has a RING-IBR-RING motif in the C-terminus [143]. RING 
(Really Interesting New Gene) finger is a variation of zinc finger, while IBR (In-between 
RING fingers) domain is a zinc finger-like, putative metal-binding motif found between two 
RING fingers in a group of proteins implicated in transcription regulation. One member in 
the family, RBCK1 binds to DNA and activates transcription in in vitro assays [144,145]. 
More recently, parc (p53-associated, parkin-like cytoplasmic protein) has been found to 
contain the RING-IBR-RING motif in the C-terminus. Although parc also has E3 ligase 
activity and can ubiquitinate itself, it does not ubiquitinate p53, to which it binds strongly. 
Parc suppresses p53-dependent gene transcription and apoptosis by tethering it in the cytosol 
[146]. Previous studies have also shown that p53 is anchored in the cytoplasm through 
interaction with microtubules [147]. It seems likely that parc and microtubules may act in a 
concerted manner to sequester a portion of p53 in the cytoplasmic pool, away from its 
transcriptional activities in the nucleus [148]. Our previous studies have found that parkin 
binds to microtubules strongly and appears to be absent in the nucleus [90]. In a similar 
manner to parc, parkin might tether a transcription factor for mitochondrial proteins in the 
cytosol to regulate their transcription.  

Thus, a general picture about cellular functions of parkin appears to center on its 
unusually strong interaction with tubulin and microtubules. Three different but connected 
functions of parkin need to be considered within the context of its interactions with tubulin 
and microtubules. First, the strong binding between parkin and microtubules stabilizes the 
microtubule network against depolymerizing agents [126], which exert much higher toxicity 
on dopaminergic neurons than non-dopaminergic neurons [118]. The unique combination of 
cell morphology (long axons enriched with microtubules) and neurochemistry [production of 
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reactive oxygen species (ROS) during dopamine metabolism] of dopaminergic neurons 
renders these cells particularly vulnerable to PD toxins such as rotenone and MPP+, which 
depolymerize microtubules and inhibit mitochondrial respiratory chain. Since microtubule 
depolymerization induces rapid degradation of tubulin [117], the ability of parkin to 
ubiquitinate and degrade tubulin would also be critical for the survival of the cell in the 
presence of these PD toxins. Second, the effectiveness of parkin to handle misfolded 
transmembrane proteins such as DAT appears to be related to several important facts: (i) 
misfolded transmembrane proteins need to be retrotranslocated from the ER to the cytosol to 
be ubiquitinated and degraded; (ii) ER is attached to microtubules; (iii) parkin binds strongly 
to microtubules and exhibits punctated localization along microtubules. It seems plausible 
that parkin, which is anchored on microtubules, may act as sentinels to efficiently 
ubiquitinate misfolded transmembrane proteins as they are reverse translocated from the ER 
to the cytosol. If this process goes awry (e.g. when parkin is mutated and loses its E3 ligase 
activity), these misfolded transmembrane substrates of parkin would easily aggregate and 
trigger UPR. In the case of dopamine transporter, parkin increases its surface expression by 
ubiquitinating and degrading misfolded DAT molecules [119]. This allows native DAT 
conformers to oligomerize with each other into functional transporters destined for the 
plasma membrane. This function of parkin increases dopamine uptake and thereby enhances 
the temporal and spatial precision of dopaminergic transmission. Third, the ability of parkin 
to regulate expression of mitochondrial proteins such as MAO may be mediated by 
sequestration of key transcription factor(s) in the cytosol. It is quite clear at least in the case 
for MAO that, parkin affects gene expression through a mechanism independent of its E3 
ligase activity [131]. Instead, parkin may serve as a cytosolic anchor to tether transcription 
factors away from DNA and transcriptional machinery in the nucleus. By suppressing the 
expression level of MAO, parkin may limit the production of reactive oxygen species 
generated during dopamine oxidation by MAO.  

 
 

UCH-L1 
 
UCH-L1 (ubiquitin carboxy-terminal hydrolase L1) was originally identified in neurons 

and testis of mammals [149] but is known now to occur as widespread as Aplysia [150] and 
Drosophila [151]. The enzyme is a member of a family of ubiquitin hydrolases which in 
mammals consists of UCH-L1, UCH-L3, UCH-5 and BAP1. UCH-L1 is one of the most 
abundant proteins in the mammalian brain (1-2% of total brain protein content) [149,152]. 
The primary function of the enzyme is the deubiquitination of C-terminal esters and amides 
of ubiquitin resulting in monomeric ubiquitin, an essential step prior to degradation of 
polyubiquitinated proteins by the proteasome. 

UCH-L1 has been implicated in the pathogenesis of PD because of a misense mutation 
(I93M) in the fourth exons of the uch-l1 gene which was identified in a German family, 
leading to an increased susceptibility for PD. This mutation reduces enzyme activity by about 
50% [153]. It has also been identified as a constituent of LB [154]. Curiously enough, 
another polymorphism in the uch-l1 gene (S18Y) in humans results in a decreased 
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susceptibility for PD [32,155-157]. The S18Y mutation in the enzyme increases the hydrolase 
activity when compared with the wild-type enzyme [158]. 

However, it has been observed that UCH-L1 in its dimeric form has ubiquityl ligase 
activity with a potential for polyubiquitinating K63 of α-synuclein resulting in an elevated 
cytoplasmatic concentration of this protein [32]. The effect of the S18Y mutation is a 
reduction in dimerization while maintaining almost wild-type or higher hydrolase activity 
which would explain the reduced risk for PD. 

The issue of involvement of UCH-L1 in PD is further complicated by the fact that 
complete lack of UCH-L1 activity as found in the gad mouse does not result in a Parkinson 
phenotype in the mouse. The gad mouse carries a spontaneous, autosomal recessive mutation 
in the Uchl1 gene because of an intragenic deletion of exons 7 and 8 resulting in an Uchl1 
null mutant [159]. Analysis of the clinical phenotype demonstrates severe sensory ataxia at 
the early stage of the disease followed by motor paresis [160]. The underlying defect in the 
gad mouse is axonal degeneration in the gracile tract, the formation of spheroid bodies in 
nerve terminals and progressive accumulation of ubiquitinated proteins [161]. The loss of 
UCH-L1 function might lead to a decreased pool of available ubiquitin which in turn would 
interfere with protein degradation via the UPS pathway.  

 
 

DJ-1 
 
A possible role for the gene DJ-1 in PD was established when mutations in DJ-1 were 

identified in the PARK7 locus, causing an early onset form of PD [162]. The recessive 
mutation is quite rare, being responsible for an estimated 1-2% of early onset cases [163]. 
The DJ-1 gene has a size of about 24kb containing 8 exons and giving rise to a major mRNA 
of about 1kb with an open reading frame of 570bp encoding a protein of 189 amino acids 
[162]. The protein is widely expressed in the brain and peripheral tissues but a clear 
physiological role for the protein has yet to be established [164,165]. Based on its structure, 
the protein is related to ThiJ/PfpI/DJ1 superfamily [162]. The wild-type protein can form 
homodimers and some of the known mutations disrupt dimer formation –e.g. L166P but not 
M26I and E64D which have also been identified in patients with early onset parkinsonism. It 
has been suggested that the protein modulates gene expression under conditions of cellular 
stress, so providing a protective effect against oxidative stress [113,162]. The possible stress 
sensor might be the sulfhydryl group of cysteine C106 which can be oxidized to sulfonic 
acid, resulting in a shift of the pI of the DJ-1 protein [166,167].  

There is some experimental evidence indicating that some of the oxidized form of DJ-1 
are localized to mitochondria but the physiological significance of this translocation is 
unclear. There is currently no evidence that this step interferes with mitochondrial function 
and especially ATP generation which is important for proteasome assembly and function (for 
a review of these issues see [39]). In summary – there is currently no evidence that DJ-1 and 
its known mutations are linked to UPS malfunction. 
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PINK 1 
 
The Pink1 (PTEN-induced kinase 1) gene was identified as part of the PARK 6 locus 

[168]. Homozygous mutations in this gene are causing PD of the early onset type. Although 
disease transmission is recessive, it should be noted that about 5% of the sporadic early-onset 
type of PD have single heterozygous PINK1 mutations. The gene spans 18 kb, containing 8 
exons and encodes a 581 amino acids protein [169]. Based on a highly conserved protein 
kinase domain (amino acids 156 to 509) it has been suggested that the protein encodes a 
putative serine/threonine kinase of the Ca2+ -calmodulin type with a mitochondrial targeting 
sequence. Since the identified mutations are in and around the kinase domain it is assumed 
that loss of the kinase activity is responsible for the disease but this as well as the 
physiological function of the enzyme remains to be clarified. 

Recent studies in Drosophila have shown that PINK 1 mutants show apoptotic muscle 
degeneration, defects in mitochondrial morphology, degeneration of dopaminergic neurons 
and increased sensitivity to oxidative stress [170-172]. Expression of human PINK1 in the 
Drosophila mutants rescues the defects observed in the mutants, indicating evolutionary 
conservation of PINK1 function. It was further noted that loss of Drosophila parkin showed 
phenotypes similar to loss of pink1 function. Overexpression of parkin rescues the 
mitochondrial morphological defects in pink1 mutants. These and other observations indicate 
that parkin and pink1 appear to function in the same pathway with pink1 functioning 
upstream of parkin. 

More recently it was shown that inactivation of PINK1 in Drosophila results in 
progressive loss of dopaminergic neurons and in degeneration of the ommatidia in the 
compound eye. The degeneration was significantly inhibited by expression of human SOD1 
or by Vitamin E indicating that PINK1 contributes to neuronal survival by preventing 
oxidative stress [173]. 

A recent report indicates that PINK1 and other mitochondrial proteins can localize to the 
aggresome (see below) upon proteasome inhibition with MG132 as part of a process which 
also localizes mitochondria to the aggresome [170]. This appears to happen only under 
proteasome stress when either proteasome function is diminished or when there is an 
excessive build-up of damaged or misfolded proteins. It has been suggested that the 
recruitment of mitochondria to the aggresome might facilitate protein degradation by 
providing additional ATP. 

 
 

LRRK2 
 
Leucine-rich repeat kinase 2 (LRRK2, dardarin) recently identified as part of the PARK8 

locus, is associated with late-onset PD [174]. The protein is expressed in the brain, 
predominantly in the basal ganglia and hippocampus but is also found in other tissues 
[175,176]. The LRRK2 gene is very complex, containing 51 exons and encodes a very large 
protein of 2527 amino acids. Sequence analysis reveals 6 independent major domains – an 
ankyrin repeat region, a leucine-rich repeat domain, a ROC GTPase domain, a COR (C 
terminal of ROC)-domain, a tyrosine kinase-like domain and a C-terminal WD40 domain 
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[177,178]. The region between amino acids 180 to 660 is predicted to fold as armadillo 
repeats. In addition to the unusual feature of containing potentially two enzymatic centers – 
the predicted protein kinase and the GTPase activities - LRRK2 contains four protein 
interaction domains, making it potentially the scaffold of a multiprotein signaling complex. 
This idea is supported by the fact that the 22 identified mutations in the gene, known to cause 
PD, are distributed across all the catalytic and protein-protein interaction domains of LRRK2. 

Relevant to the discussion here is the observation that LRRK2 can interact with the E3-
ligase parkin through the COR domain although there is currently no evidence that this 
interaction results in polyubiquitination or degradation of the protein [179]. Clearly, this issue 
requires more experimental clarification. 

 
 

AUTOPHAGY 
 
An alternative to the UPS for the degradation of intracellular proteins is autophagy which 

is carried out in the lysosomal compartment. It has been observed that perinuclear aggregates 
(later named ‘aggresomes’) of misfolded proteins formed upon proteasome inhibition are 
removed from the cells by formation of autophagosomes [127], a finding which was recently 
extended [180,181]. Autophagy is responsible for removal of bulk cytoplasmatic constituents 
including cell organells. This might represent a functional survival strategy of eukaryotic 
cells in response to sublethal damage. Based on the mechanism of autophagic vacuole 
formation and the delivery of material to the autophagic vacuole, three types of autophagy 
can be distinguished - macroautophagy, microautophagy and chaperone- mediated 
autophagy. Macroautophagy involves the sequestration of parts of the cytosol, including not 
only soluble proteins but also cell organelles into a double membrane vesicle called the 
autophagosome which is subsequently fused with the lysosome to provide the proteolytic and 
acidic pH environment required for degradation of the sequestered proteins. Microautophagy 
involves the wrapping of and degradation of cytosolic regions as well as cell organelles by 
engulfing directly into the lysosome. In chaperone- mediated autophagy the substrate proteins 
degraded thru this pathway share the pentapeptide motiv KFERQ. This motive is recognized 
in the cytosol by the chaperone hsc73, a heatshock protein of 73 kDa, leading ultimately to 
the binding of this complex to the LAMP2a receptor (lysome-associated membrane protein 
2a) and translocation into the lumen of the lysosome. (for reviews see.[182-185]).  

Autophagy is mediated by the Atg family of proteins, which consist of 29 different 
members in yeast (see Table 1) [186]. So far, 18 of these genes have also been shown to 
occur in other eukaryotic systems. Two of the Atg proteins are conjugated to acceptor protein 
and phospholidpid in a manner similar to ubiquitin [187-189]).  

A distinct and important role of autophagy in the nervous system has been known for a 
long time in cases of injury and regeration of peripheral axons [190]. Only in the last few 
years experimental evidence also clearly revealed an important role of autophagy in 
neurodegenerative diseases (for a review see [185] and Chapter 28). Specifically, in PD the 
occurence of autophagic vacuoles engulfing mitochondria in the substantia nigra point to an 
activation of macroautophagy [191]. In cellular models of of PD – e.g. the overexpression of 
mutant A53T α-synuclein in PC12 cells produced a marked increase in autophagy and cell 
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death different from apoptosis [192]. A marked decrease in chaperone-mediated autophagy 
was noticed in PC12 cells under these conditions because the mutant α-synuclein blocks the 
LAMP2a receptor, leading to an activation of macroautophagy [193,194]. It has further been 
observed that in neuronal cell lines inhibition of the UPS also causes activation of 
macroautophagy presumably as compensatory response. The molecular linkage between the 
UPS system, macroautopagy and chaperone-mediated autophagy is currently unknown. 

Because α-synuclein constitutes a major portion of LB a large number of studies have 
focused on its degradation. The protein carries the KFERQ motif which would suggest 
chaperone-mediated autophagy as an important degradation pathway [185,193]. There exist 
conflicting data if α-synuclein is mainly degraded by the UPS or by autophagy in vivo [195]. 
Interestingly, addition of rapamycin which inhibits the nutrient sensor kinase mTor, leads to 
an increased formation of autopaghosomes resulting in an increased clearance of α-synuclein 
[195]. Macroautophagy might be an compensatory response if chaperone-mediated 
autophagy and/or the UPS is blocked or at least reduced in activity.  
 

Table 1. Autophagy-Related Genes 
 

Gene Protein Function References 
Atg1 Protein Kinase [3-7] 
Atg2 Peripheral membrane interacts with Atg9 [12-16] 
Atg3 E2-like enzyme, conjugates Atg8 to phosphatidylethanoleamine (PE) [20-23] 
Atg4 Cysteine protease [15,27-29] 
Atg5 Conjugated to Atg12 via internal lysine [33-36] 
Atg6 Component of Ptdlns 3-kinase complexes I and II [7,33,41,42] 
Atg7 E1-like enzyme, activates Atg8 and Atg12 [7,15,47,48,48,49] 
Atg8 Ubiquitine-like protein, conjugated to PE via C-terminal glycine [6,7,27,28,35,35,57-59] 
Atg9 Integral membrane protein [6,16,63-65] 
Atg10 E2-like enzyme, conjugates Atg12 to Atg5 [68,69] 
Atg11 Involved in cargo recognition [6,47] 
Atg12 Ubiquitine-like protein, conjugated to Atg5 via C-terminal glycine [34-36,73,74] 
Atg13 Modifier of Atg1 activity by phosphorylation  
Atg14 Component of Ptdlns 3-kinase complex1 [33,41] 
Atg15 Lipase required for breakdown of intravacuolar vesicles [80,81] 
Atg16 Part of Atg12-Atg5 complex [6,84,85] 
Atg17 Modifier of Atg1 activity [87] 
Atg18 Peripheral membrane protein required for localization of Atg2 [7,91,92] 
Atg19 Cargo receptor for Cvt pathway [94,95] 
Atg20 PX domain protein needed for the Cvt pathway [98] 
ATG21 Specific to Cvt pathway [99] 
ATG22 Integral membrane protein involved in autophagic breakdown [100] 
Atg23 Needed for Cvt vesicle completion [102] 
Atg24 Sorting of nexin [98] 
Atg25 Coiled-coil protein involved in macropexphagy [103] 
Atg26 UDP-glucose:sterol glucosyltransferase-containing GRAM domain [6,107,108] 
Atg27 Ptdlns(3)P binding protein required for Cvt pathway [110] 
ATG28 Degradation of peroxisomes (pexophagy) [111] 
ATG29 Autophagosome formation [112] 

Summary of the currently known ‘autophagy-related’ (Atg) genes and their functions. Genes which 
have been demonstrated so far to occur only in yeast are italicized. Adapted from Klionsky et al., 2003 
[186]. 
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The essential role of autophagy in neurodegeneration was recently demonstrated using 
conditional mutations of Atg5 and Atg7 in mice [196,197]. Atg5 flox/flox and Atg7 flox/flox mice 
were crossed with mice expressing Cre- recombinase under the nestin promoter which is 
expressed in neuronal precursor cells after embryonic day 10.5. Both mice developed 
progressive deficits in motor function which was accompanied by the accumulation of 
polyubiquitinated cytoplasmatic inclusion bodies. These results suggest that autophagy is 
essential for survival of neuronal cells. 

Finally, it should be emphasized that an emerging body of data indicates that autophagy 
plays also an important role in a variety of other neurodegenerativer diseases as Alzheimer’s 
disease and Polyglutamine disease (for a review see [185]) presumably because of the 
occurence of protein deposits are a main histopathological finding of these neurodegenrative 
diseases.  

 
 

CONCLUSIONS 
 
For our current understanding of PD two observations appear to be important: first, α-

synuclein is the major component of filamentous LB [131] and secondly, certain point 
mutations in α-synuclein are pathogenic resulting in various forms of PD. However, while the 
case for an involvment of α-synuclein in PD is very strong, it remains somehow mysterious 
why wild-type α-synuclein in the majority of PD patients accumulates in LB. In addition, 
although PD is a major neurodegenerative illness affecting 5% of individuals older than 85 
years [198,199], it is unknown why the remaining 95% of individuals are disease-free. 
Although α-synuclein has a propensity for misfolding and fibrillization into filamentous LB 
due to its conformation in an aqueous environment, other factors appear to be neccessary to 
trigger PD. 

Genetic screens to search for the causative factor(s) of PD have resulted in the 
identification of 11 genetic loci which cause a disease which variably resembles PD (see 
Chapter 25 of this volume). At least five of these genes (PARK1, PARK2, PARK4, PARK5 
and PARK7) are linked directly or indirectly to the UPS. Recent studies of the proteasome 
indicate that its activity declines with age (for a review, see [200]. Because of its propensity 
for misfolding and denaturation, the maintenance of functional levels of α-synuclein might be 
under the best of circumstances a race against time to eliminate misfolded forms of this 
protein by either refolding by molecular chaperones or by degradation via the protein 
degradation machinery of the cell. It has been suggested that the failure of the UPS is the 
main cause of PD [201], but the causes for the decline are currently unknown. Systemic 
administration of a lipid-soluble proteasome inhibitor able to penetrate the blood-brain bareer 
induces parkinsonism in rats [202], raising the question of a possible induction fo 
parkinsonism in patients receiving Velcade and other proteasome inhibitors. One critical 
factor for proteasome function is the assembly of the 26S proteasome from the 19S and 20S 
precursor complexes which is ATP dependent. In Drosophila, proteasome activity is reduced 
by half in old vs. young flies with a concomitant decrease in ATP levels by 50% [203]. While 
in rats no or only a very mild decline in ATP concentration is found with increasing age a 
pronounced reduction in ATP turnover has been observed with age in the parietotemporal 



Ubiquitin-Dependent Proteolysis in Parkinson’s Disease 779

cortex and hippocampus of rats which also performed poorly in a memory test [204]. This 
effect might be attributable to a decline in ATP/ADP translocase which would diminish the 
release of ATP from the mitochondria into the cytoplasma [205]. It is however well 
established that mitochondrial function in the nervous system declines with age [206,207]. A 
reduction in ATP levels might also impair the ability of the cell to collect protein aggregates 
into perinuclear the aggrosomes. It has been reported that in Drosophila reduced ATP levels 
selectively affect molecular motors [208] which might reduce the ability of the cell to form 
aggresomes and so to diminish the cellular burden of protein aggregates. 

In the sporadic form of PD a reduction in mitochondrial complex I activity has been 
observed in the substantia nigra [209,210] indicating a reduction in ATP which would not 
only affect proteasome activity but also other steps of the UPS system. It is further known 
that treatment with the pesticide rotenone, a known inhibitor of mitochondria, results in 
degeneration of the nigrostriatal dopaminergic system [11]. 

While no detailed studies of the ATP requirements of autophagy have been carried out it 
is clear that this complex system requires ATP in a variety of steps. It is also known that 
chaperone-mediated autophagy declines with age. So, a unifying theme – the decline in the 
ability of cells to maintain protein structure and to degrade proteins possibly because of a 
decrease in ATP, might be linking unfolded protein stress, aggresome formation, UPS and 
autophagy. Obviously, the mechanistic details for the decline in protein degradation need to 
be investigated. If indeed mitochondrial malfunction is at the core of the problem appropriate 
scientific and clinical studies should be initiated to investigate if this will lead to new drug 
discoveries for the treatment of PD. 
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ABSTRACT 
 

Huntington’s disease (HD) belongs to a group of nine polyglutamine (polyQ) tract 
disorders, which also includes spinocerebellar ataxias (SCA's) types -1, 2, 3, 6, 7, and 17, 
spinobulbar muscular atrophy (SMBA) and dentatorubral-pallidoluysian atrophy 
(DRPLA). The proteins involved in each of these disorders show no homology to one 
another except for an expanded polyQ tract. Although each protein is ubiquitously 
expressed throughout the central nervous system (and most non-neural tissues), only a 
distinct subset of neurons is affected in each disease, with only partial overlap between 
each. A common feature of these diseases is the formation of polyQ-containing 
intraneuronal inclusions, which are typically also immunoreactive for ubiquitin. 
However, the pathogenesis of these diseases is unknown, and there is much debate as to 
whether it is the inclusions themselves that are pathogenic or whether they are merely 
markers of disease. One suggestion, on the basis of numerous studies showing co-
localisation of various other proteins with the inclusions, has been that the inclusions 
contribute to pathogenesis, interfering with normal cellular functioning by trapping 
components such as transcription factors, molecular chaperones, and components of the 
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ubiquitin-proteasome system (UPS), and thus preventing them from carrying out their 
normal functions. However, this theory is disputed, with other studies suggesting that the 
inclusions may in fact be a form of cellular defense. Other evidence against a toxic role 
for aggregates includes the short-stop HD animal model, where increased inclusion 
formation accompanies decreased neuronal death, and SCA-1 models in which the 
protein is mutated so as not to form aggregates but toxicity is still seen. As the inclusions 
in these polyQ diseases are ubiquitinated, the role of the UPS in their pathogenesis has 
come under scrutiny. While some studies show that the function of the UPS is impaired 
in these disorders, other studies report no loss of function. Any impairment of the UPS 
may relate to difficulty with degradation of expanded or perhaps just aggregated polyQ 
proteins, although the evidence for such difficulty is also conflicting. It has been reported 
that UPS components are sequestered irreversibly into aggregates of polyQ-containing 
huntingtin (Htt) fragments. These Htt fragments were incompletely degraded, and a 
stable interaction between the polyQ-bearing proteins and the proteasome was seen. Such 
a stable interaction with non-degradable, aggregated polyQ proteins might result in 
depletion of proteasomal activity. In support of this suggestion, other studies have 
reported that UPS impairment is seen in the presence of aggregated polyQ-bearing 
proteins, and that this is evident in both the cytoplasmic and the nuclear compartments, 
even when the aggregated protein sequences are targeted to either the nucleus or 
cytoplasm alone. However, this impairment is also seen in cells where there are no 
detectable aggregates or toxicity, suggesting that UPS overload may not be a factor in 
neurotoxicity. Furthermore, an animal model of SCA-7 has shown that while there is 
neuronal damage in susceptible cells, the UPS remains functional in these neurons. Here 
we review the conflicting evidence from previous studies of the UPS in polyQ disorders, 
and discuss both the possible roles of the UPS in the pathogenesis of these diseases and 
the effect of inclusion formation on the UPS. 
 

Keywords: Huntington’s disease, Polyglutamine, Spinocerebellar ataxia, ubiquitin, 
pathogenesis, proteasome, nuclear inclusion. 
 
 

ABBREVIATIONS 
 
AD, Alzheimer’s disease; CBP, CREB-binding protein; DRPLA, dentatorubral-

pallidoluysian atrophy; ER, endoplasmic reticulum; Htt, huntingtin; HD, Huntington’s 
disease; HRPT, hypoxanthine phosphoribosyltransferase; polyQ, polyglutamine; SMBA, 
spinobulbar muscular atrophy; SCA, spinocerebellar ataxia; SCA-1, spinocerebellar ataxia 
type 1; SCA-2, spinocerebellar ataxia type 2; SCA-3, spinocerebellar ataxia type 3; SCA-7, 
spinocerebellar ataxia type 7, VCP, valosin-containing protein. 

 
 

INTRODUCTION 
 
The dominantly inherited polyglutamine diseases include Huntington’s disease (HD), 

spinocerebellar ataxias (SCA's) types -1, 2, 3, 6, 7, and 17, spinobulbar muscular atrophy 
(SMBA) and dentatorubral-pallidoluysian atrophy (DRPLA). The various proteins involved 
in each of these diseases all contain a polyglutamine tract (polyQ) that is expanded beyond a 
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specific threshold, resulting in neuronal cell toxicity [1]. The expanded polyQ tract is the 
only homology shared by these proteins. Despite their ubiquitous expression within (and 
beyond) the CNS, only certain subsets of neurons are affected, with incomplete overlap 
between the diseases. These expanded polyQ proteins tend to misfold and aggregate, giving 
rise to one of the characteristic features of these disorders: intranuclear inclusions (Figure 1). 
These inclusions consist of the full-length expanded polyQ protein, and/or a fragment of the 
mutant protein bearing the polyQ tract. Other proteins associated with these nuclear 
inclusions include components of the ubiquitin-proteasome system (UPS), various 
chaperones, and transcription factors [2, 3]. Although intranuclear inclusions are the 
characteristic feature of these diseases cytoplasmic inclusions have been reported in SMBA 
[4], HD [5], and SCA1 [5]. These cytoplasmic inclusions (aggresomes, see Chapter 12) are 
similar in composition to the nuclear inclusions but do not bind transcription factors, they are 
removed from the cell via autophagy and appear to be less toxic to the cell [5]. Whether these 
inclusions are pathogenic or merely markers of disease is subject to debate, with a number of 
studies supporting each premise. 
 

 

Figure 1. Intranuclear inclusions in a PC12 cell. The nucleus (red) of a PC12 cell (rat 
pheochromocytoma cell line) showing ataxin-1 intranuclear inclusions (green). 

There is only limited information on the mechanisms of pathogenesis of the polyQ 
diseases, but much discussion revolves around whether it is the inclusions that are themselves 
toxic, or whether they are merely markers of protein misaggregation and reflect a protective 
mechanism of the cell trying to rid itself of misfolded proteins via the UPS. The polyQ 
proteins have been shown to have a propensity to misfold and aggregate [7]. This was 
confirmed in a mouse model with an expanded polyQ tract out of context, [inserted into the 
hypoxanthine phosphoribosyltransferase (HRPT) protein], which led to both inclusion 
formation and neurological abnormalities [8]. Further to this, an in vitro study showed 
inclusion formation and cell death following transfection of primary rat neurons with an 
expanded polyQ tract devoid of host proteins [9]. While these findings suggest that the polyQ 
tract is important in the formation of the inclusions, they do not address the question of 
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whether it is the inclusions themselves that are pathogenic. Some studies have noted that 
neurotoxicity can occur without the formation of visible inclusions: for example in SCA-1 
transgenic mice [10], and in a transfected cell model of HD [11]. In both studies it was shown 
that nuclear localization of the mutant protein rather than inclusion formation was critical for 
the development of neurotoxicity. A SCA-7 mouse model also showed dysfunction in 
neurons weeks before inclusions became visible [12], and in SCA-2 patients the most 
vulnerable neurons — Purkinje cells — do not appear to develop inclusions, which supports 
the hypothesis that inclusions may be protective [13]. Moreover, numerous different neurons 
are seen to have inclusions, including both those that are susceptible and those that are non-
susceptible to the disease in SCA-7 [14]. A dissociation between inclusion formation 
(increased) and neurotoxicity (decreased) is also seen in the short-stop mouse model of HD 
[15]. Conversely, and despite the evidence from human SCA-2, there is evidence that 
neurotoxicity does not occur in cells that do not develop nuclear inclusions in a SCA-1 
transgenic mouse model [10] (Figure 2).  
 

 

Figure 2. Possible outcomes of proteolysis of expanded polyQ proteins. Whether proteolysis of 
expanded polyQ proteins is unaffected, enhanced, reduced or the result of novel proteolysis there are 
several possible toxic outcomes for the cell. Proteolysis can lead to the formation of truncated expanded 
polyQ proteins which may have deleterious effects on the cell, including; (A) formation of cationic 
channels in the cell membrane, (B) formation of intranuclear inclusions which recruits components of 
the UPS, (C) resistance to proteolysis by the proteasome, (D) disruption of the nuclear matrix, (E) 
alteration of normal protein binding partner interactions. (Adapted from Tarlac & Storey (2003) [6])  
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It is apparent from these studies that the expanded polyQ proteins tend to form 
aggregates, but it is possible that toxicity precedes or is independent of aggregate formation. 
Needless to say, extensive research efforts to elucidate the mechanism(s) of polyQ disease 
pathogenesis continue. Given that proteins from the UPS and chaperones have been shown to 
interact with these inclusions, it is hardly surprising that the role of the UPS in the pathology 
of these diseases has come under increasing scrutiny over recent years. Much of the resulting 
evidence is contradictory, and consensus on the role of the UPS in these disorders is yet to be 
reached. The following two sections summarize the evidence for (Table 1) and against (Table 
2) UPS involvement in the pathogenesis of the polyQ diseases, respectively. 
 
Table 1. Summary of evidence FOR UPS involvement/impairment in the polyQ diseases 

 
1. UPS components found within inclusions and re-distributed in inclusion-bearing cells 
  - ubiquitin 
  - chaperones (HDJ2/HSDJ, HSP90�, HSP70, HSP90) 
  - proteosome components (26S, 20S, 19S, 11S, LMP2,VCP) 
2. Degradation of polyQ-containing proteins by the UPS is impaired 
  - polyQ cannot be degraded by the UPS, or  
  - polyQ degradation by the UPS is is polyQ tract length dependent , or  
  - poly Q cannot be degraded by the UPS once the polyQ protein has formed 

inclusions 
3. Inhibition of UPS leads to increased polyQ aggregate formation 
4. Mutations in UPS and over-expression of chaperones have an opposite effect on polyQ 

neurotoxicity 
  - loss-of-function mutations in UPS lead to neurological disease  
  - loss-of-function mutations in UPS lead to increased aggregate formation  
  - over expression of chaperones leads to decreased inclusion formation 
  - over-expression of chaperones leads to improved motor function in polyQ animals 
5. UPS is inhibited in cells transfect with polyQ proteins 
6. ER stress is seen cells transfected with polyQ proteins 
7. UPS involvement has been reported in other neurological diseases  
  AD, PD, Prion diseases 

 
 

EVIDENCE FOR THE INVOLVEMENT OF THE  
UPS IN THE POLYQ DUSEASE 

 
Association of Ubiquitin Proteasome System Proteins and Chaperones with 
PolyQ Inclusions 

 
The inclusions seen in the polyQ diseases not only contain the polyQ proteins, but also 

numerous other proteins including those of the UPS, chaperones and transcription factors. 
Ubiquitinated polyQ inclusions have been seen in SCA-1 transgenic mice, ataxin-1 and 
ataxin-3 transfected cells, and affected brain regions of SCA-1 patients [16], SCA-3 patients 
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[17, 18], and HD patients [19], although not all inclusions seen in the brains of HD patients 
were ubiquitinated [20]. Interestingly, while SCA-7 patients have numerous inclusions in 
neurons unaffected by disease, only those inclusions in susceptible cells are ubiquitinated 
[21]. This finding is strengthened by the fact that ataxin-7-containing inclusions in COS cells 
are not ubiquitinated, suggesting that there is some cell specificity to ubiquitination, which 
may be necessary for — or at least a marker of — neurotoxicity. The 26S proteasome is 
comprised of a number of subunits which include the barrel-shaped 20S catalytic core, and 
the 19S and 11S regulatory caps (see Chapters 5, 6 and 7). Various components of the 
proteasome are also reported to be associated with polyQ inclusions, including the 
immunoproteasome subunit (LMP2) (a subunit that is induced in antigen-presenting cells and 
results in generation of peptides that are optimal for MHC-I antigen presentation) in a 
transgenic HD mouse [22], the 20S proteasome subunit in HD [23], and the 26S proteasome 
in SCA-3 [24]. SCA-1 inclusions in human and transgenic mice stain immunopositive for the 
20S proteasome subunit and the heat shock protein, HDJ2/HSDJ, and these findings have 
been confirmed in transfected cell models [25]. Another molecule associated with the polyQ 
proteins and inclusions is VCP [26], a poly-ubiquitin binding protein with a function in the 
UPS (see Chapter 13). VCP has been shown to bind ataxin-3 in a manner dependent on the 
length of the polyQ tract [27, 28]. A loss-of-function in the ter94 gene (a homologue of VCP) 
in a Drosophilia model of polyQ disease led to the suppression of polyQ- mediated 
neurodegeneration, though not inclusion formation, and co-expression of ter94 and polyQ 
protein led to severely enhanced degeneration [29]. Over-expression of ter94 also led to 
degeneration, suggesting a role as a cell death effector molecule.  

While these findings demonstrate that there is interaction between the polyQ proteins and 
those of the UPS, and hint at impaired UPS function as a possible mechanism of 
neurotoxicity, they still do not confirm this suggestion. However, from these initial findings it 
would at least seem reasonable to hypothesise that the UPS has a role to play in the 
development of, or perhaps the defence against, neurotoxicity. Various experiments have 
therefore examined whether there is direct inhibition or overload of the UPS, preventing it 
from carrying out its other cellular functions.  
 

Table 2. Summary of evidence AGAINST UPS involvement/impairment in the  
polyQ diseases 

 
1. UPS components are found within inclusions, BUT 
  This is expected as it is the job of the UPS to remove misfolded proteins 
  inclusions are dynamic and UPS components are not irreversibly bound to 

inclusions 
2. Degradation of polyQ-containing proteins by the UPS is not impaired 
3. Inhibition of UPS leads to increased aggregate formation, BUT 
  This is expected as its the job of the UPS to remove misfolded proteins 
  there is evidence that the aggregates are protective rather than toxic 
4. UPS function is not impaired in the polyQ diseases 
5. UPS components are not re-distributed in polyQ diseases 
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Degradation of PolyQ Proteins by the Ubiquitin Proteasome System 
 
There is disagreement as to the resistance of polyQ tracts to proteasomal degradation. 

There are various contradictory studies that show: polyQ tracts cannot be degraded, they can 
be degraded, they can be degraded but only slowly, and that once they have formed 
inclusions they cannot be degraded. 

 
PolyQ Tracts Cannot be Degraded by the UPS 

Normally, proteins labelled for degradation with ubiquitin enter the 26S proteasome 
where they are digested to give rise to peptides ranging from 2 to 26 residues long. These 
residues are then released from the proteasome and hydrolysed by cytoplasmic and nuclear 
peptidases. Some recent work has suggested that eukaryotic proteasomes cannot digest the 
polyQ sequences within polyQ proteins, even those of non-pathogenic lengths. PolyQ-
bearing proteins entering the 20S proteasome core were only partially degraded. The polyQ 
sequence could not be digested, but was released back into the cell [30]. Interestingly, this 
appears to be an evolutionary phenomenon, as proteasomes from the archaebacteria 
Thermoplasma acidophilum can digest polyQ-bearing proteins, including the polyQ 
sequence. Accumulation of these polyQ proteins, and the continual but unavailing attempts of 
the UPS to degrade them, may lead to a reduction in the cell’s ability to degrade other 
proteins, and thus exert a toxic effect on the cell.  

 
PolyQ Tracts can be Degraded by the UPS 

In contradistinction to the results discussed in the previous section, a number of studies 
have shown that the UPS can degrade the polyQ proteins, but that this degradation is polyQ-
length dependent, such that the longer the polyQ tract the slower is the degradation. Both 
mouse and in vitro models [31] have been used to show that ataxin-1 can be degraded by the 
UPS, with both wild-type and mutant ataxin-1 being polyubiquitinated. However, although 
mutant ataxin-1 is three times more resistant to degradation than the wild-type protein, 
inhibition of the UPS resulted in accelerated aggregate formation, suggesting that UPS-
mediated proteolysis of at least some species of expanded polyQ proteins may be important. 
Others have confirmed that both normal and expanded polyQ-containing proteins are 
degraded by the UPS, with the rate of degradation being inversely proportional to the length 
of the polyQ tract [23]. These findings further suggest that the slow degradation of the 
expanded polyQ proteins and consequent re-distribution of the proteasome may lead to 
decreased availability and function of the UPS components in other parts of the cell. 
Concomitantly, it may be that the synthesis of expanded polyQ proteins is faster than the rate 
of their degradation by the UPS, and that this leads to the accumulation of the polyQ proteins 
in inclusions. Holmberg et al. (2004) [32] have shown that the proteasome is irreversibly 
bound to inclusions in cells that over-express either mutant huntingtin (Htt) or other simple 
expanded polyQ proteins, and that targeting the polyQ proteins for degradation by the 
proteasome led to only incomplete degradation both in vitro and in vivo. (These researchers 
used the N-end rule pathway where a ubiquitin moiety is linked to the N-terminal of a protein 
using a 40 amino-acid linker. The ubiquitin is readily cleaved off by ubiquitin hydrolases, 
leaving an unstable and readily ubiquitinated N-terminus on the protein [33]). 
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PolyQ Proteins are not Degraded by the UPS once they have Formed 
Inclusions 

Contrary to the finding that mutant Htt and simple polyQ proteins could be targeted for 
partial degradation using the N-end rule pathway [32], in an experiment where ataxin-1 
protein containing an expanded polyQ tract was targeted for degradation using an N-end rule 
degradation signal, soluble polyQ proteins were degraded by proteasomes, but once in 
aggregates they resisted degradation. Introduction of the degradation signal into mutant 
ataxin-1 not only reduced inclusion formation but decreased cellular toxicity [34], showing 
that increasing the efficiency of expanded polyQ protein degradation by the UPS is 
protective, and suggesting that decreased UPS activity may increase neurotoxicity. 

 
 

Effects of Inhibiting Proteosomal Function on PolyQ Protein Aggregation 
 
Inhibition of the proteasome with lactacystin in a transfected SCA-3 cell model has been 

shown to lead to an increase in aggregate formation which is dependent on the length of the 
polyQ repeat, suggesting that the proteasome plays a role in suppressing aggregate formation 
[24]. Although the proteasome was inhibited, its 20S catalytic core subunit was seen to 
associate with the aggregates [24]. In keeping with this, lactacystin inhibition of proteosomal 
degradation in ataxin-1 transfected cells leads to increased aggregate formation [31]. These 
researchers also showed that in a SCA-1 mouse model lacking the ubiquitin ligase E6-AP 
there was a reduction in the number of inclusions formed in Purkinje cells and that these 
animals had otherwise severe SCA-1 pathology, suggesting that nuclear inclusions are not 
necessary for neurotoxicity but that impaired degradation by the UPS may contribute to SCA-
1 pathology. Moreover, addition of either of two different proteasome inhibitors (ALLN or 
lactacystin) dramatically increased the rate of aggregate formation by moderately expanded 
Htt (Q60), but had little influence on that of grossly expanded Htt (Q150) in a cellular model 
of HD [23]. 

 
 

Opposite Effects of Proteosomal Loss-of-Function Mutations and  
Over-Expression of chaperones 

 
Loss of Function Mutations Affecting the UPS 

Evidence for impairment of the UPS in the polyQ diseases also comes from observations 
in experiments in which the function of the UPS is disrupted by mutation of specific genes. 
Loss-of-function mutation in genes coding for various components of the UPS leads to 
neurodegenerative diseases in humans [Parkinson’s disease (PD)] [35], rodents [36, 37] and 
Drosophila [38]. Loss-of-function mutations in cell and mouse models of SCA-1 result in 
enhanced cytotoxicity of the protein [31], as do mutations in the UPS in a Drosophila SBMA 
model [39]. Supporting information for the importance of the UPS in preventing toxicity 
comes from the report that an aberrant form of ubiquitin (resulting from a dinucleotide 
deletion) that inhibits the proteasome, has been found in inclusions of HD and SCA-3 
patients. When this form of ubiquitin was co-transfected into cells with polyQ proteins there 
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was an increase in inclusion formation and cytotoxicity [40]. However, in contrast, in a recent 
study a SCA-1 mouse model was crossed with a mouse model in which a mutant form of 
ubiquitin, which interferes with ubiquitin chain assembly, is expressed. No exacerbation of 
SCA-1 pathology was observed in the double transgenic animals, and a protective effect with 
regards to Purkinje cell neurotoxicity was reported, suggesting that inhibiting proteolysis of 
the ataxin-1 protein was protective to the cells [41]. 

 
Over-Expression of Chaperones 

Conversely, reduction of polyQ protein misfolding should lead to a decrease in 
aggregation, and therefore perhaps in neurotoxicity. On co-expression of an expanded polyQ 
tract-bearing androgen receptor (the mutant protein resulting in SMBA) with the chaperone 
HDJ2/HSDJ, there was significant repression of inclusion formation [42]. Over-expression of 
the chaperone DnaJ (Hsp40 family) has also been shown to promote recognition of misfolded 
ataxin-1 and suppress inclusion formation [25]. Furthermore, over-expression of Hsp70 in a 
SCA-1 mouse model not only suppressed neuropathology but also improved the motor 
function in the animals [43]. 

Collectively, these studies suggest that aggregate formation and neurotoxicity may result 
from decreased or insufficient levels of function of UPS components, and that increased 
chaperone activity, by reducing aggregation, reduces toxicity. 

 
 

Depletion and Redistribution of Ubiquitin Proteasome System Proteins and 
Chaperones 

 
A number of studies have investigated whether the 26S proteasome complex, its 

subunits, or chaperones associated with the UPS are depleted or re-distributed within the cell 
in the polyQ disorders. 

 
11S and 19S Proteasome Subunits Show a Different Distribution Pattern to 
the 20S Core Subunit 

Various studies have described different distribution patterns of proteasomal subunits in 
cells containing inclusions. While most of the intranuclear inclusions in pontine nuclei 
examined in SCA-3 patients were immunopositive for the 11S and 19S proteasomal protein 
cap subunits, only a few were immunopositive for the 20S core proteasome subunit [44]. 
Furthermore, inclusions in a cell model of SMBA were seen to associate with the 19S 
proteasome cap but not the 20S core proteasome subunit [32]. On comparing the distribution 
of a 20S subunit in pontine nuclei in SCA-3 brains with control samples it was noted that this 
20S subunit was predominantly cytoplasmic in the SCA-3 brains and predominantly nuclear 
in the control brains. Where there was nuclear staining for the 20S subunit in the SCA-3 
brains, this was seen in the nuclear inclusions [44] and the levels of some of the subunits that 
make up the 20S core were markedly increased in the cytoplasm of SCA-3 pontine nuclei 
compare to controls, suggesting that there is either a re-distribution or an up-regulation of a 
20S core subunit in SCA-3. 
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20S, 11S, and 19S Proteasome Subunits are Found together in Inclusions, 
Possibly Resulting in Functional Proteasomal Impairment 

Other studies, however, have demonstrated that the 20S, 11S and 19S subcomplexes all 
associate with the inclusions and do not have different distribution patterns. A study of the 
intranuclear inclusions in human SCA-3 brain samples revealed that all the inclusions were 
positive for ubiquitin and a subset were positive for subunits of the 20S core, 19S cap, and 
11S activator of the 26S proteasome, suggesting that the inclusions are heterogeneous at the 
molecular level [24]. These findings were also reflected in several transfected cell models, 
with the subunits of both the 20S core and 19S cap are seen to localise with the nuclear 
inclusions. Gel electrophoresis of these inclusions showed that the proteasomes could be 
separated from the polyQ proteins; thus the proteasome does not appear to be irreversibly 
bound to the inclusions [24] (see below). 

When truncated N-terminal Htt, containing different polyQ lengths, was expressed in cell 
and animal models the subunits of the 20S proteasome core and 19S cap were redistributed to 
aggregates [23]. This, along with the slower degradation of truncated N-terminal Htt with 
longer length polyQ tracts, decreased the proteasomes’ ability to degrade other proteins such 
as p53, which led to a disruption in the membrane potential of mitochondria and release of 
cytochrome c into the cytosol with activation of caspase-9 and caspase-3-like proteases [23]. 

 
Impairment of UPS Function by Aggregating Proteins 

Further evidence for impairment of UPS function by aggregated proteins in the polyQ 
diseases comes from Bence et al. (2005) [45]. Using a degron-GFP reporter (i.e. a GFP 
protein with a degron label, which targets the protein for degradation by the UPS), these 
researchers showed that the UPS was almost completely inhibited in cells expressing two 
unrelated aggregating proteins, Htt and cystic fibrosis transmembrane conductance regulator 
protein. Another study looking at cells expressing ataxin-1 or Htt showed that there was 
global (cysosolic and nuclear) impairment of the UPS, even when the production of the 
inclusions was targeted specifically to either the cytosol or the nucleus [46]. This study 
therefore demonstrated that there was impairment of the UPS in cellular compartments that 
lack detectable inclusions. 

 
Depletion and Re-Distribution of the Chaperones in the PolyQ Diseases 

Immunostaining of intranuclear inclusions in SCA-3 patients showed that certain 
inclusions (about 20%) were immunoreactive for the chaperone Hsp90α (an isoform of 
Hsp90), fewer were immunoreactive for the chaperone HDJ-2 (a member of the Hsp40 
family), and that most of the inclusions were ubiquitin positive. While the inclusions did not 
stain for Hsp27, Hsp60, Hsp70, or Hsc70, these chaperones were shown to be present in the 
cytoplasm of cells in control tissues, showing that they are present in the cells but are not 
recruited to the inclusions. Aside from the intense labelling of some of the intranuclear 
inclusions there was no obvious redistribution of the Hsp on comparison to control tissues 
[44]. In a cell model of SMBA, cells transfected with the androgen receptor bearing an 
expanded polyQ tract were seen to form inclusions that were immunoreactive for Hsp90 and 
HDJ-2/HSDJ but unlike the SCA-3 model the inclusions were also positive for Hsp70. The 
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Hsp70 staining appeared to be increased, suggesting induction of the heat shock response 
[32]. 

 
 

The Role of Endoplasmic Reticulum Stress 
 
Endoplasmic reticulum (ER) stress occurs when initial mediators—ER-resident type I 

transmembrane serine/threonine protein kinases (PERK and IRE1)—are autophosphorylated, 
leading to cytoplasmic signal transduction, and ultimately activation of the apoptotic pathway 
(see Chapter 13 for more information). ER stress has been implicated as another possible 
pathogenic pathway in the polyQ diseases. It has been proposed that the polyQ proteins 
interfere with the UPS, and that this in turn induces ER stress. This hypothesis is supported 
by a rat phaeochromocytoma (PC12) cell model of SCA-3, in which ER stress was seen in 
transfected cells expressing the mutant protein. As ER stress is induced by accumulation of 
unfolded protein in the ER, it seemed unlikely that the stress was as a direct effect of the 
polyQ protein, and other factors were therefore investigated. Expression of the mutant ataxin-
3 protein in mouse primary neurons led to a significant inhibition of proteasome activity. 
Linking these two findings are the observations that inhibition of proteasomal function in 
primary neurons leads to ER stress [47]. These findings suggest that poly-Q mediated 
depletion of the UPS led to deficient ER-associated degradation (ERAD), with accumulation 
of misfolded proteins within the ER and therefore ER stress [47].  

 
 

Evidence for UPS Involvement in other Neurodegenerative Diseases 
Characterised by Protein Aggregation 

 
It should be noted that it is not only the polyQ diseases in which impairment of the UPS 

has been implicated in pathogenesis. Other neurodegenerative disorders, such as Alzheimer’s 
disease (AD), prion diseases and PD have also been shown to involve the UPS (see Chapters 
22 and 27). Human brain sections from prion disease and AD patients were shown to have 
stronger staining for ubiquitin, a proteasomal subunit and Hsp72 in those brain regions areas 
not affected by these diseases, and weaker staining in those areas that tend to be affected 
[48], with the nuclei being strongly positive for proteasomal subunits: 20S, S4, S6, and S7, 
and ubiquitin. Other studies have also noted the presence of ubiquitin in the various types of 
intracellular inclusions seen in these diseases, with 20S and S6b proteasome subunits and 
Hsp70 all being found in neurofibrillary tangles in AD and in Lewy bodies in dementia with 
Lewy bodies [49, 50, 51, 52].  

In another study, Ardley et al. (2003) [53] have shown that inhibition of proteasomal 
function results in accumulation of parkin (the protein mutated in the commonest form of 
recessively-inherited PD), with formation of non-toxic cytoplasmic inclusions. This inclusion 
formation was not reversed by subsequent removal of the proteasome inhibitor. This would 
suggest that the UPS is unable to degrade inclusions once they are formed, but can prevent 
formation occurring.  
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These findings, along with the fact that other neurodegenerative disorders such as prion 
diseases, AD and PD appear to show impairment of the UPS [48], would seem to suggest that 
the UPS has a role to play in the pathogenesis of a number of neurodegenerative diseases 
characterised by protein misfolding/aggregation.  

 
 

EVIDENCE AGAINST THE INVOLVEMENT OF THE  
UBIQUITIN-PROTEASOME SYSTEM IN THE POLYQ DISEASES 

 
Given that it is the role of chaperones to ensure the proper folding of proteins, and the 

UPS to remove misfolded proteins from the cell, it is hardly surprising that components of 
this system have been found to be associated with inclusions composed of misfolded proteins. 
Is it therefore possible that the UPS does not actually play a part in the pathogenesis of these 
diseases, but rather that it forms part of an ultimately inadequate cellular response to protein 
misfolding and aggregation.  

 
 

PolyQ Protein Inclusions are Dynamic Structures, not Necessarily 
Irreversibly Binding their Associated Proteins  

 
There have been several studies looking at the nature of the intranuclear inclusions seen 

in the polyQ diseases. These have led to the discovery that the inclusions are not all alike, 
and that they are dynamic rather than static structures. A study looking at ataxin-1 inclusions 
noted that there were two different types of inclusions; fast and slow exchanging. Ataxin-1 
was seen to move readily between the inclusion and the nucleoplasmic pool in the fast-
exchanging inclusions, whereas in the slow exchanging inclusions it did not [54]. Inclusions 
containing relatively high levels of ubiquitin and low levels of proteasomal components also 
contained both fast and slow exchanging ataxin-1. However, those inclusions with low levels 
of ubiquitin and high levels of proteasomal components contained mainly fast exchanging 
ataxin-1, implying that the proteasomal components are not irreversibly trapped in inclusions, 
but that there is a dynamic exchange with the surrounding environment. This concept of 
proteins moving in and out of inclusions is also supported by the fact that Hsp70 is only 
transiently bound to Htt, in a dynamic interaction [55, 56]. However, this might not be the 
case for all the proteins associated with the polyQ inclusions. Some proteins appear to 
become trapped irreversibly in the inclusions, while others have a dynamic relationship with 
them, and this may vary between the different polyQ proteins. For example, the CREB-
binding protein (CBP) has been shown to be immobile when associated with Htt and ataxin-3 
inclusions, but is mobile in relation to ataxin-1 inclusions [57].  
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PolyQ Proteins can be Degraded by the Ubiquitin Proteasome System 
 
As previously discussed (section ‘Degradation of polyQ proteins by the ubiquitin 

proteasome system’) the ability of the UPS to degrade polyQ-bearing proteins has been 
investigated, with conflicting results. Various studies have noted that the UPS cannot, or can 
only slowly, degrade polyQ proteins, or that once in inclusions these proteins become more 
resistant to degradation. Here we will look at the evidence showing that the UPS can readily 
degrade the polyQ proteins.  

In an in vitro model of HD, cells expressing mutant Htt labelled for degradation through 
the N-rule pathway showed that the half-life of the protein depended on both the degradation 
signal and the length of the polyQ tract [58]. Mutant (expanded) Htt with a shorter half life, 
as a result of N-rule labelling, showed delayed formation of aggregates, but appeared to be 
more toxic to the cells, suggesting that the proteins may be readily degraded by the 
proteasome regardless of polyQ tract length, that UPS function is not impaired, and that the 
inclusions are protective, or at least inert. Furthermore, evidence for polyQ degradation by 
the UPS comes from Michalik et al. (2003) [59] who used a cell model transfected with 
polyQ proteins of lengths Q103 or Q25 and found that both were degraded efficiently and 
completely. Contrary to the evidence discussed in section ‘PolyQ tracts cannot be degraded 
by the UPS’ and section ‘PolyQ proteins are not degraded by the UPS once they have formed 
inclusions’, soluble polyQ proteins do appear to be degraded by proteasomes, but once the 
polyQ proteins form aggregates they tend to resist degradation, as shown with ataxin-1 [34] 
and Htt [58]. This, too, has been challenged, however: two studies using conditional 
transgenic mouse models of HD and SCA-1 have noted that if the gene encoding the mutant 
polyQ protein is silenced after inclusion formation has occurred, there is a reversal of 
pathology and clearance of inclusions from the affected cells [60, 61]. Of course this 
clearance may have been achieved by mechanisms other than UPS degradation, such as 
dynamic exchange with a progressively depleted soluble pool of polyQ protein. There is 
evidence that autophagy plays a part in removal of cytoplasmic inclusions in HD and SCA1 
[5], and SMBA [4], and that lysosomes and autophagic bodies proliferate in HD and AD [62, 
63]. However, the predominantly nuclear inclusions that are seen in the polyQ diseases are 
not able to be removed by autophagy. 

 
 

There is no Impairment of the Ubiquitin Proteasome System or 
Redistribution of its Components in some Models of PolyQ Diseases 

 
Using a SCA-7 knock-in mouse model with a fluorescent ubiquitin reporter, Bowman et 

al. (2005) [14] showed that early on in the disease there was neuronal dysfunction without 
any impairment of the UPS, and that in the later stages of the disease there was an increase in 
both ubiquitin mRNA and protein levels. An in vitro assay confirmed that proteasomal 
activity in the vulnerable neurons remained normal. These researchers also confirmed the 
findings from human cases that intranuclear inclusions were found in all cells, not just those 
vulnerable in SCA-7, thus showing that even if UPS components are sequestered into 
inclusions, this by itself is unlikely to determine cytotoxicity. Despite the findings of Schmidt 
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et al. (2002) [44] (see section ‘Depletion and Redistribution of ubiquitin proteasome system 
proteins and chaperones’) it has also been reported that there is no depletion of UPS 
components in the cytosol or nucleus of cells transfected with polyQ proteins targeted to 
either of these compartments [46]. There may, however, be depletion of other proteins via 
sequestration into the inclusions, as shown in a range of neurodegenerative diseases [64, 65], 
and this in turn may affect other processes in the cell.  

Studies on HD transgenic and age-matched control mice showed that there is no 
difference in proteasome activity, but that there is an age-dependant decrease in proteasome 
activity that could explain the formation of inclusions later on in life [66]. This is further 
supported by the observations that components of the UPS are suppressed at the level of 
transcription in aged brains [67], and there is an age-related decrease in proteasome activity 
seen in rat brains [68]. An in vivo study measuring enzymatic activity in HD mouse brains 
did not detect inhibition of any of the ubiquitin-proteasomal enzymes, suggesting that if 
impairment does occur it is not at the level of the catalytic core; in fact two of the enzymes 
showed increased activity in brain areas affected in HD [18]. Western blot analysis showed 
no real difference in proteasomal content, although there was an increase in some of the 
immunoproteasome subunits (LMP2 and LMP7), both of which were found in the neurons of 
control mice but at a much lower level compared to those levels seen in the HD mice. Some 
of the aggregates in the HD mice were also positive for LMP2 [22]. 

 
 

CONCLUSION, METHODOLOGICAL PROBLEMS PARTICULARLY 

AFFECTING CONTEMPORARY STUDIES, AND FUTURE 

DIRECTIONS 
 
Numerous studies have shown that the proteins of the UPS and chaperones are associated 

with the inclusions seen in the polyQ diseases, and indeed with protein aggregates in other 
neurodegenerative disorders. Both the role of the inclusions, and of the UPS in the 
pathogenesis of these diseases, are still unclear, however. The critical question that remains 
to be answered is whether the association between the UPS and polyQ-containing proteins is 
merely an appropriate, albeit ultimately ineffectual, response to such aggregation, or whether 
the association itself contributes to neurotoxicity, perhaps by interference with normal UPS 
function. Considerable evidence can be marshalled to support either view, as summarised in 
sections ‘Evidence for the involvement of the ubiquitin-proteasome system in the polyQ 
diseases’ and ‘Evidence against the involvement of the ubiquitin-proteasome system in the 
polyQ diseases’, respectively. There are studies showing that the inclusions irreversibly bind 
the UPS components and impair their functions and/or redistribute them within the various 
cellular compartments. Some have shown that the polyQ proteins cannot be degraded by the 
ubiquitin proteasome pathway and that inhibition of the UPS as a result of attempted 
degradation leads to increased aggregate formation and cellular toxicity. For each of these 
findings there are other, contradictory studies: inclusions have been shown to be dynamic, 
allowing movement of UPS and other proteins in and out of the inclusions; some have failed 
to demonstrate any impairment or redistribution of UPS proteins; and there is evidence that 
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the polyQ proteins can be degraded by the ubiquitin proteasome system, perhaps even once 
they have formed aggregates. 

One point that has to be considered when assessing at these studies is that many of the 
animal models utilize extremely long polyQ tracts, very rarely encountered in human disease, 
and/or promoters that lead to higher than normal expression levels of the polyQ-containing 
proteins. Whilst these manipulations enable a disease phenotype, and possibly inclusions, to 
develop during the lifespan of a mouse, these models are not truly reflective of the (typically 
adult-onset) polyQ diseases in humans. For example, extremely long polyQ tracts are very 
rare except perhaps in SCA-7, and in this disorder they result in an infantile and lethal form 
of the disease that is multi-systemic, not just neuronal [69]. It may be that UPS involvement 
in these animal models occurs because of the increased length of polyQ and/or due to the 
higher than endogenous expression levels of the protein - the UPS being swamped as it tries 
to rid the cell of the misfolded, aggregated proteins.  

Another consideration is that many of the in vivo studies look at the brain as a whole, 
rather than just the affected cells. In studies suggesting that there is no UPS involvement in 
polyQ disease, it may be that involvement of the UPS in the small subset of neurons that is 
susceptible in a given disorder is masked by the lack of change in other neurons and in glia. 
This problem has been specifically addressed in a recent study in which a SCA-7 mouse 
model was used to show that there was no impairment of the UPS. The study looked 
specifically at the vulnerable neurons and not just at the brain as a whole to determine 
whether there was specific UPS impairment [14].  

Certainly more studies need to be carried out to investigate what role, if any, the UPS has 
to play in cytotoxicity. The fact that there seems to be a difference in the dynamics of the 
inclusions and composition of associated proteins in different polyQ diseases might suggest 
that there are different mechanisms involved in each, and that the role/involvement of the 
UPS could be different in each disease. In addition, the age of onset and the length of the 
polyQ tract could determine the relative importance of that role.  

A number of studies have noted that the UPS appears to be affected in old age, with 
reported decreased levels of 26S proteasome activity with increasing age [70] (see Chapter 
22). There is suppression of the UPS at the transcription levels in aged brains [67], and age-
dependant decreased proteasome activity in rodent brains [66, 68]. The chaperone system has 
also been reported to deteriorate with age [71]. There also appears to be an accumulation of 
ubiquitinated polyQ proteins in inclusions over time, which might suggest an age-related 
failure of the UPS [72]. This would appear to provide a possible explanation for the age-
related nature of these disorders, with onset of these diseases typically being seen at around 
30-50 years old, followed by steady degeneration thereafter.  
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ABSTRACT 
 

Prion diseases are a group of neurodegenerative diseases that affect humans and 
animals. They are distinct from other neurodegenerative disorders in that they can be 
infectious as well as familial or sporadic. Prion diseases are characterized by long 
incubation periods prior to onset of symptoms, and the pathology is limited to the central 
nervous system consisting mainly of vacuolation in neuronal cell bodies, neuronal cell 
death, deposition of protein aggregates, and astrocytosis. Prion diseases were originally 
classified as slow viral infections; however, there is mounting evidence to support the 
claim that the infectious unit is a protein. A small endogenous protein, the prion protein 
(PrPC; c: cellular), is a key factor in these diseases. The expression of PrPC is highest in 
neurons and its precise physiological role is not clear. It is processed through the 
secretory system to the plasma membrane where it is predominantly an extracellular 
glycosyl-phosphatidyl-inositol anchored protein that contains one disulfide bond and it is 
di-glycosylated. The protein aggregates detected in diseased individuals contain a 
structurally altered protease resistant form of PrPC, called PrPSc (Sc: scrapie). PrPSc is 
though to be the major part of the infectious unit. The neurotoxic mechanisms behind 
neuronal death in prion diseases are not clear. Loss of functional PrPC and/or PrPSc 
toxicity have been suggested; however, PrPC knockout mice are apparently normal, 
suggesting that loss of PrPC is not the major cause, and toxic effects of PrPSc are limited 
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to PrPC expressing tissue. Therefore, alternate pathways of neurotoxicity have been 
proposed, e.g., transmembrane forms of PrPC, and an interplay between the ubiquitin-
proteasome system (UPS) and cytosolic PrPC or cytosolic PrPSc. As with other 
neurodegenerative diseases the UPS has been linked with prion diseases. There are, for 
example, reports of ubiquitinated PrPSc, increased polyubiquitin expression, and impaired 
proteasome activity in prion disease and disease models. The majority of PrPC is 
topologically located in the secretory system and the extracellular space. However, there 
are reports describing a small subset of PrPC in the cytosol, cytosolic PrPC, where it is 
subject to efficient ubiquitin-proteasome degradation. This subset of PrPC can either arise 
from inefficient translocation into the endoplasmic reticulum (ER) or retrotranslocation 
from the ER via the ER-associated-degradation (ERAD) pathway. Cytosolic PrPC has a 
tendency to aggregate if proteasome activity is inhibited. Initial reports of toxic effects of 
cytosolic PrPC on cells prompted speculation whether impairment of cytosolic PrPC 
degradation by the UPS due to, e.g., PrPC mutations or perturbed ubiquitin-proteasome 
activity, with a resulting rise in cytosolic PrPC concentration, could explain some of the 
neurotoxicity in prion diseases. However, the effects of cytosolic PrPC between studies 
are in conflict, with some studies reporting toxic effects and others reporting 
neuroprotective effects. A recent study of the effect of mild proteasome inhibition on 
viability in scrapie cell-culture models has shown that cytosolic aggresome formation of 
PrPSc, rather than PrPC, caused apoptosis, suggesting that accumulation of cytosolic PrPSc 
due to impairment of the UPS could be an important factor in the neurotoxic mechanisms 
at work in prion diseases. 
 

Keywords: PrPC proteins, PrPSc proteins, Prion diseases, Protein transport, Post 
translational protein processing. 
 
 

ABBREVIATIONS 
 
aa, amino acid; Bax, Bcl-2 associated X protein; Bcl-2, B-cell leukemia/lymphoma 2; 

BSE, bovine spongiform encephalopathy; CMW, cytomegalovirus; CNS, central nervous 
system; CJD, Creutzfeldt-Jakob disease; CtmPrP, transmembrane PrPC with the C-terminus 
in the extracellular space; ER, endoplasmic reticulum; ERAD, endoplasmic reticulum 
associated degradation; GPI, glycosyl phosphatidyl inositol; Grb2, Growth factor receptor 
bound protein 2; GSS, Gerstmann-Straussler-Scheinker disease; Hsc, heat-shock cognates; 
Hsp, heat-shock proteins; NRAGE, neurotrophin receptor interacting MAGE homolog; PK, 
protein kinase; Prnp, prion protein gene; PrPC, normal cellular form of the prion protein; 
PrPSc, disease associated form of the prion protein; UPS, ubiquitin-proteasome system.  

 
 

INTRODUCTION 
 

Prion Diseases 
 
Prion diseases, also known as transmissible spongiform encephalopathies, are a group of 

fatal neurodegenerative disorders that affect humans and animals. They are unique among 
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neurodegenerative disorders in that they are infectious as well as sporadic and hereditary. The 
human forms of prion diseases are categorized as sporadic [sporadic Creutzfeldt-Jakob 
disease (sCJD)], familial [familial CJD (fCJD), Gerstmann-Straussler-Scheinker disease 
(GSS), and fatal familial insomnia (FFI)], or acquired/iatrogenic [Kuru, iatrogenic CJD 
(iCJD), and variant CJD (vCJD)]. The familial forms represent 10-15% of human prion 
diseases, whereas sporadic CJD is the most common form and represents about 85% of all 
diagnosed CJD cases with an average incidence of 1 per million per annum [1]. 

The most prominent prion diseases in animals are scrapie in sheep and goats, bovine 
spongiform encephalopathy (BSE) in cattle, chronic wasting disease in deer and elk, and 
transmissible mink encephalopathy. In animals, there is no conclusive evidence of genetic, or 
sporadic, prion diseases; the animal diseases are therefore acquired by infection. However, 
due to the existence of sporadic/hereditary forms of disease in humans, the same phenomena 
in animals cannot be excluded. 

Prion diseases are characterized by long incubation periods prior to the onset of clinical 
illness ending fatally. The phenotype in humans consists of various neurological symptoms. 
The symptoms of sporadic CJD are, e.g., rapidly progressive dementia, 
pyramidal/extrapyramidal signs with myoclonus, and triphasic electroencephalogram 
discharges [1]. The underlying pathology is restricted to the central nervous system (CNS) 
and consists of: vacuolation of the neuropil within neuronal cell bodies and neurites, neuronal 
cell death, deposition of protein aggregates, and activation of astrocytes (astrocytosis) and 
microglia. The pathological changes result in characteristic spongiform changes due to 
vacuolar degeneration of grey matter in the CNS, hence the term spongiform. 

The infectious agent of prion diseases differs from other pathogens. The agent is resistant 
to treatment that abolishes the infectivity of many conventional agents such as treatment with 
heat or formalin (reviewed by Prusiner [2]). In addition, the agent is resistant to ionizing 
radiation and UV-radiation [3]. Several hypotheses about the nature of the prion disease 
agent have been proposed (reviewed by Prusiner [2]). The prevalent view, introduced in 1982 
by Dr. Stanley Prusiner and his colleagues at the University of California, San Francisco, is 
that the infectious agent is a proteinaceous particle devoid of nucleic acids [2]. 

 
 

The Prion Protein 
 
The protein aggregates detected in prion diseases contain a modified form of an 

endogenous protein called the prion protein. This modified form of the prion protein was 
originally identified and characterized from infectious brain fractions of hamsters 
experimentally infected with scrapie by Prusiner and colleagues [4]. They coined the term 
‘prion’, which is an abbreviation for proteinaceous infectious particle. To distinguish the 
endogenous, normal, form of the prion protein it is called PrPC (C: cell), whereas the 
modified, disease associated form, is called PrPSc (Sc: scrapie). The difference between these 
two forms of the prion protein lies in a post-translational change in structure from the 
predominantly alpha-helical form of PrPC to PrPSc which is mainly β-sheet [5]. In addition, 
the N-terminus of PrPSc, up to amino acid (aa) ~90, has been cleaved off. It is possible to 
distinguish between these two forms of the prion protein due to their different biochemical 
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characteristics; PrPC is detergent soluble and protease sensitive, whereas PrPSc is detergent 
insoluble and protease resistant to a degree. 

PrPC is a small protein (253 aa in humans) encoded by the prion protein gene, PRNP. The 
prion protein gene in mammals consists of two to three exons. For example, in humans and 
hamsters it has two exons, whereas in sheep, cattle, mice, and rats, Prnp has three exons. In 
both cases the open reading frame is completely contained within the latter/last exon and 
encodes PrPC. The crucial role of this protein in prion diseases was made clear when it was 
demonstrated that Prnp0/0 knockout mice are ‘immune’ to infection with prion disease 
(scrapie) [6]. 

The primary PrPC expressing cell type in the CNS is the neuron; Prnp expression and 
protein are detected in glial cells, they are, however, in relatively low quantities compared to 
neurons [7]. In the periphery Prnp expression is detected in a wide range of cell types; the 
expression levels, however, are lower than in the CNS [8,9]. 

PrPC is targeted for translocation into the endoplasmic reticulum (ER) by an NH2-
terminal (N-terminal) signal peptide. In the ER a COOH-terminal (C-terminal) signal 
sequence facilitates glycosyl-phosphatidyl-inositol (GPI)-anchor membrane attachment [10]. 
Structural studies of recombinant PrPC show that the protein has a structured C-terminal part 
(aa 125-231) consisting of three alpha-helices and two anti-parallel β-sheets [11,12]. In 
contrast, the N-terminal region (aa 23-124) is flexible [13]. A characteristic feature of the N-
terminus are repeats (5 in humans) consisting of 8-9 amino acids, notably histidine 
(P(Q/H)GGG(G/-)WGQ). 

After translocation into the endoplasmic reticulum, PrPC is processed through the 
secretory system during which it is glycosylated at two Asn-glycosylation sites and a single 
disulfide bond is formed. Fully processed, GPI anchored, PrPC on the plasma membrane is 
mainly located in detergent resistant microdomains, or ‘rafts’ (Figure 1) [14]. There are 
reports that indicate that in neurons, PrPC is located at the neuronal synapse [15]. PrPC cycles 
between the plasma membrane and endosomes [16]. As is the case for other GPI-anchored 
proteins, PrPC endocytosis by caveolae has been reported; however, there are also reports of 
endocytosis by clathrin-coated pits for chicken PrPC [17,18]. Like other membrane proteins 
the ultimate fate of PrPC seems to be degradation in the endo-lysosome system. Overall, the 
estimated time for PrPC synthesis is less than 2 hours, and its half-life has been estimated at 
4.5-5 hours [19]. 

Despite its small size, the translocation of PrPC can yield several topological forms. In 
addition to the predominant GPI-anchored PrPC form, transmembrane forms have been 
detected [20]. In the transmembrane forms a conserved hydrophobic region of PrPC (aa ~110-
135 in human PrPC) serves as a transmembrane region spanning the lipid bilayer. Two 
topological orientations have been described, termed NtmPrP (C-terminus in the cytosol) and 
CtmPrP (N-terminus in the cytosol). 

The precise physiological function of PrPC is not clear. There are several theories. For 
example, PrPC can bind Cu2+ via histidines in the N-terminal repeats [21]. This binding 
affects endocytosis [22] and a Cu2+ receptor function of PrPC has been proposed. It has also 
been suggested that PrPC may modulate Cu/Zn superoxide dismutase activity [23]. Reports of 
impaired synaptic inhibition in neurons from Prnp0/0 mice [25] suggest that PrPC may have a 
function in neuronal synapses. However, because other reports have not detected synaptic 
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abnormalities in Prnp0/0 mice [26,27], the functional importance of PrPC at neuronal synapses 
is still unclear. An anti-apoptotic role of PrPC has been suggested based on observations that 
PrPC expression protects human primary neurons against Bax-mediated apoptosis [28], and 
that expression of either PrPC or Bcl-2 rescues Prnp knockout neurons from apoptosis 
induced by serum deprivation [29]. In addition, a signalling role has been proposed, for 
example by interaction with caveolin-1 and stress-inducible-protein-1 resulting in Fyn 
activation and signalling via the cAMP/protein kinase (PKA) pathway, respectively [30,31]. 
 

 

Figure 1. A schematic overview of the cellular processing of PrPC and PrPSc. This figure is a simplified 
schematic overview of various PrPC processing pathways within the cell which are addressed in the 
text. It shows the processing of normal GPI-anchored PrPC through the secretory system and its 
localization in rafts on the cell surface. From the surface, PrPC is internalized by endocytosis and some 
of it is recycled to the membrane. The interaction of PrPC and PrPSc during infection is shown on the 
cell surface as well as during endocytosis. The figure shows retrotranslocation of the mutant PrPC forms 
PrP145, PrP160, and PrP217, from the endoplasmic reticulum (ER) for proteasome degradation. In light of 
the debate described in the text a question mark is set on the retrotranslocation of non-mutant PrPC from 
the ER. The generation of a cytosolic subset of PrPC by inefficient translocation into the ER is depicted. 
The consequences of an impaired ubiquitin-proteasome system, i.e., the accumulation of PrP forms in 
the cytosol with subsequent aggregation or alternative locations are shown. Finally, the location of 
transmembrane PrPC species in the ER and Golgi is indicated. 
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Studies on scrapie infected cell cultures indicate that the PrPC → PrPSc transformation 
occurs on the cell membrane and/or after endocytosis in the endo-lysosome system [32,33]. 
Other locations of PrPSc formation have also been suggested such as the endoplasmic 
reticulum [34] and the cytosol [35]. The mechanism of transformation is not precisely 
defined. Reports suggest that the transformation requires an interaction between PrPC and 
PrPSc, e.g., antibodies specific for certain PrPC epitopes inhibit prion propagation, perhaps by 
impairing PrPC -PrPSc interaction [36,37]. Alternatively, the antibodies may interfere with 
interactions with other factors required for the transformation. Genetic studies suggest that a 
hitherto unidentified protein co-factor, called protein-X, is involved in the conversion [38]. 
During infection, PrPC-PrPSc interactions result in a structural transition of endogenous host 
PrPC into the PrPSc form in a process which imparts the biochemical characteristics of PrPSc 
on to the host PrPC [39]. 

 
 

THE ASSOCIATION OF THE UBIQUITIN-PROTEASOME SYSTEM 

AND PRION DISEASES 
 
As the overview of PrPC processing above details, PrPC is predominantly topologically 

located in the secretory system or in the extracellular space from which it is internalized by 
endocytosis and degraded in the endo-lysosome system. Therefore, it would seem that the 
cytosolic ubiquitin-proteasome system (UPS) is not significantly involved in the processing 
of PrPC. Indeed, in comparison to other neurodegenerative diseases, such as Parkinson’s 
disease, there is a relative paucity of data on the association of the UPS and prion diseases. 
However, there is some evidence that indicates the involvement of the UPS, to some degree, 
in prion diseases and in the processing of PrPC and PrPSc. First of all, there are several reports 
of increased ubiquitin reactivity in diseased tissue (discussed below). Second of all, there are 
reports that a cytosolic subset of PrPC and/or PrPSc are substrates of the UPS and that 
impairment of the proteasome resulting in an increased concentration of cytosolic PrP species 
affects the viability of certain neuronal cell types (discussed below). These observations have 
added yet another possible mechanism of neurotoxicity in prion diseases, which at present is 
not completely defined. 

 
 

Ubiquitin Reactivity in Prion Diseases 
 
An increase in ubiquitin reactivity, compared to controls, has been described in several 

prion diseases, such as CJD [40-45], GSS [42,46], BSE [47], as well as in experimental 
models of scrapie in mice [48,49]. Some studies report an increase in this reactivity in 
association with a longer duration of disease, e.g., in CJD [41], and in the terminal stages of 
disease in scrapie infected mice [49]. This increased reactivity correlates with reports of an 
increased expression of polyubiquitin and Hsp70 genes, and a decline in proteasome 
function, in the terminal stages of disease in scrapie infected mice [49,50]. Furthermore, a 
systematic immunohistochemical analysis of the distribution of Hsp72, the 20S proteasome, 
and the ATPases of its 19S regulatory complex in the brains of CJD affected individuals vs. 
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controls [44] revealed that neuronal populations with low expression levels of these proteins 
were more vulnerable in disease indicating the importance of the UPS. Taken together, this 
data suggests that the UPS is involved in ‘responding’ to the disease state. 

The distribution of ubiquitin reactivity seen in CJD has been reported to fall mainly into 
two categories as described by Ironside et al. [42], i.e., ‘punctate’ reactivity in and around 
PrPSc amyloid plaques and a granular pattern in the neuropil often associated with spongiform 
changes. In addition ubiquitin reactive inclusions are seen within neurons, and also in 
‘thread-like structures’ in the neuropil [42]. Similar ubiquitin reactivity has also been 
described in mouse models of scrapie [48], in association with PrPSc deposits in GSS [46], 
and dot-like ubiquitin reactive structures have been described in the neuropil in BSE [47]. 

In addition to the ubiquitinated intraneuronal inclusions described by Ironside et al. [42], 
intracytoplasmic ‘inclusion-like bodies’ that react with PrP antibodies, and are somewhat 
morphologically reminiscent of inclusion bodies described in other neurodegenerative 
diseases, have, for example, been documented in CJD [51,52] and BSE [47]. However, in 
these studies the precise intracellular location of the inclusions was not demonstrated, i.e., 
whether they were in the cytosol or in a cellular compartment such as the lysosome, in which 
PrPSc has been detected (see below). A recent paper described the co-localization of ubiquitin 
with PrP aggregates in neurons by con-focal microscopy [43] and another recent report has 
described ubiquitinated PrPSc in the terminal stages of infection in scrapie infected mice [49]. 
This is interesting because ubiquitination, and the degradation of ubiquitinated proteins by 
the proteasome machinery, are cytosolic processes (or nuclear, as proteasomes reside in both 
these locations, see Chapter 11) [53]. Therefore, the existence of ubiquitinated PrPSc implies 
that some part of PrPSc, at least, has been in contact with the cytosol, and subsequently been 
targeted for degradation in that compartment [54]. In light of the results by Kristiansen et al. 
[55], who detected cytosolic aggresomes of PrPSc in scrapie infected neuronal cell lines 
(discussed below), it would be interesting to further characterize the precise nature of these 
‘inclusion-like bodies’ detected in CJD. 

The distribution of ubiquitin reactivity in the vicinity of spongiform changes is similar to 
that of PrPSc and the lysosomal proteinase cathepsin-D [42]. PrPSc has been detected in 
lysosomes [56] and, as mentioned, this compartment is considered to be important for the 
PrPC to PrPSc transformation in prion diseases. PrPSc has been detected in ‘late-endosome-
like-organelles’ along with ubiquitin [57]. Although ubiquitination of cytosolic regions of 
transmembrane proteins can target them for endocytosis and lysosomal degradation [58], 
lysosomes are, in general, not responsible for the degradation of ubiquitinated proteins. 
However, ubiquitinated proteins from cytosolic aggregates can end up in lysosomes due to 
autophagic mechanisms in response to impairment of the UPS. This has, for example, 
recently been described in the case of aggregated huntingtin [59]. Again, in light of the 
results of Kristiansen et al. [55], this raises the question whether a similar process might 
sometimes take place in prion diseases as well, which could be one explanation for the 
observed co-existence of PrPSc and ubiquitin in endosomes-lysosomes. Indeed, autophagic 
vacuoles have been described in neuronal synapses in CJD [60]. 
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Neurotoxic Mechanisms in Prion Diseases 
 
For the past few years there has been an ongoing debate [61] regarding the intracellular 

processing of PrPC. This debate revolves around reports that a subset of PrPC is subject to 
retrotranslocation from the ER for proteasome degradation by the ERAD pathway (see 
Chapter 13). Accumulation of this cytosolic subset of PrPC, termed cytosolic PrPC, following 
proteasome impairment can affect the viability of some neuronal cells, and has been 
suggested as a possible factor in the neurotoxic mechanisms in prion diseases which have not 
been completely defined. Before the data surrounding this debate are described (see below) it 
is appropriate to briefly review some of the data regarding the neurotoxic mechanisms in 
prion diseases. 

The cell type that is lost in prion diseases is the neuron; degeneration of astrocytes is not 
seen [62]. Some experiments indicate that there is a selective loss of a subset of GABAergic 
inhibitory neurons that are immunoreactive for the calcium binding protein parvalbumin [63-
66]. Other reports suggest a selective loss of glutamatergic neurons [67]. Finally, several 
observations in human patients, as well as in mouse models of scrapie, suggest that this 
neuronal cell death is by apoptosis [68-73]. 

As described above, the disease process in prion diseases involves conversion of host 
PrPC into PrPSc by a post-translational process, supported by observations that the 
accumulation of PrPSc occurs without an increase in Prnp mRNA [74]. Inherent in this 
process is that for each produced PrPSc protein one PrPC is lost. Therefore two possible 
reasons for the neurodegeneration are loss of functional PrPC or toxic effects of produced 
PrPSc. However the changes in prion disease tissue have not been sufficiently explained with 
either of these possibilities (reviewed by Weissmann [75]). For example, there is a lack of 
phenotype in Prnp0/0 knockout mice [76] and transgenic mice that are rendered Prnp0/0 post-
natally do not develop disease [77] suggesting that loss of PrPC function is not the major 
cause of disease. However, although not the major factor in pathogenesis and in light of the 
ideas about PrPC function mentioned above, loss of PrPC might increase susceptibility to, e.g., 
oxidative stress, growth factor deprivation, and apoptotic cascades. 

Regarding PrPSc, deposition of PrPSc aggregates is often highly associated with 
neuropathological changes [78], but this is not always the case, and in some instances little or 
no PrPSc is detected in diseased tissue [20,79,80]. Furthermore, experiments with mice show 
that Prnp0/0 brain tissue is ‘immune’ to PrPSc produced by infected Prnp+/+ tissue grafts in the 
same animal [81] and Prnp0/+ mice have a delayed onset of symptoms after infection despite 
accumulating high amounts of PrPSc [82,83]. Taken together, these results show that in order 
for PrPSc to have an effect, the target tissue must express PrPC, and that the disease process is 
correlated with PrPC expression. A recent study has demonstrated that in order for PrPSc 
aggregates to cause clinical disease the target tissue must express GPI-anchored PrPC, tissue 
that expresses non-GPI-anchored, secreted, PrPC is not affected [84], suggesting that perhaps 
toxicity is to some extent due to abrogation of a signalling role of PrPC. 

In order to explain the pathology in prion diseases alternative pathological forms of PrP 
have been suggested (reviewed by Chiesa and Harris [85]). As already mentioned, PrPC can 
take on two different transmembrane orientations. The CtmPrP form of PrPC has been 
associated with neurodegeneration in a case of GSS and in transgenic mice expressing Prnp 
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constructs with a propensity to form CtmPrP [20,86]. Furthermore, experiments indicate that 
PrPSc induces CtmPrP formation in such mice [86]. However, most PrPC mutations do not 
cause an increase in transmembrane forms [87], arguing against CtmPrP as a general cause of 
neurotoxicity in prion diseases. The mechanism by which CtmPrP causes neurodegeneration is 
unknown. 

Finally, localization of PrPC to other cellular compartments than the secretory 
system/plasma membrane, such as the cytosol, and aggregation of such forms due to 
impairment of the UPS has been linked to neurotoxicity in certain cell types (see below). 
These reports have sparked the debate mentioned above and resulted in some very interesting 
reports regarding the cell biology of PrPC, and the association of PrPC with the UPS, as 
discussed in detail below. 

 
 

PrPC and PrPSc as Substrates of the Ubiquitin-Proteasome System 
 
There are several well documented polymorphisms/mutations in the open reading frame 

of the prion protein gene in mice, sheep, and humans. Most of the known mutations in the 
human gene are directly associated with familial forms of prion disease, whereas 
polymorphisms in mouse and sheep Prnp affect susceptibility to infection with prion 
diseases. The variation in the human prion protein gene falls into three categories (reviewed 
by Kovacs et al. [88]): (a) point mutations (some silent), most of which are located within, or 
near, the secondary structural elements in the C-terminus, (b) amber mutations (Y145stop and 
Q160stop), and (c) insertions of additional repeats in the flexible N-terminus. 

How the mutations in human PRNP cause disease is not precisely clear. They may affect 
the thermodynamic stability of PrPC facilitating the PrPC to PrPSc conversion; however, 
studies suggest that this is not a general mechanism [89] although it may apply to some 
mutations [90]. As already mentioned, mutations in the ‘transmembrane’ and its vicinity have 
been shown to cause an increase in CtmPrP [87]. Finally, some mutations can influence the 
intracellular processing of PrPC as has been demonstrated for the GSS associated mutations 
Y145stop [91] and Q217R [92]. 

In contrast to the ‘normal’ processing of PrPC through the secretory pathway described 
above, the majority of PrPC with the Y145stop mutation (PrP145) is retrotranslocated for 
degradation by the UPS and accumulates in the nucleus if the UPS is inhibited [91]. In 
addition to a nuclear localization, a mitochondrial localization of PrP145 has been reported, 
affecting mitochondrial membrane potential resulting in apoptosis [93]. Subsequently, it has 
been demonstrated that another truncated PrP mutant, Q160stop, is processed in a manner 
similar to PrP145, also showing a nuclear localization following proteasome inhibition [94]. 
Two nuclear localization signals in PrPC have been defined [95] which are, however, only 
active if the protein is non-glycosylated and non-GPI anchored. In contrast to PrP145, the 
majority of PrPC with the Q217R mutation (PrP217) is processed through to a site distal of the 
cis-Golgi, whereas a small non-GPI anchored subset of PrP217 is retained in the ER in 
association with the chaperone BiP followed by retrotranslocation for proteasomal 
degradation [92]. These reports of the processing of mutant PrP’s suggested that in some 
cases of prion diseases the neurotoxicity might be explained by the aberrant localization of 
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PrPC to other locations than the secretory system and plasma membrane in the case of UPS 
impairment. 

Observations from the expression of recombinant PrPC in the yeast cytosol revealed that 
when PrPC is expressed in this compartment it displays characteristics reminiscent of PrPSc, 
notably detergent insolubility and proteinase-K resistance in a concentration dependant 
manner, i.e., these attributes are enhanced with higher expression [96]. Similar observations 
were made for PrP145 in the cytosol of mammalian cells [91]. 

This prompted studies into whether normal PrPC, like PrP145 and PrP217, is to some 
degree, generally processed for degradation by ERAD in which case such processing, 
coupled with the PrPSc like characteristics of PrPC when in this compartment, might be 
relevant for pathogenesis in the special case of impaired protein degradation. 

The question of PrPC retrotranslocation was addressed in two studies [97,98]. Their 
results showed that when mammalian cell lines expressing PrPC are treated with proteasome 
inhibitors, an unglycosylated PrPC form accumulated that was detergent insoluble and 
proteinase-K resistant to a degree. One of the studies showed that this PrPC form was 
ubiquitinated [98]. Furthermore, fluorescence microscopy of these cells revealed that the PrP 
form that accumulated in response to the proteasome treatment had an altered localization 
[97], i.e., it was localized in Hsc70 positive cytosolic aggregates, compared to that of PrPC in 
untreated cells, which resided in the secretory system and on the plasma membrane. The lack 
of glycosylation, and the size of the PrP species detected in these studies, indicated that the 
N-terminal and C-terminal signal peptides had been cleaved, and therefore that it had been 
subject to signal peptide cleavage within the ER and that its location within the cytosol was 
due to its processing by ERAD. Yedidia et al. [98] estimated that ~ 9% of normal PrPC 
produced is degraded in the cytosol by the UPS following retrotranslocation from the ER. 

In addition to these studies it has been reported that PrPC constructs with the CJD 
associated mutations V203I and E211Q, and the GSS associated mutation Q212P, aggregate 
in vimentin-positive aggresomes in cells treated with proteasome inhibitors [99]. Finally, 
treatment of PrPC expressing cells with cyclosporin-A, an inhibitor of the cyclophilin family 
of peptidyl-prolyl cis-trans isomerases, results in the formation of PrPC aggresomes [100]. 
Cumulatively, these studies suggested that PrPC was processed by ERAD under normal 
circumstances as well as in response to impaired PrPC folding due to mutations or inhibition 
of the folding machinery, in which cases it formed cytosolic aggresomes. 

The question whether retrotranslocated PrPC, and its PrPSc characteristics, could be 
associated with pathogenesis was addressed in two studies [35,101]. They reported that (a) 
the PrPSc like characteristics of cytosolic PrPC were ‘self-perpetuating’ in mammalian cells 
expressing PrPC following a brief period of proteasome-inhibitor treatment [35], and (b) that 
cytosolic PrPC was toxic to mouse neuroblastoma cells (N2a) and caused cerebellar 
degeneration characterized by the loss of cerebellar granular neurons in transgenic mice 
expressing a cytosolic PrPC construct on a normal background [101]. These results, along 
with those previously discussed [97,98], prompted the hypothesis that retrotranslocation of 
PrPC to the cytosol, accompanied by proteasome impairment, plays a role in generating PrPSc 
and thus in the pathogenesis of prion diseases. 

However, reports of PrPC retrotranslocation from the ER have been challenged [102]. In 
short, Drisaldi et al. [102] concluded from their experimental results that PrPC is not 
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retrotranslocated and that the observations described above were due to the experimental 
conditions used. They based their conclusions, among other things, on observations that (a) 
proteasome inhibition results in increased transcription from the cytomegalovirus (CMV) 
promoter, a common promoter in expression plasmids used in mammalian cells, and (b) that 
the PrPC form that accumulates in response to proteasome inhibition in cells expressing PrPC 
under the control of such a promoter contains an uncleaved N-terminal signal-peptide and is 
located at the cytosolic side of the ER, therefore indicating that it has not entered the ER and 
that the accumulation of this cytosolic form is due to inefficient translocation, possibly due to 
saturation of the translocation machinery due to elevated expression levels [102]. Therefore, 
they suggested that although some mutant PrP’s are retrotranslocated for degradation by the 
proteasome, such as described above [91,92], this mechanism does not apply to normal PrPC. 

Subsequent to the report by Drisaldi et al. [102], evidence has been presented for 
endogenous cytosolic PrPC following proteasome-inhibitor treatment of primary human 
neurons and cell lines, without overexpression of PrPC from vector constructs [103-105], 
suggesting that this subset is not merely due to overexpression from a strong promoter. In 
addition, cytosolic PrPC, in the absence of proteasome inhibition, has been described in 
hippocampal neurons of normal mice [106] and in transgenic mice that express a PrPC-EGFP 
fusion protein from a Prnp promoter [107]. 

A recent report [105] has presented evidence for an origin of endogenous cytosolic PrPC 
other than retrotranslocation, i.e., inefficient translocation of PrPC into the ER due to inherent 
characteristics of the PrPC N-terminal signal sequence resulting in a cytosolic subset of PrPC 
with an uncleaved N-terminal signal peptide. These results are in line with those of Drisaldi 
et al. [102] regarding the uncleaved N-terminal signal peptide; however, Rane et al. [105] 
show that the generation of this cytosolic subset is not due to saturation of the translocation 
machinery, but rather these characteristics of the N-terminal signal. This might explain the 
reports of endogenous cytosolic PrPC mentioned above. Rane and colleagues [105] do not 
rule out retrotranslocation of PrPC; however, their data indicate that the impact of 
retrotranslocation on the amount of cytosolic PrPC under normal circumstances is minor. 
Their estimates regarding the amount of cytosolic PrPC indicate that PrPC subject to 
proteasome degradation due to this inefficiency is approximately 20% of the total protein 
produced. They point out that the existence of inefficient PrPC translocation implies that it 
has been evolutionary conserved, and therefore, that it is of possible physiological 
importance. This conservation was demonstrated by experiments showing that the N-terminal 
signal sequences of PrPC from four species (human, cattle, hamster, and mouse) are equally 
‘inefficient’ in terms of translocation [108]. Subsequent studies by this same group have 
revealed a marked heterogeneity in the efficiency of translocation by N-terminal signal 
sequences of various proteins destined for the secretory system [109], indicating that this may 
be a general mechanism to expand protein use to more than one compartment, as they have 
demonstrated for calreticulin [110]. This leads to the speculative question, raised by Rane 
and colleagues [105], whether the inefficiency of PrPC translocation could be due to a 
physiological role for cytosolic PrPC. 

The reports detailed above agree that PrPC in the cytosol is rapidly degraded and does not 
accumulate under normal circumstances. Interestingly, the reported effects of cytosolic PrPC 
vary, and seem to depend on the neuronal cell type. The stabilization of cytosolic PrPC by 
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proteasome inhibition has been reported to cause apoptosis in PrPC expressing mouse 
neuroblastoma cells (N2a) [101,103,105]. On the contrary, such cytosolic PrPC has also been 
reported to protect against apoptosis under similar conditions in this cell type [55,111]. As 
mentioned above, transgenic mice expressing cytosolic PrPC on a normal background had 
neuropathological changes consisting of gliosis and selective neurodegeneration of cerebellar 
granular neurons, even though the promoter used resulted in expression of cytosolic PrPC in 
other neuronal cell types as well [101]. Finally, cytosolic PrPC does not seem to be toxic in 
human primary neuron cultures or human neuroblastoma cell lines, in fact it counteracts Bax-
mediated apoptosis in these cells [103].Therefore, not only are there conflicting results 
regarding the origin, and importance, of a proteasome degraded cytosolic subset of PrPC, but 
also regarding the effect of cytosolic PrPC on neuronal cells. The discrepancies regarding the 
effects of cytosolic PrPC suggest that its effect may be determined by the neuronal cell type, 
its state, and context. 

The studies described above paved the way for an interesting recent report regarding the 
processing of PrPSc in prion infected cell lines. Kristiansen et al. [55] utilized cell lines that 
can be infected with, and propagate, prions to study the intracellular processing of PrPSc 
formed in these cell lines. They found that when prion infected cells were subject to mild 
proteasome inhibition, chosen to represent levels of proteasome inhibition seen in vivo in 
disease or ageing, PrPSc formed cytosolic aggresomes in association with Hsc70, ubiquitin, 
proteasome subunits, and vimentin. Furthermore, the aggresome formation correlated with 
apoptosis in these cells characterized by activation of caspases-3 and -8. They also present 
evidence that PrPSc is associated with vimentin in scrapie infected mice, suggesting that 
aggresome formation also occurs in vivo. Of interest to the papers discussed above, the 
conditions of mild proteasome inhibition they used did not cause apoptosis in uninfected cells 
expressing PrPC. 

 
 

CONCLUSIONS 
 
Despite its small size, the processing of PrPC seems to be fairly complex. This is, for 

example, demonstrated by its ability to take on several topological forms in respect to the 
plasma membrane. Furthermore, the precise function of PrPC has remained elusive. In 
addition to the functional question, there are several unanswered questions in the field of 
prion science (reviewed by Aguzzi and Polymenidou [112]), for example regarding the basis 
of neurotoxicity. 

Reports of the retrotranslocation of mutant PrP’s, and subsequently of normal PrPC, from 
the ER into the cytosol, and concomitantly of the toxic effects of the accumulation of 
cytosolic PrPC when the UPS is impaired, promised an explanation for neurotoxicity in prion 
diseases. However, due to the conflicting reports described above, the relevance of this 
scenario remains a matter of debate. Overall, retrotranslocation of PrPC may be a special case 
for certain PrP mutants, whereas inefficient translocation of PrPC into the ER may explain the 
majority of PrPC in the cytosol at any given time. Therefore, the cytosolic location and 
aggregation of mutant PrPC when the UPS is impaired could be relevant to neurotoxicity in 
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certain cases of disease but not necessarily a general mechanism. In fact, as mentioned, a 
non-translocated PrPC subset could have a physiological function rather than a toxic function. 

The recent description of cytosolic PrPSc aggresomes in scrapie infected cell lines has 
added yet another dimension to the debate, suggesting that cytosolic PrPSc, rather than PrPC, 
could be an important factor in prion disease neurotoxic mechanisms. This report raises some 
interesting questions and opens avenues of investigation, such as, how does PrPSc enter the 
cytosol? And, can these observations be connected to the increased ubiquitin-reactivity 
detected in prion diseases described above? For example, can such PrPSc aggresomes be 
detected by immunohistochemical analysis of prion disease tissue? 

Elucidations of the molecular pathways that mediate the effects of cytosolic PrPC, 
whether toxic or protective, and the effects of PrPSc, offer a challenge. The effects may be 
due to specific interactions with cytosolic proteins, or disruption of such interactions in the 
case of toxic effects. Therefore the identification of cytosolic PrPC binding proteins, and the 
characterization of their functional significance, may aid in the understanding of the 
pathological/protective effects. Several cytosolic PrPC interacting proteins have already been 
identified with various methods, such as Bcl-2 [113], Grb2 [114], and the neuronally 
expressed proteins Synapsin Ib [114] and NRAGE (neurotrophin receptor interacting MAGE 
homolog) [115]. Furthermore, pathogenic mechanisms elucidated in other neurodegenerative 
diseases characterized by aggregated proteins may, by inference, give valuable clues. For 
example, aggregated huntingtin has been demonstrated to disrupt functional pathways in cells 
by interfering with nuclear transcription factors, axonal transport, mitochondria, or the 
function of the UPS [59]. Considering the nuclear [91], or mitochondrial [93], localization of 
PrP145 mentioned above and reports of granular PrP deposits in the axons of neurons in CJD 
patients [43], the question arises whether aggregated PrPSc may have similar effects. 
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ABSTRACT 
 

The proteasome plays a pivotal role during proteolytic processing of cellular proteins 
required for the generation of antigenic peptides presented to cytotoxic T cells by major 
histocompatibility complex class I molecules. The process of peptide generation is 
greatly improved by formation of immunoproteasomes through replacement of three β 
subunits with β1i (also called LMP2), β5i (LMP7) and β2i (MECL-1) and expression of 
PA28, a heptameric activator complex. The assembly of immunoproteasomes is 
stimulated by interferon-γ, a cytokine that is produced shortly after viral infection and is 
one of the mediators that link innate and adaptive immune responses. Numerous 
infectious microorganisms developed sophisticated strategies to avoid presentation of 
their antigenic peptides including production of proteasome-modulating molecules. 
Recent studies indicate a unique mechanism of epitope generation by proteasomes 
referred to as peptide splicing. In the brain, microglial cells are the major antigen 
presenting cells. However, during inflammation virtually all cells in the central nervous 
system can be induced to express immunoproteasomes and to present antigens in 
association with MHC class I molecules. The proteasome-mediated generation of peptide 
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epitopes evolutionarily serves to present antigens derived from intracellular infectious 
microorganisms. However, proteolytic processing of intracellular proteins is by no means 
selective and includes processing of all proteins including self molecules that can become 
targets for cytotoxic T cells during several inflammatory and degenerative central 
nervous system diseases, such as multiple sclerosis and paraneoplastic neurological 
disorders. The role of ubiquitin-proteasome pathway in neuroinflammatory disorders 
extends beyond antigen processing for MHC class I presentation. Activation of NF-κB a 
key modulator of inflammatory reaction results from proteasomal degradation of its 
inhibitor – IκB. Proteasomes are also involved in the regulation of the activity of other 
transcription factors involved in the inflammatory responses including STAT proteins 
and Egr-1. Understanding of the underlying mechanisms involved in proteasome-
mediated inflammatory processes is important for the development of novel, mechanism-
based drugs.  
 

Keywords: Antigen presentation, Autoimmune diseases, Major histocompatibility complex, 
Proteasome, Ubiquitin. 
 
 

ABBREVIATIONS 
 
AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; APP, amyloid precursor 

protein; BBB, blood-brain barrier; bFGF, basic fibroblast growth factor; β2m, β2 
microglobulin; BiP, bding protein; CD, cluster of differentiation; CNS, central nervous 
system; COX, cyclooxygenase; CTL, cytotoxic T lymphocyte; DRips, defective ribosomal 
proteins; EAE, experimental autoimmune encephalomyelitis; ER, endoplasmic reticulum; 
ERAP, endoplasmic reticulum-resident aminopeptidases; IKK, IκB kinase; IL, interleukin; 
LMP, low molecular mass protein; LPS, lipopolisaccharide; MECL, multicatalytic 
endopeptidase complex; MHC, major histocompatibility complex; MS, multiple sclerosis; 
NEMO, NF-κB essential modulator; NF-κB, nuclear factor κB; NK, natural killer; NES, 
nuclear-export signal; NGF, neuron growth factor; NIK, NF-κB kinase; NLS, nuclear-
localization sequence; NO, nitric oxide; PD, Parkinson’s disease; RHD, Rel homology 
domain; ROS, reactive oxygen species; SAPPα, Secreted amyloid precursor protein; SOCS, 
suppressor of cytokine signaling; STAT, signal transducer and activator of transcription; 
TAP, transporters associated with antigen presentation; TCR, T cell receptor; TNF, tumor 
necrosis factor. 

 
 

INTRODUCTION 
 
Central nervous system (CNS) has been regarded as an immune privileged site. This 

concept has been supported by both anatomic and functional observations that include 
descriptions of a unique blood-brain barrier (BBB), lack or low expression of MHC class I 
and class II molecules and lack of lymphatic drainage. However, CNS should not be 
completely devoid of immune protection. There must exist mechanisms to control infections 
and tumor development. These mechanisms clearly operate in the CNS and it seems that the 
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unique immunity within the brain results from an active tolerance rather than passive barrier 
mechanisms. Accumulating evidence indicates that MHC class I molecules are indeed 
expressed in different brain regions by both neuronal cells and supporting glia [1]. Inability 
to detect MHC molecules was rather an artifact caused by using aldehyde-fixed brain sections 
and antibodies developed for fluorescence-activated cell sorting. Moreover, neurons can be 
induced to express high levels of MHC molecules following various experimental procedures 
including axotomy [2], exposure to cytokines [3] or manipulation of electrical activity [4]. 
Moreover, viral, parasitic or bacterial infections [5], neuronal transplantation [6] or even 
seizures [4] can also induce expression of MHC class I molecules in the brain. Intriguingly, 
despite the expression of MHC molecules neurons are usually resistant to lysis by cytotoxic T 
lymphocytes (CTL) and soluble factors released by neurons or glia can interfere with CTL 
activity thereby creating an environment suitable for immunomodulation [7].  

Interestingly, it seems that the role of MHC class I molecules in the CNS expands 
beyond the mere antigen presentation for the induction of protective immunity. These 
molecules seem to be involved in both structural and functional plasticity and are thought to 
participate in the weakening and strengthening of synapses [8,9]. At least in rodents MHC 
class I molecules are also possibly involved in olfaction [10]. 

The functional significance of the immune response in the brain can be underscored by 
the existence of various neuroinflammatory disorders. Some of these result from the failure of 
self tolerance and lead to development of autoimmune disorders such as multiple sclerosis or 
various paraneoplastic autoimmune reactions and primarily involve adaptive immunity. Other 
pathologies that involve the innate immune system include degenerative disorders of the 
central nervous system (CNS) and include Alzheimer’s disease (AD), Parkinson’s disease 
(PD) or stroke and can be triggered secondarily for example by local deposition of amyloid β-
protein [11]. The importance of the immune reactions in the CNS will possibly be even 
greater in the nearest future due to the development of novel therapeutic approaches to treat 
these diseases. For example, the unsuccessful results of the recent double-blind placebo-
controlled trials in patients with PD receiving allografts of fetal dopaminergic neurons might 
result from the development of a classical transplantation immunity and rejection of grafted 
tissue [12].  

 
 

THE ROLE OF THE UBIQUITIN-PROTEASOME  
SYSTEM IN ANTIGEN PRESENTATION 

 
Major histocompatibility antigens (MHC) act as platforms presenting antigenic peptides 

to T cell receptors (TCR) on T lymphocytes. There are two groups of classical MHC 
molecules referred to as class I and class II molecules [13]. Class I MHC molecules are 
responsible for antigen presentation to ‘killer’ or cytotoxic CD8+ T cells (CTL), while MHC 
class II molecules present antigens to helper CD4+ T cells. Additionally, MHC class I 
molecules can be recognized by natural killer (NK) cells that depending on additional signals 
can become triggered or suppressed. MHC class I molecules present so called endogenous 
antigens i.e. peptides derived from proteins synthesized within the MHC-bearing cell. On the 
other hand MHC class II molecules present exogenous antigens derived from proteins 
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endocytosed by antigen presenting cells. The genes encoding human MHC molecules (human 
leukocyte antigens – HLA) are the most polymorphic genes ever known and currently 
account to 2435 different alleles (IMTG/HLA Sequence Database: 
http://www.ebi.ac.uk/imgt/hla/). Since proteasomes are involved in the generation of 
antigenic peptides bound and presented by MHC class I molecules expressed by all nucleated 
cells, including neurons and other cells in the brain, the discussion in this chapter will be 
limited to this pathway of antigen presentation only.  

 
 

General Description of MHC Class I Peptide Loading 
 
MHC class I molecules are constitutively expressed by most nucleated cells and present 

endogenous peptides of 8-11 amino acids [14]. All are composed of a heavy chain (composed 
of three immunoglobulin-like domains) and a constant β2-microglobulin (β2m). During 
assembly and folding heavy chains are extensively chaperoned by cytosolic BiP proteins and 
finally by endoplasmic reticulum (ER) lectin calnexin [15]. Final complexing with β2m 
results in an exchange of calnexin into a related calreticulin followed by a formation of a 
large complex of proteins that resides in the ER. This protein complex is frequently referred 
to as a loading complex as it promotes peptide loading into MHC class I peptide-binding 
groove [16]. The loading complex includes MHC molecule, calreticulin as well as tapasin, 
TAP and Erp57 molecules [17]. Tapasin functions as a transmembrane protein that interacts 
with TAP and MHC molecules thus stabilizing the loading complex – it is required to retain 
these molecules in the ER until optimal peptides have been loaded [18,19]. Erp57 is a thiol 
oxidoreductase that associates with MHC class I molecules and facilitates disulfide bond 
formation thus influencing the conformation of these molecules [20]. Additionally Erp57 is a 
cysteine protease that facilitates trimming of peptides that are being loaded onto MHC class I 
molecules (see below). Peptide transporters (TAP1 and TAP2 proteins) shuffle peptides from 
the cytosol to the ER thereby supplying antigens for presentation [21]. TAP proteins transport 
peptides of 7 to more than 20 amino acids so some of the longer peptides can be trimmed 
within ER by a number of aminopeptidases (see below). The major source of peptides for 
antigen presentation is the ubiquitin-proteasome system but some peptides are generated in 
the cytosol by TPPII [22].  

 
 

Where do the Peptide Antigens Come from? 
 
This is certainly not a trivial question. Unfortunately, very little is known about the 

peptide processing in the CNS. An average cell contains approximately 2.6 x 109 proteins and 
produces some 4 millions new proteins every minute [23]. To avoid chaos there must exist 
sophisticated mechanisms that control targeting as well as turnover of cellular proteins. 
Proteolytic degradation is responsible for the elimination of damaged, unfolded or incomplete 
proteins. It is also engaged in the regulation of their function. Therefore, proteolysis might 
serve as an abundant source of peptide libraries derived from the majority of cellular proteins 
that would be sampled by MHC class I molecules (Figure 1). Normal cells infected by viruses 
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or intracellular parasites would contain both self and foreign proteins with the latter presumed 
to be processed and presented in the most immunogenic manner. For many years it was 
thought that most peptides destined for presentation by MHC molecules would derive from 
old or used proteins targeted for degradation as a part of protein turnover. It was therefore 
unexpected to observe that the majority of antigenic peptides are derived from proteins 
degraded immediately after synthesis [24]. A rich source of antigens are peptide ligands 
derived from cryptic transcription products, such as open reading frames contained within 5’ 
and 3’ untranslated regions, alternative open reading frames, introns, or intron-exon junctions 
[25-27]. It is known that protein synthesis is error prone. These erroneous proteins are 
referred to as defective ribosomal products (DRips) and they represent between 30% to as 
many as 80% of newly synthesized proteins [23,28]. Since accumulation of these proteins 
could have disastrous consequences for the cell they are rapidly ubiquitinated and degraded 
by proteasomes. Therefore, MHC molecules have an immediate access to peptides derived 
from current profile of protein expression pattern. This strategy makes sense from the 
perspective of immunity. CTL are part of the surveillance system that look for MHC 
molecules presenting peptide antigens derived from viral or mutated proteins and exert 
cytotoxic activity towards the cells having such abnormal antigens. This surveillance 
mechanism is exquisitely sensitive as CTL can respond to as little as one MHC class I 
peptide complex at the cell surface [29]. This system also needs to be very rapid. In extreme 
conditions a viral cycle (a time necessary to enter the cell, replicate and release new progeny) 
is just about 4 hours. Early detection of pathogen-derived peptides is of paramount 
importance especially that viruses use a cohort of genes that interfere with antigen 
presentation [30]. Despite these pressing demands, the frequency of peptides available for 
MHC class I binding is extremely low. Out of 8 x 105 proteasomes that degrade 2.5 substrates 
per minute only one for each 500-3000 viral translation products degraded is suitable for 
presentation [23]. We still do not understand this apparent insufficiency in the generation of 
antigenic peptides. 

 
 

The Role of Proteasomes in the Generation of Antigenic Peptides 
 
Individual MHC class I molecules can bind to a limited set of peptides restricted 

predominantly by particular anchor residues of which one is always located at the carboxy 
(C) terminus [31,32]. While proteasomes form a central proteolytic system it is clearly 
insufficient to generate final peptides for MHC class I binding. Nonetheless, proteasomes are 
the only cellular proteases that generate correct C-terminus of peptides for presentation and 
there is no further need for C-terminal processing [33,34]. Final trimming of oligopeptides 
requires additional proteases that include TPPII, and other aminopeptidases such as leucine 
aminopeptidase, bleomycin hydrolase, puromycin-sensitive aminopeptidase, thimet 
oligopeptidase as well as endoplasmic reticulum-resident aminopeptidases ERAP1 and L-
RAP [31].  

There is a number of unresolved and sometimes paradoxical observations regarding the 
mechanism of peptide generation by proteasomes. They seem to cut proteins blindly 
irrespective of their potential further utility for the cell. Purified proteasomes can even  



Jakub Golab and Dominika Nowis 840 

 

Figure 1. The pathway for presentation of antigenic peptides in association with MHC class I 
molecules. The majority of peptides presented by MHC class I molecules derive from defective 
ribosomal products (DRips). These incorrectly produced polypeptides undergo ubiquitination followed 
by proteasomal degradation. The peptides frequently undergo further proteolytic trimming with 
cytoplasmic and endoplamic reticulum-associated proteases. Transporters associated with antigen 
processing (TAP) translocate peptides from the cytosol to the lumen of endoplasmic reticulum where 
they are loaded into grooves of MHC class I pockets by the chaperone complex. Then the peptide 
antigen-loaded MHC molecules are transported to the surface of the cells where they can be sampled by 
CD8+ T cells.  

destroy immunodominant epitopes [35]. Although they are required for the generation of 
antigenic peptides they in fact destroy many more epitopes than they generate [36,37]. 
Purified proteasomes degrade proteins mainly into 2-25 amino acid-long peptides. Only a 
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small fraction of these (10%) are of correct size to fit into MHC class I molecules, with the 
majority (65%) being too short for this. The remaining 25% of peptides are too long to fit 
into MHC class I grooves [31,36,37]. This latter pool of peptides undergoes N-terminal 
processing to generate antigens suitable for MHC loading. 

Until recently it was thought that peptides generated by proteasomes are continuous 
sequences derived from cellular proteins generated by simple proteolysis. However, it now 
seems that antigenic peptides can be the products of cutting and pasting reactions analogous 
to exon-intron splicing events during mRNA maturation. It was shown that antigenic peptide 
derived from basic fibroblast growth factor (bFGF) is in fact a nonamer consisting of residues 
172 to 176 fused to residues 217 to 220 of the protein [38]. Similarly, melanocyte 
glycoprotein gp100-derived nonamer corresponds to residues 40 to 52 with amino acids 43 to 
46 excised from the original sequence [39]. It seems that proteasomes can degrade proteins in 
such a way that the terminal amino group of one peptide can attack the acyl-enzyme 
intermediate (a complex between the remaining peptide end and a proteasomal β subunit) 
thus regenerating a peptide bond between two previously separated amino acids.  

 
 

Fine-Tuning of Antigen Presentation with Proteasomes 
 
An effective immune response results from a series of positive feedback loops that 

include improved antigen presentation. Under the influence of certain cytokines such as IFN-
γ and TNF the cells improve their antigen-presenting capabilities [40]. They not only express 
more MHC and co-stimulatory molecules but have more dexterous machinery to process and 
load peptides into MHC class I peptide-binding grooves. IFN-γ induces the synthesis of 
proteasomal β subunits: β1i (LMP2), β2i (MECL1) and β5i (LMP7) that are incorporated into 
newly assembled proteasomes instead of their counterparts: β1, β2 and β5 [41,42]. These so 
called immunoproteasomes have different cleavage site preferences as well as a different 
cleavage rate. Additionally, IFN-γ induces the synthesis of a proteasomal activator PA28, a 
heptameric complex composed of three PA28α and four PA28β subunits that assemble with 
the outer α ring of the immunoproteasomes [43,44]. IFN-γ is also inducing phosphorylation 
of the α7 subunit of the 20S proteasome thereby facilitating disassembly of 26S proteasomes 
[45]. The significance of this unexpected modification is unknown but it may either suggest 
that free 20S proteasomes are somehow engaged in antigenic peptide generation or 
alternatively this modification is part of a negative regulation of antigen presentation. The 
significance of these modifications in the CNS is unknown. So far PA28αβ activator has not 
been detected in the brain [46]. 

Immunoproteasomes are not any better in peptide generation than regular proteasomes 
[40]. However, it was shown that immunosubunits are necessary for the generation of 
influenza-derived antigens or in the development of an effective response against hepatitis B 
virus [47,48]. Interestingly, it was recently shown that immunoproteasomes are incapable of 
generating several immunogenic antigens from self proteins [49]. This mechanism might be 
extremely important in negative regulation of potentially devastating autoimmune disorders 
that could develop during protective antiviral response. 
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The overall improved antigen presentation by immunoproteasomes seems to result from 
the capacity to generate longer polypeptides, with a correct C terminus but an extended N 
terminus that might facilitate TAP transport to endoplasmic reticulum where the peptides 
would undergo final trimming by aminopeptidases [35]. This process is greatly facilitated by 
PA28 that induces conformational changes in the α subunits thereby leading to the opening of 
the central gates of the proteasome and a faster exit of the cleavage products from the 
catalytic cavity [40,50].  

 
 

THE ROLE OF PROTEASOMES IN THE REGULATION OF 

INFLAMMATORY RESPONSES IN THE BRAIN 
 
The role of the ubiquitin-proteasome system in the development of immune response 

expands beyond just antigen presentation. In fact defective degradation of ubiquitinated 
proteins may result in up-regulation of cyclooxygenase 2 (COX-2) expression and 
commencement of neuroinflammation [51]. Several transcription factors involved in the 
regulation of inflammatory response are regulated by the ubiquitin-proteasome system. These 
primarily include NF-κB, which is activated by proteasome-mediated degradation of its 
inhibitor IκB. However, other transcription factors that induce expression of inflammation-
associated molecules are degraded by this proteolytic system indicating that the regulation of 
inflammation is more complex than originally thought. SOCS-1, potent inhibitor of Jak 
kinase activity and of signaling initiated by several cytokines targets Jak1 to a perinuclear 
distribution resembling the microtubule organizing complex where it is degraded by 
proteasomes [52]. Egr-1 and STAT1 are transcription factors that induce the expression of 
proinflammatory genes are negatively regulated by proteasomal degradation [53,54].  

 
 

Regulation of NF-κB Activity 
 
The term NF-κB (nuclear factor kappa B) covers a family of inducible transcription 

factors that regulate the host immune and inflammatory responses and cellular growth 
properties [55]. NF-κB was first identified in the nuclei of mature B lymphocytes as a 
transcription factor binding an 11-bp DNA sequence in the κ-light chain enhancer [56]. The 
NF-κB family mediates the transcription of over 180 target genes, including genes for cell 
adhesion molecules, cytokines, chemokines and antiapoptotic factors [57]. NF-κB consists of 
homodimers or heterodimers of a family of proteins sharing a 300-acid common Rel 
homology domain (RHD). RHD allows DNA-binding, dimerization and nuclear localization 
of NF-κB [57,58]. The Rel family includes the following members: p105/50 (NF-κB1), 
p100/52 (NF-κB2), p65 (RelA), RelB and c-Rel [58]. Each member of the NF-κB family, 
except for RelB, can form homodimers, as well as heterodimers with one another [59]. The 
major activated form of NF-κB consists of the p65 subunit associated with either a p50 or 
p52 subunit [59]. In a stable state, NF-κB binds IκB. IκB is an inhibitory molecule that 
sequesters NF-κB in cellular cytoplasm in an inactive state, covering its RHD [57]. There are 
at least six IκB proteins: IκBα, IκBβ, IκBε, IκBδ, IκBγ and Bcl-3. The first three of these are 



Role of UPS in Neuroinflammation 843

stimulus-dependent regulators, while the others have distinct functions [60]. These proteins 
have several ankyrin repeats, a 33-amino-acid motif that mediates protein-protein interactions 
[59]. IκB masks dual nuclear-localization sequences (NLSs) on NF-κB subunits. There is a 
dynamic balance between the nuclear and cytosolic amount of inactive NF-κB-IκB 
complexes. IκBα covers only one of the two NLSs in the NF-κB dimer. At the same time, the 
nuclear-export signal (NES), a part of IκB, functions to expel the NF-κB-IκB complex from 
the nucleus. IκBβ, by contrast, covers both NLSs on the NF-κB dimers and preserves them in 
the cytoplasm [59,61]. It is well established that IκBα regulates transient, while IκBβ 
regulates persistent NF-κB activation. In response to a stimulus, IκBα is quickly degraded 
and resynthesized. The newly formed IκBα subunit has its own NLS that allows it to enter the 
nucleus, displace the NF-κB form its DNA binding site and transport it back to the cytoplasm 
[59]. The proinflammatory cytokines such as TNF or IL-1, signal to NF-κB by activating the 
IKK complex (IκB kinase). IKK is composed of three subunits. The subunit γ of IKK called 
NEMO (NF-κB essential modulator) is a regulatory component. Subunits α and β, serving as 
kinases, phosphorylate IκB on Ser32 and Ser36 in IκBα and Ser33 and Ser37 in IκBβ [62]. 
Phosphorylated IκB is recognized by the β-TrCP component of the SCF ubiquitination 
complex that in consequence leads to the IκB ubiquitination and degradation by the 26S 
proteasome. β-TrCP is critical for the preserving IκB phosphorylation prior to ubiquitination. 
Degradation of IκB by IKK frees NF-κB to stably translocate to the nucleus where it induces 
expression of target genes [61,63]. The role of proteasomes in the regulation of NF-κB 
activity is more complex. 26S proteasome not only degrades IκB proteins but also mediates 
the proteolytic cleavage of the p105 precursor to the p50 subunit of NF-κB1. Moreover, the 
activity of the IKK kinase depends on the formation of unusual polyubiquitynated chains 
linked by Lys63 [64].  

Cellular response to a wide range of different stimuli leads to NF-κB activation. Among 
them, there are cytokines (TNF superfamily, IL-1, IL-18], inducers of the reactive oxygen 
species (ROS) such as hydrogen peroxide, infectious agents (bacterial as well as viral), 
inducers of apoptosis, carcinogens, tumor promoters and diverse kinds of stress (change in 
the cellular pH, hypoxia, presence of heavy metal ions) [56]. These stimuli reveal the role of 
NF-κB in cellular adaptation to stress. There are two ways of NF-κB activation. The classical 
signaling pathway is mediated by IKKβ and leads to the phosphorylation and degradation of 
IκB. The stimuli that result in this pathway include predominantly proinflammatory agents 
(TNF, IL-1, LPS and double-stranded RNA). The nonclassical pathway of NF-κB activation 
involves IKKα and results in p100 phosphorylation and its cleavage to the p52 subunit. IKKα 
is activated by the upstream kinase NIK. This signaling pathway is activated by the 
lymphotoxin β receptor (LTβR) in the stromal cells to produce the B-lymphocyte 
chemoattractant required for the proper lymphoid organs development. [61,63,65]. NF-κB is 
also modified posttransationaly. For its transcriptional activity, NF-κB requires the 
phosphorylation of p65 by the MAP kinases [61]. 
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The Proteasome-Mediated Regulation of NF-κB Activity in  
Neuro-Inflammation and Neurodegenerative Disorders 

 
NF-κB is a crucial transcription factor for glial and neuronal cell functions. It is involved 

in the processes of neuronal plasticity, neurodegeneration and neuronal development [66]. 
Interestingly, in the CNS neurons, a high level of constitutive NF-κB has been detected, 
probably due to the electrical activity within neurons and synaptic transmission, which are 
the potent stimuli for the NF-κB activation [67]. Inducible activity of NF-κB is present in 
presynaptic as well as postsynaptic sites and in the neuronal cytoplasm [66]. As stated above, 
NF-κB is a critical regulator of neuronal apoptosis and plays an extremely important role in 
survival of neurons exposed to cell injury, mostly by upregulating a wide spectrum of 
antiapoptotic and antioxidant genes [68]. On the other hand, by promotion of production of 
cytotoxic agents (such as NO) NF-κB may lead to the apoptosis of surrounding cells. In the 
microglia, activation of NF-κB stimulates the production of ROS and excitotoxins, which are 
toxic to the environment but at the same time activated microglia produce neurotrophic 
factors (e.g. NGF, bFGF, TNF), which are essential for the proper neuronal function and 
prevention of their apoptosis [67]. 

The role of NF-κB in the initiation and progression of the neurodegenerative disorders is 
complex. In Alzheimer’s disease (AD), increased NF-κB activity is detected in the immediate 
vicinity of amyloid plaques. Amyloid β-peptide (Aβ) as well as glycated tau proteins can 
activate NF-κB [62,67]. This activation may, actually, be neuroprotective, while TNF 
preserves neurons from Aβ-induced cell death in the NF-κB-dependent manner [67]. Secreted 
amyloid precursor protein (sAPPα) can also activate NF-κB and is regarded as a 
neuroprotectant [66]. Moreover, decreased NF-κB activity is linked to the early-onset 
inherited form of AD. Cells expressing mutation in the Presenilin-1 gene have an insufficient 
level of activated NF-κB, that leads to their death. Based on the data from in vitro and in vivo 
studies, the activation of NF-κB in the amyloid deposits seems to be a cytoprotective 
response [67]. NF-κB is involved in the pathogenesis of Parkinson’s and Huntington diseases 
and amyotrophic lateral sclerosis (ALS). The increased NF-κB activity in the affected 
neurons may represent, similarly to AD, an early protective response [67]. NF-κB is highly 
active at sites of inflammation. The NF-κB-mediated production of excessive amount of 
proinflammatory cytokines, chemokines, adhesion molecules, matrix metalloproteinases, 
COX-2 and iNOS play a crucial role in the exacerbation of the pathologic processes [69]. 

In multiple sclerosis (MS), a neuronal disorder with strong inflammatory background, 
NF-κB activity is detected at high levels in microglia of active plaques [67]. In the 
experimental autoimmune encephalomyelitis (EAE), an animal MS model, the positive role 
of NF-κB inhibition (predominantly by the use of proteasome inhibitors) has been reported 
[70]. Moreover, some predisposing alleles in the inhibitors of NF-κB genes leading to the 
excessive activation of NF-κB increase MS risk [71]. Activation of NF-κB is also crucial for 
the progression of brain infections caused by viruses, including, for example, human polyoma 
JC, EBV and measles viruses [66,68]. NF-κB alone is required for HIV replication in 
astrocytes and is involved in the pathogenesis of HIV-induced encephalitis [66]. The use of 
agents inhibiting NF-κB activity in the therapy of the neurological disorders is complicated. 
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They may attenuate the inflammatory reactions but on the other hand, even exacerbate the 
neurodegenerative processes and inhibit memory and learning ability [67].  

 
 

CONCLUSIONS 
 
The role of the ubiquitin-proteasome system in antigen presentation is relatively well 

known. However, most of the identified details of the protein processing machinery derive 
from studies on fibroblasts and professional antigen presenting cells such as dendritic cells 
and macrophages. Very little is known about potential similarities or differences in antigen 
presentation between peripheral tissues and brain. Elucidation of these differences should 
prove useful in designing effective therapeutic strategies aimed at thwarting the pathological 
immune responses in the course of autoimmune and neurodegenerative diseases. The role of 
the ubiquitin-proteasome system in the regulation of innate or inflammatory disorders is 
much more complex. Proteasomes are engaged in the degradation of inhibitors (IκB) of 
transcription factors (NF-κB) thereby augmenting the inflammatory response. Therefore, the 
use of proteasome inhibitors might seem justified in the treatment of several 
neuroinflammatory diseases. However, proteasomes are also engaged in the degradation of 
egr-1, STAT proteins which also drive inflammatory responses. Moreover, inhibition of NF-
κB pathway might result in impaired neuroprotection conferred by this transcription factor.  
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ABSTRACT 
 

The proteasome is involved in a number of critical intracellular processes. A major 
function of the proteasome is non-lysosomal degradation of intracellular proteins, in 
particular defect or damaged proteins. Targeted proteins are attached to ubiquitin, a 
process which is catalysed by three enzymes, E1 – E3. In human brain, the activity of 
proteasome is varying in different regions and with age. The normal function of 
proteasome in the nervous system is as essential as in other tissues, and perhaps even 
more, due to the limited capability of renewal of neurons and glial cells. Indeed, 
inhibition of proteasome alone has been shown to induce neuron death in vitro. There is 
considerable interest concerning the role of the ubiquitin-proteasome pathway in 
pathological neurodegeneration. This is partly due to the observation that proteasome 
activity decreases with normal aging of the brain. The main reason, however, is the 
accumulation of disease-related proteins in aggregates within neurons or glial cells that is 
a major feature of many neurodegenerative diseases, as Parkinson’s disease, 
Huntington’s disease, amyotrophic lateral sclerosis and Alzheimer’s disease. Besides 
proteolysis, another vital task of the proteasome is the processing of intracellular proteins 
to be presented by the MHC class I molecules to cytotoxic T lymphocytes on the surface 
of the cell. Antibodies to proteasome have been identified in patients with autoimmune 
diseases as systemic lupus erythematosus and Sjögren syndrome. Proteasome antibodies 
have recently also been identified in serum from patients with immune-mediated 
neurological diseases, as multiple sclerosis (MS) and paraneoplastic cerebellar 
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degeneration (PCD). In addition, autoreactive T cells to proteasome have been identified 
in MS patients. The presence of circulating proteasome antibodies suggests a more 
widespread affection of the immune system than indicated by the organ-specific nature of 
MS and PCD. A humoral response to proteasome can be triggered by the elevated 
proteasome levels that are found in some autoimmune diseases secondary to tissue 
damage. Primary damage of cells is a plausible explanation for an immune response 
targeted to an intracellular organelle. PCD is associated with a systemic tumour, and 
apoptosis of dying tumour cells could result in cross-presentation of intracellular antigens 
to the immune system and evoke immune responses, whereas the mechanism of initiation 
of systemic immune responses to proteasome in MS is unknown. The functional role of 
antibodies to proteasome in chronic inflammatory neurological disease remains to be 
determined. If the antibodies are indeed of pathogenic importance, as has been shown for 
antibodies to intracellular targets in SLE, the action of these antibodies might mimic the 
action of synthetic proteasome inhibitors. Such inhibitors exert their action through 
disturbance of protein breakdown, inhibition of antigen presentation and inhibition of 
proliferation, as well as the induction of apoptosis. In animal models, proteasome 
inhibitors also have potent anti-inflammatory effects. Thus, immune responses to 
proteasome in chronic inflammatory disease can potentially be both harmful, through 
interference with normal proteasome function, and beneficial, by suppressing 
inflammation. This review article aims to evaluate the current literature on antibodies to 
proteasome in neurological diseases, and to discuss the potential importance of these 
responses. 
 

Keywords: Neurodegenerative disease, autoimmune diseases, antibody formation, 
proteasome complex, paraneoplastic neurological syndromes. 
 
 

ABBREVIATIONS 
 
ANA, Anti-nuclear antibodies; dsDNA, double-stranded DNA; CNS, Central nervous 

system; CSF, Cerebrospinal fluid; ELISA, Enzyme-linked immunosorbent assay; MHC, 
Major histocompatibility complex; MS, Multiple sclerosis; PCD, Paraneoplastic cerebellar 
degeneration; PEM, Paraneoplastic encephalomyelitis; SLE, Systemic lupus erythematosus; 
UPS, Ubiquitin-proteasome system. 

 
 

INTRODUCTION 
 
The proteasome and its unique role in the maintenance of normal function in all 

eukaryotic cells has received a lot of scientific attention during the later years. The ubiquitin-
proteasome system (UPS) is crucial in the degradation of intracellular proteins and the 
processing of antigenic peptides for presentation by MHC class I molecules. The integrity of 
UPS function in the central nervous system (CNS) is particularly important due to the 
essential function and vulnerability of neurons, and their limited capability for renewal. The 
role of the UPS in the CNS in normal state seems to go far beyond proteolysis; for instance, 
UPS is crucial in the development of the nervous system [Chapter 15]. The role of the 



The Functional Role of Proteasome Antibodies in Neurological Disorders 853

proteasome in neurodegeneration is of specific interest to neurologists and neuropathologists, 
as these diseases are associated with the accumulation of misfolded proteins, forming 
intracellular aggregates [Chapter 23]. Disturbance of the UPS is now believed to participate 
in the pathogenesis of neurodegenerative disorders as Parkinson’s disease, prion diseases and 
Huntington’s chorea. Another central topic of research interest is the use of proteasome 
inhibitors, which is emerging as a major treatment strategy in some types of cancer [1], but 
which also seems to have therapeutic potentials in the field of cerebrovascular disease [2, and 
Chapters 39 and 41].  

The aim of this chapter is to discuss the current literature on naturally occurring 
antibodies to proteasome. The number of reports on such antibodies in neurological disease is 
limited, however, the research on humoral responses to proteasome in connective tissue 
disorders has been more extensive. Some features are shared by neurological and 
rheumatological autoimmune disorders, in particular the presence of antibodies to 
intracellular antigens, and we will draw some parallels between these groups of diseases. This 
review aims to evaluate the potential functional importance of proteasome antibodies and 
their role in autoimmune diseases as systemic lupus erythematosus (SLE) and multiple 
sclerosis (MS). 

 
 

CIRCULATING PROTEASOME 
 
The levels of circulating proteasome in plasma are particularly high in autoimmune 

diseases as Sjögren syndrome, myositis, autoimmune hepatitis and SLE [3]. These levels 
correlate with disease activity and cellular damage, and are higher in patients with systemic 
disease than in patients with milder and more limited affection [4]. Thus, the level of 
circulating proteasome has been suggested as a marker of disease severity and activity in 
autoimmune disease [4], and humoral immune responses to proteasome could simply reflect 
that cellular damage results in the release of proteasome and exposal of normally hidden 
antigenic epitopes, resulting in the formation of antibodies.  

High levels of circulating proteasome have also been found in patients with metastatic 
malignant melanoma [5]. As malignant melanoma is a tumour type particularly prone to 
trigger immune responses and often contains inflammatory infiltrates, circulating proteasome 
in these patients could reflect immune activation secondary to tumour growth. Elevated 
circulating proteasome levels are also found in patients with solid tumours, leukemia and 
myeloproliferative syndromes [6,7], and similar to what has been found in Sjögren syndrome 
and myositis, the level of plasma proteasome correlates with disease activity. This is an 
interesting observation, which could explain why proteasome antibodies are more common in 
paraneoplastic cerebellar degeneration (PCD) than in paraneoplastic encephalomyelitis 
(PEM). Patients with PCD often have ovarian cancer which is disseminated at the time of 
diagnosis [8]. On the other hand, patients with PEM usually harbour very small lung tumours 
that can be initially undetectable [9].  

Finally, a marked increase of circulating proteasome levels are detected in patients with 
septic states and in trauma patients, and these levels were significantly higher than in patients 
who had undergone abdominal surgery [10]. 
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DISEASES ASSOCIATED WITH PROTEASOME ANTIBODIES 
 
There are several reports on naturally occurring antibodies to the ubiquitously expressed 

proteasome. The research has mainly focused on antibody prevalence in different 
autoimmune diseases. Although there are a few reports on antibodies to proteasome in 
neurological diseases, most of the reports concern systemic autoimmune diseases (Table 1). 
One disorder that has consistently been associated with proteasome antibodies is SLE. SLE is 
of interest to neuroimmunologists and neurologists for several reasons. Not only is SLE 
regarded as a prototype of systemic autoimmune disease, but in addition, affection of the 
nervous system is very common in SLE [11,12]. Antibodies to proteasome have been 
detected in a high proportion of patients with SLE, varying from to 35% [13] to 58% [14]. 
Circulating antibodies to proteasome are also found in patients with polymyositis and 
dermatomyositis [13,14] and primary Sjögren syndrome [15,16]. Proteasome antibodies are 
also reported to be found in patients with diabetes mellitus type I, which, in contrast to many 
of the other diseases with proteasome antibodies, is an organ-specific autoimmune disease. 
However, in this group of diabetes patients, the proteasome antibodies are associated with a 
higher risk of developing other autoimmune diseases [17]. Proteasome antibodies have not 
been identified in patients with rheumatoid arthritis, systemic scleroderma, primary 
sclerosing cholangitis and autoimmune thyroid diseases [18]. Thus, proteasome antibodies 
certainly seem to be most prevalent in systemic autoimmune diseases, of which, in particular, 
SLE and Sjögren syndrome are associated with B cell hyperreactivity [19,20]. 
 

Table 1. The reported frequencies of proteasome antibodies in different diseases, 
detected by immunoblotting or ELISA. The frequency of proteasome antibodies in 

healthy controls is reported to be 0% [15, 16, 22] to 2% [14] 
 

Disease Percentage of positive patients [ref] 
Systemic lupus erythematosus 35% [18] 58% [14] 
Primary Sjögren syndrome 16% [16] 39% [15] 
Sarcoidosis 7% [16] 
Polymyositis/dermatomyositis 19% [16] 62% [14] 
Behcet’s disease 19% [16] 
Rheumatoid arthritis 0% [15] 5% [14] 
Vasculitis 0% [16] 
Multiple sclerosis 13% [22] 66% [16] 
Paraneoplastic cerebellar degeneration 43% [22] 
Paraneoplastic encephalomyelitis 11% [22] 
Cancer without paraneoplastic disease 0% [22] 15% [22] 

 
The research of anti-proteasome immune responses in inflammatory disease primarily 

affecting the nervous system is so far quite limited. However, in a recent study, antibodies to 
proteasome were detected in the serum of more than 60% of patients with MS [16]. The 
prevalence of proteasome antibodies was about the same in patients with relapsing-remitting 
or and primary progressive MS, but higher in patients with secondary progressive disease 
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(58% and 50% versus 80%). However, the numbers of patients in the two latter groups are 
quite small, and the authors concluded that the presence of antibodies to proteasome was not 
restricted to a particular subgroup of MS patients. Proteasome antibodies were found in the 
cerebrospinal fluid (CSF) of about 80% of the patients with serum antibodies. Interestingly, 
of the patients who were tested at the time of their first attack, about 67% harboured 
proteasome antibodies [16]. These patients had not yet been subjected to immunomodulating 
therapy as interferon, which could have influenced the prevalence of proteasome antibodies. 
The early detection of antibodies in MS patients are in line with studies of patients with SLE, 
in whom the majority have detectable anti-nuclear antibodies several years prior to the onset 
of clinical disease [21].  

The presence of proteasome antibodies has also been investigated in paraneoplastic 
neurological syndromes. In paraneoplastic cerebellar degeneration (PCD), patients with a 
malignant tumour of the breast, lung or ovary mount a cellular and humoral immune response 
to antigens shared by malignant cells and normal Purkinje cells of the cerebellum. Antibodies 
to proteasome were detected in the serum of 45% of PCD patients with breast or ovarian 
cancer [22]. In contrast to MS patients, however, the humoral response to proteasome in PCD 
seems to take place mainly in the systemic compartment, as proteasome antibodies were not 
found in the CSF, even in seropositive patients. In PEM, which is usually associated with 
small cell lung cancer, the prevalence of serum proteasome antibodies was significantly 
lower than in PCD [22].  

Low levels of antibodies like anti-nuclear antibodies (ANA) are detected in a percentage 
of healthy individuals [23]. However, antibodies to proteasome is consistently not found in 
normal control sera [15,16,22]. In addition, antibodies to proteasome have not been detected 
in patients with cancer of the gastrointestinal tract [15], ovary or lung [22] without 
concomitant autoimmune disease. Thus, the anti-proteasome response seems so far to be 
limited to patient groups with manifest autoimmune disease. The prevalence of serum 
antibodies to proteasome in patients in preclinical stages of autoimmune disease has not been 
investigated. 

The eukaryotic proteasome contains a number of specific subunits [24]. The humoral 
responses to proteasome have been found to be heterogenous, and when antisera are tested by 
ELISA or immunoblotting, they recognize different subunits of both α and β subtype. Many 
patients have antibodies to several subunits, indicating a polyclonal activation [15,16,22]. 
One possible explanation for this polyclonal response is inter- or intramolecular epitope 
spreading within the proteasome, resulting in antibodies directed to different proteasome 
subunits [25]. In addition, crossreactivity between the two proteasome subtypes, may account 
for some of the variation in reactivity patterns [15]. The polyclonality can be of relevance for 
the possible functional importance of the antibodies, as they can bind to different parts of the 
proteasome. Relative levels of individual components of the UPS vary between different 
regions of the brain [26], and polyclonal antibodies could therefore also have varying local 
effects depending on the expression of the antigens. 

Interestingly, antibodies to components of the proteasome activator complex PA28 (anti-
PA28α and anti-Ki antibodies) have been detected in patients with SLE (23%) and Sjögren 
syndrome (24%) [27]. The anti-Ki antibodies may associate with particular clinical subsets 
[28]. The functional importance of the anti-PA28α and anti-Ki antibodies is uncertain. The 
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high prevalence of such antibodies in these patient groups indicates that the proteasome can 
be the target of different antibodies, which may interact with the function of the proteasome 
on several levels.  

The onset of production of antibodies to a ubiquitously expressed target antigen as the 
proteasome could be initiated by defects in the clearing of apoptotic cells, as suggested in 
SLE [29], where dying cells are thought to be a major source of antigenic material to trigger 
autoantibody formation [30]. It is likely that the proteasome is exposed to the immune system 
by the same mechanism. The anti-proteasome immune response found in many of these 
patients indicates an antigen-driven immune response. However, the correlation of high 
levels of circulating proteasome and of antibodies to proteasome in the same individuals is an 
issue that has not been investigated. Such an association would strengthen the hypothesis that 
proteasome antibody production is brought on by and is a secondary marker for tissue 
damage.  
 

 

Figure 1. Representative immunoblot of 20S proteasome, purified from human red blood cells, 
separated by 14% SDS-PAGE. The left lane represents standard molecular weights. In second lane from 
the left, the blot is probed with serum from a patient with paraneoplastic cerebellar degeneration, 
showing that the serum (diluted 1:100) reacts with a proteasomal protein with a molecular weight of 
25kDa. In lane 3, there is no reaction with the cerebrospinal fluid (diluted 1:20) of the same patient; 
lane 4 shows negative reaction with serum from a healthy individual. Reprinted from: Journal of 
Neuroimmunology, volume 165; Storstein A, Knudsen A, Vedeler CA: ”Proteasome antibodies in 
paraneoplastic cerebellar degeneration” , pages 172-178. Copyright (2005), with permission from 
Elsevier. 

 



The Functional Role of Proteasome Antibodies in Neurological Disorders 857

DETECTION OF PROTEASOME ANTIBODIES 
 
The most common method by which antibodies to proteasome are detected is Western 

blotting, or immunoblotting. In this assay, purified proteasome complex or recombinant 
proteasome subunits is separated by SDS-PAGE electrophoresis, and probed with human 
serum or cerebrospinal fluid [13,14,16,22] (Figure 1). The sera often react with several 
proteasome proteins of different molecular weights, thus indicating a polyclonal response 
directed at various proteasome subunits [16]. Immunoblotting of recombinant proteasome 
subunits can identify the different antibody specificities in positive sera. Recombinant 
antigens can also be used for epitope mapping to detect the antigenic epitope in the different 
proteasome subunits [16].  

Some authors have used enzyme-linked immunosorbent assays (ELISA) to detect 
proteasome antibodies. This assay also employs purified proteasome to coat multititer plates; 
sera are then added and allowed to react, and bound antibodies are detected enzymatically by 
a microplate reader. The specificity of the ELISA assay can be increased by using 
proteasome-specific monoclonal antibodies (sandwich ELISA) [14]. Sandwich ELISA is also 
the preferred technique for detection of circulating proteasome [4]. 

Finally, proteasome antibodies can also be detected by the use of immunohistochemistry, 
allowing human sera to react with preparations of cell cultures [22] (Figure 2). 
 

 
                          A                                                   B  

Figure 2. Cancer cells, prepared as slides and stained by serum from a patient with paraneoplastic 
cerebellar degeneration and high levels of proteasome antibodies. (A) Multilocular intracellular staining 
produced by serum diluted 1:2000. (B) When the serum has been pre-absorbed with 20S protein, the 
staining is abolished, showing that antibodies in the serum react with 20S to form antigen-antibody 
complexes that do not stain the cancer cells. Reprinted from: Journal of Neuroimmunology, volume 
165; Storstein A, Knudsen A, Vedeler CA: ”Proteasome antibodies in paraneoplastic cerebellar 
degeneration”, pages 172-178. Copyright (2005), with permission from Elsevier. 
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PATHOGENIC ROLE OF PROTEASOME ANTIBODIES 
 
The proteasome antibodies are targeted to an intracellular antigen that is located in the 

nucleus as well as the cytoplasm, and which is ubiquitously expressed in all eukaryotic cells. 
The pathogenic role of antibodies to intracellular antigens has been a controversial issue for a 
long time. Many systemic autoimmune diseases are associated with antibodies to intracellular 
targets. It is generally believed that nuclear and cytoplasmic antigens are inaccessible to 
circulating antibodies and that such antibodies are highly unlikely to be of pathogenic 
importance. However, some antibodies are able to penetrate the cell membrane, among them 
anti-dsDNA antibodies, anti-RNP antibodies and anti-SSB/La antibodies [31].  

Even if the antibodies are successful in traversing the cell membrane, it is still debated 
whether antibodies, once internalized, can initiate cell damage, and the evidence for this is 
mainly experimental. However, recent research has shown that humoral responses directed to 
intracellular targets may indeed participate actively in the pathogenesis of autoimmune 
disease. In SLE, anti-dsDNA antibodies antigens seem to be both of pathogenic importance 
as well as important markers of disease [21,32]. It has also been hypothesized that antibodies 
to intracellular antigens may exert functional effects in systemic sclerosis and in rheumatoid 
arthritis [33]. Thus, although the pathogenicity of antibodies to intracellular targets is still a 
debated issue, future research may change the present impression of these antibodies as pure 
diagnostic markers. 

Whether antibodies to proteasome participate in the pathogenesis of autoimmune 
diseases, neurological or otherwise, has not been clarified. In general, there are certain 
criteria that need to be fulfilled for an antibody to be considered as pathogenic. First, the 
antibodies should be associated with a high degree of disease specificity, which is not the 
case for the proteasome antibodies. Even if autoimmunity is a common feature in the diseases 
in which proteasome antibodies are found, the clinical spectrum is still very wide. Second, 
the proteasome antibodies do not seem to cluster with distinct clinical phenotypes. Third, 
there is no certain correlation between the level of proteasome antibodies and disease 
activity, although this has not been systematically investigated. Finally, the pathogenic 
effects of antibody-antigen interactions in vivo should be reproducible in experimental 
systems. However, no such models have been established for proteasome antibodies. 

Which arguments are in favour of functional effects of proteasome antibodies? The 
antibodies have been detected at a very early stage of disease, i.e. in MS, suggesting that they 
are a contributing factor, and not only a secondary response to the inflammation and cell 
damage [16]. Additionally, the proteasome antibodies are of the IgG and IgM subclass [16]; 
and the IgG subclasses of proteasome antibodies in PCD are IgG1 and IgG2 [22]. These 
results indicate an immune response that is antigen-driven and T cell-dependent, as is often 
the case of pathogenic antibodies.  

If antibodies to proteasome exert functional effects inside the blood-brain barrier, 
intrathecal antibody synthesis is to be expected. In the study by Mayo and coworkers, 
antibodies to proteasome were also detected in the CSF of about 80% of the seropositive MS 
patients [16]. Although it is noted that the concentration of proteasome antibodies, based on 
the total IgG content, was enriched in the CSF of one single patient, the report does not 
comment on intrathecal antibody production in the seropositive patients. Intrathecal IgG 
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production is very common in MS, shown by multiple oligoclonal IgG bands detected by 
isoelectric focusing of the CSF [34]. The specificity of the IgG represented by these bands is 
not known, but it remains to be seen whether some are directed against proteasomes.  

The lack of intrathecal proteasome antibodies in PCD strongly suggests that they do not 
participate in the pathogenesis of Purkinje cell death in this disorder. On the other side, the 
anti-proteasome response in PCD may be a part of the immune responses directed at tumoural 
antigens, such as antigens presented by ovarian tumours. In ovarian cancer, the majority of 
patients have advanced malignancy at the time of diagnosis [35]. Thus, the antibodies to 
proteasome found in PCD patients could reflect tumour burden and cell death. In patients 
with PEM, the associated tumour is usually very small and often occult, perhaps resulting in a 
less extensive presentation of antigenic tumour material to the immune system. This may 
partly explain why proteasome antibodies are less common in PEM than in PCD [22].  

Coexisting cellular responses to proteasome have only been investigated in MS. 
Autoreactive T cells to proteasome were detected in 40% of analysed MS sera, but 
proliferation of peripheral blood mononuclear cells was not detected in patients without 
proteasome antibodies [16]. The presence of autoreactive T cells is an argument in favour of 
a pathogenic role of the anti-proteasome immune response in MS, but must be regarded with 
some caution, as these results have not been confirmed by others.  

 
 

FUNCTIONAL EFFECTS OF PROTEASOME ANTIBODIES 
 
The functional effects of proteasome antibodies are uncertain. This is partly due to the 

low serum levels of proteasome antibodies in autoimmune disease, which is usually in the 
range of 1/100 – 1/2000 [22]. Furthermore, the antibodies are directed to an intracellular 
target, leaving doubt as to their pathogenicity. The polyclonality of the proteasome antibodies 
and the complexity of proteasome function still suggest that there are multiple potential 
molecular pathways for the antibodies to exert their effects. Also, conformational diversities 
could allow the antibodies to recognize more than one target epitope. The UPS has a complex 
and central role in the maintenance of neurons, their excitability and outgrowth, in 
neuroprotection and in neurometabolism [2]. The UPS is also important in synaptic function 
and synaptic plasticity [36], perhaps also by its close association with MHC class I function 
and antigen expression [37]. Thus, interaction with the proteasome can have disastrous 
effects in neurons, which the role of proteasome dysfunction in neurodegenerative disorders 
has clearly demonstrated [38]. In these diseases, proteasome inhibition seems to participate in 
neuronal death, probably through multiple effects, including elevated intracellular levels of 
protein oxidation. Whether antibodies could inhibit proteasome function by similar 
mechanisms as found in neurodegenerative diseases, is not known. However, such effects 
could work in orchestra with the multitude of other humoral and cellular immune responses 
in immune-mediated diseases like MS, to increase neuronal vulnerability. The potential 
effects of proteasome antibodies in a pro-inflammatory environment are likely to differ from 
effects under normal conditions. In systemic autoimmune inflammation, there is usually an 
upregulation of interferon-inducible proteasome subunits, whereas in Sjögren syndrome, 
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deficiency of a specific proteasome subunit has been identified [39]. To relate this finding to 
the specificity of proteasome antibodies in Sjögren syndrome would thus be of great interest. 

We have shown that proteasome antibodies stain living cancer cells, indicating IgG 
internalisation, but viability studies did not reveal any direct cytotoxic effects of such 
antibodies on cancer cells in vitro [22]. Whether natural antibodies could bind and inhibit the 
pathways of the UPS remains uncertain. However, even if the lack of cytotoxicity suggests 
that the antibodies do not interfere with vital cellular mechanisms concerning growth and 
differentiation, the antibodies could still affect other functions as degradation and 
presentation of antigens on MHC class I molecules, potentially influencing the presentation 
of intracellular antigens to the immune system. The UPS has particular functions within the 
nervous system, in particular concerning synaptic transmission, and antibody effects inside 
the CNS may thus differ from the effects observed in cell cultures of neuronal as well as non-
neuronal origin. By suppression of the activation of nuclear factor-kappa B (NF-кB), 
synthetic inhibitors of the UPS can mediate anti-inflammatory effects, which is of potential 
great therapeutic interest in CNS inflammation [40]. If antibodies to proteasome can act in 
the same inhibitory fashion, their presence in inflammatory CNS diseases as MS could be 
favourable.  

An interesting observation is that the prevalence of proteasome antibodies is even higher 
in MS than in systemic inflammatory diseases like SLE. There are immunological similarities 
between MS and SLE, and there could possibly be shared pathways and mechanisms in the 
pathogenesis of these diseases. Nevertheless, the proteasome antibodies may not reflect a 
specific immune response. The spectrum of autoimmune diseases in which proteasome 
antibodies have been detected indicates that these antibodies reflects a global abnormality in 
the B cell regulation and function in certain patient groups that have a predilection for 
autoimmune disease and a lowered threshold for the production of autoantibodies [16,41]. It 
is thus possible that the proteasome antibodies represent a bystander immune response 
without direct pathogenic effects. 

 
 

CONCLUSION 
 
Proteasome antibodies are detected in patients with systemic and organ-specific 

autoimmune diseases. The significance of these antibodies is uncertain. It is likely that they 
reflect cellular damage and release of intracellular antigens and represent bystander immune 
responses. A primary pathogenic function seems less probable, however, in an inflammatory 
micro-environment, the antibodies may still exert functional effects. This is an issue that 
needs to be clarified in experimental models.  

An interesting aspect of proteasome antibodies is why they are present in some patients 
and not in others, and whether proteasome antibodies are related to the severity and prognosis 
of disease. The limited number of reports on proteasome antibodies does not allow for 
conclusions in this matter, but further studies should aim to investigate possible correlations 
of the presence and level of proteasome antibodies and the long term prognosis of MS and 
other immune-mediated diseases.  
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ABSTRACT 
 

In higher eukaryotic cells, the 26S proteasome is the central component of the 
ubiquitin-proteasome system (UPS), in which it provides for the degradation of 
cytoplasmic and nuclear proteins, usually tagged with ubiquitin oligomers, and their 
resolution into short peptides. This pathway is involved in the control of a large array of 
cellular processes including protein turnover, digestion of damaged, mutant and viral 
proteins, cell cycle regulation, cell division, differentiation and development. 
Furthermore, it is also implicated in DNA repair, stress, immune and inflammatory 
responses, apoptosis, cell surface receptor modulation, transcription factor processing 
and activation, etc. Proteins belonging to different molecular pathways playing an 
important role in glioma progression or regression may undergo degradation or 
processing via the UPS, and consequently be inactivated, or conversely activated 
following proteasome inhibition. In GBM there is a striking shift of the balance 
constitutive/immunoproteasome towards the latter; paralleled by depression of the 
chymotrypsin-like activity. This is in opposition to its expected enhancement, being this 
activity higher in the immunoproteasome with respect to the standard proteasome. A 
better understanding of this discrepancy as well as of the enhanced apoptosis associated 
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with proteasome inhibition, as observed in GBM, could be helpful in designing novel 
therapeutic strategies. 

 
Keywords: nervous tissue neoplasms, glioblastoma enhanced pathways, ubiquitin-

proteasome system, apoptosis, proteasome inhibitors, standard proteasome, 
immunoproteasome. 
 
 

ABBREVIATIONS 
 
AFX, transcription factor also known as FOXO4; Akt, protein kinase B PKB; BAD, 

proapoptotic tumor suppressor protein; Bcl-2, bcl-Associated Death Protein; CDK, cyclin 
dependent kinase; c-Myc, proto-oncogene protein c-myc-transcription factor product of the 
oncogene c-myc; E2F, transcription Factor of E2 gene; E2F4, transcription repressor E2F4; 
EGFR, epidermal growth factor receptor; Fas,. transmembrane fas receptor also defined 
CD95 or Apo1 antigen; FKHR, forkhead transcription factor; FRAP, FKBP12 rapamycin-
associated protein; GBM, glioblastoma; LLnL, Leu-Leu-norLeu-al; L+R, ligand+receptor; 
MAPK, mitogen activated protein kinase; Mdm2, E3-like ubiquitin-protein ligase product of 
mdm2 gene; MG132, Z-Leu-Leu-Leu-al ; mTOR, mammalian target of rapamycin protein 
kinase; NFκB, transcription nuclear factor κB; p14, cell cycle regulator or tumor suppressor 
gene; p21WAF1, CDK inhibitor p21; p27, CDK inhibitor p27Kip1; PDGFR, platelet derived 
growth factor receptor; PIP3, phosphatidylinositol-3-phosphate; pRb-P, retinoblastoma-
associated protein-phosphorylated; PS341, Z-Ile-Glu(octaBut)-Ala-Leu-al; PTEN, 
phosphatase and tensin homolog deleted on chromosome 10; Ras, product of Ras proto-
oncogene, a monomeric G-Protein; SV40, tumor virus SV40; TNFα, tumor necrosis factor α; 
TP53, transcription protein 53; TRAIL, TNF-related apoptosis-inducing ligand; UPS, 
ubiquitin-proteasome system. 

 
 

THE UBIQUITIN SYSTEM AND GLIOBLASTOMA 
 
In higher eukaryotic cells, the proteasome constitutes the central protease of the 

ubiquitin-proteasome system (UPS), playing a role in the cytoplasmic and nuclear 
degradation at neutral pH of most intracellular proteins, preferentially if tagged with ubiquitin 
oligomers (see Chapters 3, 6 and 7). Originally, the UPS was described as a way to provide 
for the digestion of misfolded, damaged, mutant, or viral proteins and their transformation 
into short peptides further degraded to single amino acids by specific peptidases. However, 
evidence is growing that this pathway is also involved in the degradation or processing of a 
variety of proteins, frequently short-lived regulatory proteins, implicated in different vital 
cellular processes including cell cycle regulation, cell division, differentiation and 
development, DNA transcription and repair, apoptosis, modulation of cell surface receptors, 
ion channels and secretory pathways, response to stress and extracellular challenges, immune 
surveillance, inflammation, etc [1]. Therefore, direct or indirect aberrations of the UPS result 
in a variety of pathologies, including malignancies. 
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Proteins involved in different molecular pathways, playing an important role in glioma 
progression or regression, may undergo degradation or processing by the UPS and 
consequently be inactivated or conversely activated following proteasome inhibition. In this 
regard, there are many examples. The key regulation of the cell cycle check-point G1-S is 
exerted by p53 together with Mdm2 and p14ARF. The N-terminus of Mdm2 binds to the 
transactivation domain of p53 and inhibits its transcriptional activity; furthermore, Mdm2 
regulates p53 protein level, because p53 is targeted for nuclear export and cytoplasmic 
degradation following ubiquitination by Mdm2 which in the UPS functions as an E3 
ubiquitin ligase. Interestingly, Mdm2 is frequently amplified in glioblastomas. Another 
example of UPS intervention is given by p27/Kip.1 which regulates G1-S transition 
inhibiting cyclin E- and A-CDK2 complexes; p27/Kip.1 is expressed in G0 and G1 and 
decreases in cells entering into S-phase. It is post-translationally regulated by degradation 
into the UPS. SCF complexes (Skip1, Cul-1, F-box protein) are a class of ubiquitin ligases 
ensuring the specific recognition and ubiquitination of different substrates through different 
F-box proteins. Skp2 belongs to this group of proteins and is required for G1-S transition 
targeting p27/Kip.1 for ubiquitination and degradation. In glioblastoma, an inverse 
relationship is appreciable between Skp2 and p27/Kip.1. Among other proteins degraded into 
UPS, IκBα must be mentioned preventing NFκB translocation to the nucleus. 

 
 
PATHWAYS OF ASTROCYTIC GLIOMA PROGRESSION AND 

ALTERATIONS AT THE GENE LEVEL 
 
In astrocytic gliomas, a progression is realized through anaplasia, which indicates loss of 

the phenotypic features of a certain stage of differentiation, with regression to a more 
immature stage. A diffuse astrocytoma grade II, through anaplastic astrocytoma grade III, 
may transform into a IV grade glioblastoma (GBM). In the course of anaplasia, pathologic 
aspects typical of the different stages are associated with genetic alterations, as depicted in 
Table 1. 
 

Table 1. Progressing anaplasia and genetic alterations 
 

Tumor stage Associated pathology Genetics 
Astrocytoma Proliferation TP53 mutations 
 Apoptosis PDGFR over-expression 
  7p, 22q losses 
Anaplastic Astrocytoma Cell cycle deregulation CDKN2A/p16 deletion 
  RB mutation 
  CDK4 amplification 
  9q, 13q, 19q, 11p losses 
Glioblastoma Necroses EGFR amplification/truncation 
 Angiogenesis PTEN mutations 
 Clonal selection pRb pathway alterations 
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Figure 1. PDGFR stimulation leads to apoptosis if p53 is wild type and to astrocytoma if it is 
inactivated. 

 

Figure 2. pRb pathway. Complexes of different cyclins and kinases regulate the phosphorylation of pRb 
and activation of the transcription factor E2F leading to DNA gene expression. 

 

Figure 3. Amplified or truncated EGFR keep active Ras pathway and proliferation. 

Two types of GBM have been identified: primary GBM arising as such from the 
beginning and secondary GBM originating from the transformation of a pre-existing 
astrocytoma. It is worth mentioning that the two GBM types show different molecular assets, 
with TP53 mutations prevailing in the secondary type and EGFR amplification, PTEN 
mutations and other genetic alterations in the primary type [2]. Tumour progression is due to 
genotypic instability followed by genotypic and then phenotypic heterogeneity, giving rise to 
new clones characterized by increasing proliferation rate and mutability, which substitute the 
predecessors in a process of selection by competition. Inactivation of tumour suppressor 
genes and accumulation of mutations are the basis of this event. The genetic alterations are 
distributed across several molecular pathways [3,4], which include proteins susceptible to 
degradation by UPS. These pathways are: PDGFR stimulation of glia (Figure 1) which may 
lead to apoptosis with wild type p53 and to tumour development if p53 is inactivated by 
different ways; cell cycle regulation through cyclins and the relevant kinases with the 
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consequent phosphorylation of pRb and activation of the transcription factor E2F (Figure 2); 
EGFR signalling keeping the Ras pathway active for proliferation with amplification or 
truncation of the receptor (Figure 3); p14-Mdm2-p53 loop which can inactivate p53 (Figure 
4); PTEN–Akt circuit which can make a switch between cell proliferation and apoptosis 
(Figure 5). 
 

 

Figure 4. p53 can be inactivated by Mdm2 and exported to the cytoplasm where it is degraded by the 
proteasome; Mdm2 is regulated by p14. 

 

Figure 5. Mutated PTEN frees Akt which is a switch between apoptosis and proliferation. 

 
PROTEASOME INHIBITORS IN GLIOBLASTOMACELL  

LINES AND EXPLANTS 
 
Proteasomes, as the central proteolytic machinery of the UPS, play a pivotal role in 

controlling cell proliferation and differentiation as well as programmed cell death (apoptosis) 
in a variety of normal and tumour cells [5-10]. Their implication in the regulation of 
apoptosis largely relies on the activation of NFκB (see Chapter 21). Constitutively, NFκB is 
prevented from nuclear translocation because sequestered in the cytoplasm following its 
binding with the inhibitory protein IκB. NFκB as an active transcription factor, is a dimer 
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made up by p50 and p65/Rel subunits; p50 arises through processing of the inactive precursor 
p105. Both p105 and IκB enter UPS provided they have been phosphorylated and tagged 
with ubiquitin oligomers. The former will be processed into mature p50, whereas the latter 
will be fully degraded. Once processed and IkB-free, p50 binds with p65 and the heterodimer 
translocates to the nucleus, where it transactivates a series of genes encoding proteins 
implicated in promoting cell proliferation and immune and inflammatory responses, as well 
as in awakening the antiapoptotic surveillance system [11-13]. The latter event partly relies 
on caspase-3 and -8 degradation by proteasomes [14]; however, caspase-mediated 
degradation of some proteasome subunits occurs in early stages of apoptosis [15,16], 
revealing that the execution of the apoptotic progression is finely tuned by a network of 
signals that upregulate or slow down its progression.  

The involvement of proteasomes in the development of gliomas is supported by: (i) the 
status of NFκB, which is strongly activated in glioblastoma specimens and accumulates in the 
nucleus in parallel with tumour progression [17,18]; (ii) a number of findings carried out in 
conditions of proteasome function blockade by cell permeable inhibitors (see Chapter 40). 
For example, glioma cells exposed to proteasome inhibitors, whether peptide aldehydes, such 
as LLnL and MG132, or non-peptide molecules, such as lactacystin and epooxomicin 
[19,20], undergo apoptosis. This event is associated with activation of caspase-3 [21-23].  

Another selective and strong proteasome inhibitor is PS-341, also called bortezomib, a 
boronic acid dipeptide, which exhibits prominent effects in vitro and in vivo against several 
solid tumours [24], and is the first approved drug in the proteasome inhibitor class of 
anticancer agents [25]. In human GBM cell lines and in primary GBM explants, PS-341 
arrests cells in G2/M with a concomitant decrease in the percentage of cells in S phase. These 
events are associated with increased expression of p21WAF1, p27Kip.1, and cyclin B1 proteins, 
decreased levels of CDK2, CDK4 and the transcription factor E2F4. All these events take 
place along with reduced transcriptional activity of NFκB [17,18,26]. Furthermore, in GBM 
cells, PS-341 enhances TRAIL- and TNFα-induced cell death and apoptosis, suggesting that 
it may be considered for an effective therapy in patients with gliomas [26]. 

It is debated how TNFα and TRAIL signaling cascades, on the one hand, lead to NFκB 
activation, which is known to promote the expression of antiapoptotic genes, while on the 
other hand, they favour apoptosis. TRAIL- and TNFα-induced apoptosis implies activation of 
the caspase cascade as well as of NFκB [27-29]. Since caspases are proteasome substrates, it 
is possible that the proteasome inhibition, such as that determined by PSI-341, together with 
TRAIL- and TNFα -induced caspase activation gives rise to accumulation of caspases, 
because no longer degraded by the proteasome. However, in murine cortical cell lines, 
activation or conversely attenuation of the apoptotic program occurs depending on whether 
MG132-induced blockade of proteasome function was partial or complete [30]. 

Furthermore, in glioma cells, proteasome inhibitor-induced mitochondrial-independent 
caspase-3-dependent apoptosis relies on c-Myc protein stabilization, in turn responsible for a 
transient increase of Fas ligand (FasL) message to stimulate the apoptotic signaling pathway. 
In fact, in these cells, c-Myc protein accumulation is associated with a markedly increased 
expression of FasL mRNA along with slightly increased Fas-CD95 receptor mRNA; these 
events precede in time the activation of caspase-3. Indirectly, what above described 



The Ubiquitin Proteasome System in the Pathobiology of Human Gliomas 871

strengthens the involvement of proteasomes as anti-apoptotic factors in malignant glioma 
cells [23]. 

Lastly, in human and rat GBM cell lines, the UPS has been implicated in the stability of 
the eukaryotic Elongation Factor-2 (eEF-2) kinase, a highly conserved calcium/calmodulin-
dependent enzyme involved in the regulation of protein translation and cell proliferation. 
Rapid changes in the activity and quantity of the kinase are observed upon cell growth 
stimulation and up-regulasted kinase activity appears as a feature of malignant cell growth. In 
GBM cells, eEF-2 kinase behaves as a relatively short-lived protein, with a half-life of less 
than 6 hours. Treatment of these cells with MG132 results in accumulation of the kinase in 
ubiquitin-tagged forms, with a consequent prolonged protein half-life. In this regard, MG132 
is considered as an effective agent in the treatment of certain forms of cancer, including GBM 
[31]. 

 
 

PROTEASOMES IN HUMAN GBM 
 
In contrast with the large array of findings that indirectly strengthen the involvement of 

proteasomes in tumorigenesis, there is little known evidence that proteasomes are 
functionally and structurally modified in malignant cells, including glioma cells. This gap of 
knowledge likely results from the lack of an adequate control tissue. 

In human cortical tissue, as well as in unstimulated mouse microglial cells, the 20S 
proteasome is expressed as a constitutive (standard) proteasome and as an 
immunoproteasome. The former comprises the coordinated assembly of 14 α and 14 β 
subunits, arranged in an α7β7β7α7 stoichiometry. In the latter, the active constitutive subunits 
β1 β2 and β5 are replaced by their interferon (INF)-γ inducible homologue counterparts, 
defined as iβ1/LMP2, iβ2/MECL-1 and iβ5/LMP7 [32-34]. These changes give rise to 
modifications of the peptidase activity of the proteasome (see Chapter 34). In fact, 
replacement of β1 with LMP2 implies suppression of the peptidyl-glutamyl peptide 
hydrolysing (PGPH) activity, a feature of β1, and substitution with chymotrypsin-like activity 
which is shared by LMP7; replacement of β2 with MECL-1 implies enhancement of the 
trypsin-like activity [35-37]. As a consequence, the proteolytic activity of the proteasome 
shifts towards the generation of peptides with a hydrophobic or basic amino-acidic residue at 
their C-terminus; these peptides are preferentially taken up by MHC-class I proteins for 
presentation to cytotoxic T lymphocytes, with a consequent immune response [35]. However, 
in contrast to proteasomes from other sources, in particular from professional antigen 
presenting cells, 20S proteasomes from brain cortical regions and unstimulated microglial 
cells are characterized by low levels of the three inducible subunits [33] and by low levels of 
LMP2 and LMP7, but undetectable MECL-1 [32], respectively. Neurons and resting 
microglial cells are poor or destitute of immunoreactivity, particularly the former [32,38-41]; 
however, in brains under appropriate stimuli, microglial cells become the major antigen 
presenting cells and respond to pathologic events [32,41].  

In the human brain, the 20S proteasome PGPH activity is higher than in the kidney, a 
tissue largely involved in the immune response, whereas the opposite is true for the 
chymotrypsin-like and trypsin-like activities, both involved in the generation of antigenic 
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peptides [33]. In primary microglia cultures lengthily treated with INF-γ, MECL-1 and LMP7 
subunits accumulate and in parallel of the constitutive counterpart β2 disappears [32]. Lastly, 
in human brain, the 20S proteasome, besides as a single independent particle, also exists as a 
complex in association with the multimeric protein 11S regulator (11SReg), also defined as 
proteasome activator 28 (PA28) [34]. The regulator comprises two types of subunits, 7 α and 
6 β, arranged in two caps, one at the top and the other at the bottom of the proteasome unit. 
Expression of the regulator is under the control of INF-γ and its regulatory role consists of 
enhancing the proteasome peptidase activity, namely the chymotrypsin-like activity [42], thus 
favouring the generation of peptides with increased affinity for MHC class I molecules.  

The 20S proteasome in various tissues is mainly expressed as a high molecular mass 
protein complex, derived from its ATP-dependent association with the regulatory component, 
the 19S complex or PA700; this assembly gives rise to the 26S proteasome, the central 
protease of UPS. The 26S proteasome has been purified and widely characterized in bovine, 
but not human brain [43], although reasons exist to believe that in human brain it has 
properties comparable to those of other tissues (Piccinini et al. unpublished observations). 
The 26S proteasome is likely to be expressed also in mouse glial cells [32], although a final 
confirmation is still lacking. 

The characterization of the proteasome catalytic core in human GBM has recently been 
attained by a comparison between the structural and functional properties of the 20S 
proteasome isolated and purified from fresh surgery specimens of tumour tissue and those of 
the 20S proteasome from fresh peritumoral, histologically normal tissue. 

In GBM, the 20S proteasome has properties largely similar to those of control tissue, as 
well as of human and bovine brain cortical regions and glial cells [32-34,43]. In human 
GBM, proteasome structural properties are preserved, since in all GBM surgical specimens 
examined, the 20S proteasome was constituted by the three active subunits β1, β2, and β5, as 
well as by their counterpart IFN-γ inducible subunits, LMP2, MECL-1 and LMP7. However, 
in the proteasome from 70% GBM specimens, the three inducible subunits are much more 
expressed than in controls (Figure 6); surprisingly, this feature is associated with a strongly 
depressed chymotrypsin-like activity, as opposed to the unvaried trypsin-like one which is. 
This discrepancy between proteasome functional and structural properties is also a feature of 
tissues in conditions of stress, such as those induced by oxygen radicals [44], and thus it can 
be taken as a marker of the metabolic disorders underlying the tumour malignancy. 

The incorporation of the 11SReg in the 20S proteasome is instead unaltered in all GBM 
specimens [34]; however, because of the influence of the regulator on proteasome 
chymotrypsin-like activity, it can be concluded that the aforementioned role of 11SReg does 
not take place in GBMs, particularly in those where the INF-γ inducible subunits accumulate, 
and again, this may be a mark of malignancy. 

 
 

CONCLUSION 
 
Collectively, the reported observations indicate that in GBM, the UPS plays a great role 

as an anti-apoptotic system by eliminating controlled cell death and promoting factors 
favouring cell proliferation. This role largely relies on the efficiency of the proteasome. As 
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for the UPS, gliomas do not behave differently from other tumours. Therefore, throwing light 
on the discrepancy between proteasome functional and structural properties in gliomas and 
ascertaining whether this discrepancy also occurs in other tumours might uncover a common 
dysfunction of a huge number of cell processes. This could be a crucial step in designing 
multifunctional therapeutic drugs common to all tumours. Interestingly, proteasomes have 
been revealed to be quite sensitive to cytostatic drugs [45,46]. 
 

 

Figure 6. The 20S proteasome from human glioblastomas (G-20S) and control specimens (C-20S). 
Panel A: Resolution of G-20S (lanes 1, 3) and C-20S (lanes 2, 4) by non-denaturing gel electrophoresis 
and visualization by gel overlying with the fluorogenic peptide Suc-L-L-V-Y-AMC, substrate of the 
proteasome chymotrypsin-like activity (lanes 1, 2) or Coomassie Blue staining (lanes 3, 4). Panel B: 
Resolution of G-20S (lane 1) and C-20S (lane 2) by denaturing gel electrophoresis (SDS-PAGE) and 
protein band visualization by silver staining. Panel C: G-20S (lanes 1, 3, 5) and C-20S (lanes 2, 4, 6) 
inducible subunits LMP2, LMP7 and MECL-1 resolved by SDS-PAGE, electroblotted on PVDF 
membranes and identified by immunodecoration by selective antibodies. Blots were re-probed by a 
monoclonal antibody to the 20S proteasome constitutive α5 subunit for equal protein loading. (From 
Piccinini et al. 2005; [34]) 
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ABSTRACT 
 

Pituitary tumors are usually benign lesions, but their tumorigenic process may 
constitute a model of the initial stages of carcinogenesis. Two major theories have been 
subject to most investigation: hormonal (usually hypothalamic factors) and/or growth 
factor over-stimulation, or a molecular defect within the pituitary itself. Oncogenes and 
tumor suppressor genes involved in other types of tumor do not appear to play a major 
role in the pathogenesis of pituitary tumors. In addition, germline genetic disorders, in 
which pituitary tumors are a common feature, have not shed much light on the 
pathogenesis of the more common sporadic tumors. An increasing number of reports 
point to deregulation of the cell cycle in these tumors, while transgenic disruption of the 
cell cycle machinery frequently leads to pituitary tumors in animal models. Cell cycle 
progression during G1, S and G2 phases is normally regulated by the fluctuation in the 
concentration of cyclins, cyclin-dependent kinases (CDKs) and their inhibitors, while 
securin, separin and cohesin regulate progression through M phase. This is mainly 
achieved through the programmed degradation of these proteins within the ubiquitin-
proteasome system (UPS), but also by transcriptional regulation and subcellular 
compartmentalization. Alterations of these processes result in uncontrolled proliferation, 
aneuploidy and tumorigenesis. Aberrations of one or more components of the 
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pRb/p16/cyclinD1/CDK4 pathway have been shown in 80% of pituitary tumors. We 
have shown that low levels of nuclear p27 in human pituitary tumors associate with 
increased degradation of the protein through the UPS. Human securin, identified as the 
product of pituitary tumor transforming gene (PTTG), is over-expressed in human 
pituitary tumors. This can cause aneuploidy and inhibition of p53 actions towards cell 
cycle arrest, DNA repair and apoptosis. PTTG also contributes to pituitary tumorigenesis 
by modulation of angiogenesis. Degradation of PTTG is ubiquitin-dependent and 
promotes the initiation of anaphase and exit from mitosis. Incomplete PTTG degradation 
through the anaphase-promoting complex/cyclosome (APC/C) secondary to PTTG over-
expression results in doubling of chromosome numbers. Whether the cell cycle changes 
reported in pituitary tumors are truly causal remains uncertain and it is more likely that 
alteration in signaling pathways feed into the cell cycle which then executes an aberrant 
set of instructions that result in cell proliferation. Excessive regulatory hormone 
stimulation can lead to an increased number of cells in the pituitary in various 
physiological or pathological states. Animal models also provide data that in the presence 
of excessive hypothalamic hormone stimulation, adenoma formation can occur. 
Hormonal (usually hypothalamic factors) and/or growth factor over-stimulation of the 
pituitary is dependent on signaling through membrane and/or nuclear receptors. A 
number of these receptors such as protein G- coupled receptors, tyrosine-kinase 
receptors, growth hormone, glucocorticoid and estrogen receptors are down-regulated via 
degradation through the ubiquitin proteasome system. Various anomalies of receptor 
expression observed in pituitary tumors may be explained through excessive or 
incomplete degradation, which may then cause aberrant signaling in different 
proliferative pathways to result in tumor formation. Increasing research in the field of 
ubiquitin-proteasome degradation of various proteins involved in pituitary proliferation is 
likely to provide new insights into pituitary tumorigenesis. 
 

Keywords: human pituitary tumors, ubiquitin-proteasome system, cell cycle. 
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INTRODUCTION 
 
Pituitary tumors account for an average of 10% of intracranial tumors. Usually small, 

benign lesions, they may be clinically important in that they can affect the whole endocrine 
system as well as being locally invasive into the cavernous sinuses, optic chiasm or brain. 
Despite extensive research in the past 30 years, the molecular basis of pituitary tumorigenesis 
remains controversial. This review will concentrate on molecular changes in these tumors, 
and particularly alterations in the ubiquitin-proteasome system (UPS). 

There are two major theories which have been subject to most investigation: hormonal 
(usually hypothalamic factors) and/or growth factor over-stimulation, or a molecular defect 
within the pituitary itself. In the presence of excessive hypothalamic hormone stimulation, as 
in longstanding untreated end-organ failure, reactive pituitary adenomas can occur. This is 
also suggested by transgenic animal models that develop pituitary tumors when excessively 
exposed to hypothalamic releasing factors [1]. However, there is substantial evidence in favor 
of the monoclonal nature of pituitary tumors [1]. This argues for an intrinsic molecular defect 
as the primary initiating event in tumor formation, although there may be hypothalamic 
factors that accelerate or modulate the process of tumorigenesis. Thus, the question arises as 
to the nature of the precise molecular pathology underlying such tumors. 

Human genetic disease can in some instances be associated with endocrine neoplasia, 
and it was therefore thought likely that the identification of the genetic cause of multiple 
endocrine neoplasia type 1 (MEN-1), in which some 40% of patients develop pituitary 
tumors, would explain the somatic mutation in the majority of sporadic pituitary tumors. This 
has proved not to be the case, with somatic mutations of the MEN-1 gene, menin, accounting 
for no more than 1–2% of sporadic tumors [2]. We have also shown that the expression of 
menin mRNA is not different in pituitary adenomas compared with normal tissue [3]. 
Similarly, Carney syndrome is an autosomal dominant genetic disorder in which there is an 
approximately 10% prevalence of somatotroph adenomas. The genetic basis for one type of 
this disease is now known and it involves a mutation of the protein kinase A regulatory 
subunit on chromosome 17. Several studies have, however, been unable to demonstrate 
somatic mutations of this gene in sporadic pituitary tumors, nor alterations in the level of its 
mRNA expression [4]. At present, therefore, human germline disorders have shed little light 
on the pathogenesis of the much more common sporadic tumors, although a locus at 2p16, 
positionally identified as the probable locus for both the second type of Carney syndrome, or 
the gene for familial acromegaly at 11q13 [5], may be more enlightening when finally 
identified. 

 
 

CELL CYCLE ALTERATIONS IN PITUITARY TUMORS 
 
An alternative approach to the problem of pituitary tumorigenesis is through data derived 

from animal models, particularly those involving gene additions and knockouts. Transgenic 
disruption of the cell cycle machinery frequently leads to pituitary adenomas in animal 
models. The cell cycle is the process by which cells grow, replicate their genome and divide. 
Its control system operates through cyclical interaction of proteins that induce and coordinate 
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proper progression through the cycle. Driving the cell cycle is mainly dependent on the 
fluctuations in the concentration of cyclins, cyclin-dependent kinases (CDK) and their 
inhibitors (CDKI) achieved through the programmed transcription and degradation of these 
proteins by proteolysis within the UPS (Figure 1).  
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Figure 1. Cell cycle control. Cell cycle progression through G1, S and G2 is mainly dependent on the 
fluctuation in concentrations of cyclins, CDKs and CDKI. In early G1, in response to mitogenic signals, 
cyclin-CDKs complexes phosphorylate Rb, resulting in activation of transcription factors which 
participate in the generation of molecules required for G1/S transition. Beyond G1 checkpoint the 
presence of mitogens is no longer required for the cell to enter a new round of division. At G2 
checkpoint the quality of the new synthetized DNA is checked before entering mitosis. Progression 
through M phase is ensured by the interaction between separin, securin and cohesin. At 
metaphase/anaphase transition, when all chromosomes are attached to the spindle, APC is activated to 
trigger separin degradation allowing progression through anaphase. 

To ensure proper progression through the cycle, cells have developed a series of 
checkpoints where feedback signals conveying information about the downstream processes 
can delay progress into a new phase until they have successfully completed the previous one, 
and also provide regulation by signals from the environment, such as mitogens, growth 
factors, etc. The major checkpoint in mammalian cells is in G1, known as the restriction 
point. As mammalian cells undergo a period of mitogen dependence before entering the cell 
cycle, the transition beyond the restriction point represents a commitment to a new round of 
division, regardless of the presence of mitogens (Figure 1). The three retinoblastoma family 
members pRb/p105 [6,7] p107 [8,9] and Rb2/p130 [10], negatively control cell cycle 
progression between G1 and S phases. Before G1 phase progression is initiated, Rb is 
underphosphorylated and thus able to repress cell cycle progression. Cyclin-CDK mediated 
phosphorylation of Rb is the most likely mechanism that turns off the anti-proliferative 
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actions of Rb at G1/S transition. In early G1, in response to mitogenic signals, CDK4 & 6 in 
cyclin D complexes partially phosphorylate Rb, resulting in partial activation of E2F/DP 
transcription factors which participate in the generation  

of molecules required for G1/S transition, including cyclin E. CDK2 sequentially 
activates E-type cyclins (cyclin E1-E2). The cyclin E-CDK2 complex completes Rb 
phosphorylation which now releases the transcription factors allowing them to carry out 
specific tasks in cell-cycle progression, such as cyclin A synthesis. CDKI counteract CDK 
actions, either by blocking their activation, or by impairing substrate/ATP access [11]. There 
are two types of CDKI. The INK family (INK4a/p16 [12]; INK 4b/p15 [13]; INK4c/p18 and 
INK4d/p19 [14] exert inhibitory activity by binding to CDK4 and CDK6. These proteins 
exert their actions by competing with D-type cyclins for CDK subunits and thus preventing 
phosphorylation of pRb and inhibiting progress through G1/S. Members of the WAF/KIP 
family (WAF1/p21; KIP1/p27; KIP2/p57) form heterodimeric complexes with G1/S CDKs 
and inhibit kinase activity of CDK2-cyclin E complexes [15,16]. 

The UPS plays a central role in the regulation of cell growth and proliferation by 
controlling the abundance of key cell cycle proteins. Increasing evidence indicates that 
unscheduled proteolysis of many cell cycle regulators contributes significantly to 
tumorigenesis and is indeed found in many types of human cancers. Aberrant proteolysis with 
oncogenic potential is elicited by two major mechanisms: defective degradation of positive 
cell cycle regulators (i.e., proto-oncoproteins) and enhanced degradation of negative cell 
cycle regulators (i.e., tumor suppressor proteins) [17]. In many cases, increased protein 
stability is the result of mutations in the substrate that prevent the recognition of the protein 
by the ubiquitin-mediated degradation machinery. Alternatively, the specific recognition 
proteins mediating ubiquitination (ubiquitin ligases) are not expressed or harbor mutations 
rendering them inactive. In contrast, the over-expression of a ubiquitin ligase may result in 
the enhanced degradation of a negative cell cycle regulator [17]. 

The regulation of the G1/S transition appears to be one site of particular sensitivity in the 
provenance of pituitary tumors. In particular, aberrations of one or more components of the 
pRb/p16/cyclin D1/CDK4 pathway seem to be a frequent event (80%) in pituitary tumor 
formation [18,19]. Loss of pRb and p16 protein expression in these tumors was suggested to 
be mostly due to methylation in their gene-promoter region [20-22]. Cyclin D1 is over-
expressed in aggressive and non-functioning pituitary tumors [23,24], and this occurs in the 
absence of the cyclin D1 gene CCND1 allelic imbalance (i.e. gene amplification) suggesting 
that there are additional mechanisms responsible for deregulating cyclin D1 expression in 
human pituitary tumorigenesis [23]. Abnormal cyclin D degradation through the UPS could 
theoretically be involved [17,25], but this has not yet been shown to be aberrant in pituitary 
tumors. 

More data have been gathered on the ubiquitination of cyclin E and p27 in pituitary 
tumors. p27-/- mice show an increased growth rate due to increased cellularity, testicular and 
ovarian cell hyperplasia and infertility, and hyperplasia of the pituitary intermediate lobe, 
with nearly 100% mortality caused by such a ‘benign’ pituitary tumor. Although the p27 gene 
was not found to be mutated in human pituitary tumors [26], and its mRNA expression was 
similar in tumor samples in comparison with normal pituitaries, the load of p27 protein 
expression in pituitary adenomas, especially in corticotroph adenomas and pituitary 
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carcinomas, was shown to be much lower than that in normal pituitary tissue [27-29]. On the 
contrary, cyclin E expression was increased in corticotroph adenomas [24], which may be 
related to the particularly low levels of nuclear p27 in these tumors. Both p27 and cyclin E 
are degraded through the UPS. The E3 enzyme, known as ubiquitin ligase/SCF complex, 
catalyses the transfer of ubiquitin (Ub) groups to a lysine residue in the target protein and 
also controls the specificity of the ubiquitination (Figure 2). The SCF complex consist of 3 
core subunits (Cul, Skp1, Roc/Rbx1) that couple to one of several F-box proteins, named 
after their F-box motif - a highly conserved sequence of amino acids.. While the F-box is the 
SCF-binding domain, the F-box protein also has a substrate-binding domain to ensure 
specificity. In the case of p27, the specific F-box protein is Skp2 (S-phase kinase interacting 
protein 2, named as it was discovered through its interaction with cyclin A-CDK2 complex). 
Skp2 cooperates with Cks1 (CDC2-associated protein) to undergo allosteric alterations 
allowing it to bind phosphorylated p27 (Figure 2). The highest level of p27 ubiquitination 
occurs at the G1/S transition, targeting lysine residues 134, 135 and 165 on the p27 molecule 
[30]. 
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Figure 2. Degradation of p27 by the UPS. Ubiquitination is a specific process that is signalled by a 
degradation signal – degron – in the substrate protein. In response, a cascade of enzymes generically 
termed E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating enzyme) and E3 (ubiquitin ligase), 
catalyse the addition of ubiquitin polymers to the protein substrates. The ring finger type E3 that 
contains a SCF complex consists of 3 core subunits (Cul, Skp1, Roc/Rbx1) that couple to one of several 
F-box or D-box proteins. While the F-box is the SCF-binding domain, the F-box protein has also a 
substrate-binding domain to ensure specificity. In the case of p27, the specific F-box protein is Skp2 (S-
phase kinase interacting protein 2,). Skp2 cooperates with Cks1 to undergo allosteric alterations 
allowing it to bind phosphorylated p27 (adapted from Nakayama et al. [92]). 

At the G1/S transition, the increasing cyclin E-CDK2 activity is responsible for nuclear 
phosphorylation of p27 on Thr 187 [31]; p27 therefore can bind to cyclin E-CDK2 in two 
conformations: in a tight state, in the presence of high ATP concentrations under which the 
kinase activity is inhibited [32], and secondly in a loose state, at low concentrations of ATP, 
under which CDK2 phosphorylates p27. Thus, once cyclin E-CDK2 is activated, it can 
trigger p27 degradation accounting for the irreversibility of the subsequent entry to S phase 
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[33]. p27 mutants (Thr187/Ala) which are resistant to phosphorylation by cyclin E-CDK2 are 
resistant to ubiquitination [32]. p27 mutants that can be phosphorylated, but cannot bind the 
cyclin E-CDK2 complex, have also been claimed to be refractory to ubiquitination. In most 
pituitary adenomas phosphorylation at Thr187 occur in a similar manner to that seen in the 
normal pituitary [34]. However, this appears to be greatly increased in corticotroph 
adenomas. 

Jab1, which enables p27 to be exported from the nucleus and would thus enhance its 
cytoplasmic degradation, was not obviously over-expressed in adenomas sufficient to account 
for diminished nuclear p27 [34]. Macrophage inhibitory factor (MIF), which has been 
reported to bind and hence inactivate Jab1, was also not changed in a direction that would 
explain the loss of nuclear p27 [35]. Increased Skp2 expression could play at least a part in 
p27 depletion, but overall levels of Skp2 mRNA and protein were not significantly different 
between normal pituitary tissue and pituitary adenomas [36]. However, tumors with low p27 
protein expression did show significantly higher Skp2 expression than samples with normal 
p27 protein expression, suggesting that Skp2 may play a role in at least part of this process 
[36]. No difference was observed in Cks1 mRNA levels between normal pituitaries and 
pituitary adenomas; Cks1 protein expression was not assessed [37]. 

PTEN (protein and tensin homolog deleted on chromosome 10), the tumour suppressor 
function of PTEN as shown by the analysis of hereditary cancer in Cowden syndrome, 
controls PI3K (phosphatidylinositol-3-kinase) action and also collaborates with the 
transcription factor p53 in DNA repair, apoptosis, senescence and inhibition of angiogenesis 
It has been suggested that PTEN-deficiency in mouse embryonic stem cells causes a decrease 
of p27 levels with a concomitant increase in Skp2. Conversely, in human glioblastoma cells, 
ectopic PTEN expression leads to p27 accumulation, which is accompanied by a reduction in 
Skp2 [38]. The study of PTEN expression in normal and tumorous human pituitary revealed a 
direct correlation between nuclear PTEN and p27 levels (Figure 3) [39]. The degradation of 
PTEN is most likely mediated by a proteasome-dependent pathway, as there is evidence that 
PTEN is polyubiquitinated [40]. Post-translational regulation of PTEN has also been reported 
in different cell types [41,42]. Under-expression of nuclear PTEN in the pituitary tumors 
compared to normal tissue may possibly relate to enhanced protein degradation leading to the 
increased proliferation of the tumors.  

Although the nuclear ubiquitin ligase Skp2 is implicated in p27 degradation, proteolysis 
of p27 at the G0-G1 transition proceeds normally in Skp2(-/-) cells [43]. These data suggest 
the existence of a Skp2-independent pathway for the degradation of p27 at G1 phase. Kamura 
et al. have described a previously unidentified E3 complex, KPC (Kip1/p27 ubiquitination-
promoting complex), consisting of KPC1 and KPC2 [43]. KPC1 contains a RING-finger 
domain, and KPC2 contains a ubiquitin-like domain and two ubiquitin-associated domains. 
KPC interacts with and ubiquitinates p27 and is localized to the cytoplasm. Over-expression 
of KPC promoted the degradation of p27, whereas a dominant-negative mutant of KPC1 
delayed p27 degradation [43]. The nuclear export of p27 seems to be necessary for KPC-
mediated proteolysis. Depletion of KPC1 by RNA interference also inhibited p27 
degradation. KPC thus probably controls degradation of p27 in G1 phase after export of the 
latter from the nucleus [43]. There are no data with respect to KPC function in pituitary 
tumors. 
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Figure 3. Immunohistochemical expression of p27, phospho-(Ser 473) Akt, PTEN and Skp2 in human 

pituitary. Normal pituitary (NP) have a higher expression of p27 than pituitary tumors, which positively 
correlates with PTEN expression. On the contrary, phospho-Akt is overexpressed in pituitary tumors 
compared to normals (*p<0.05)[39]. Skp2 overall expression was not found significantly different between 
the two categories [36].  

 
Cyclin E is also degraded by the UPS, and this degradation is regulated by both CDK2 

binding and Cdk2 catalytic activity [44]. Free cyclin E is readily ubiquitinated and degraded 
by the proteasome. Binding to CDK2 protects cyclin E from ubiquitination, and this 
protection is reversed by CDK2 activity in a process that involves phosphorylation of cyclin 
E itself. Clurman et al. proposed a model in which CDK2 activity initiates cyclin E 
degradation by promoting the disassembly of cyclin E-CDK2 complexes, followed by the 
ubiquitination and proteolysis of free cyclin E [44]. The specific F-box protein that 
recognizes cyclin E for degradation is hCDC4/Fbw/Ago [45-47], an equivalent of Skp2 for 
p27. Morris et al. explored hCDC4/Fbw/Archipelago/Ago expression in order to assess 
cyclin E degradation. These studies indicate that Ago mRNA, contrary to expectation, is 
over-expressed in all subtypes of pituitary adenomas compared with normal pituitary [48]. 

In M phase the negative regulation of cell cycle progression is dependent on a protease 
named separin/separase/ESP1 [49]. The critical target of separin is cohesin Scc1p, which 
tethers sister chromatids together at metaphase. The cleavage of cohesin by separin triggers 
anaphase. Negative regulation of separin is achieved by another protein known as securin 
[50]. Securin blocks the separin protein until activation of APC/C. Securin-separin 
interaction is thus essentially for the maintenance of euploidy. Human securin is identical to 
the product of PTTG [50,51]. In situ hybridization revealed securin/PTTG expression in non-
functioning and in GH-secreting adenomas but not in normal pituitary tissue. Using a more 
sensitive detection method, reverse transcription polymerase chain reaction (RT-PCR), low-
level securin expression was detected in normal pituitary. Expression levels in normal 
pituitary tissue were compared with those in 54 pituitary tumors using comparative RT-PCR 
to reveal that most tumor samples expressed higher levels of securin [52]. Securin is localized 
to both the nucleus and cytoplasm and interacts with several protein partners. Several 
tumorigenic mechanisms are proposed for human securin: securin and fibroblast growth 
factor (FGF) form a positive feedback loop and stimulate tumor angiogenesis; securin 
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transactivates c-myc or other pro-proliferation genes; securin over-expression causes 
aneuploidy [53] and securin expression inhibits p53 DNA binding, transactivation and p53-
dependent apoptosis [54]. p53 also mediates DNA damage-induced inhibition of securin 
transcription [54]. The oncogenic nature of increased expression of securin may result from 
chromosome gain or loss, produced by errors in chromatid separation [50]. Securin is 
targeted to degradation through the UPS at the beginning of anaphase. 

APC/C is a multisubunit ubiquitin ligase that mediates the proteolysis of cell cycle 
proteins in mitosis and G1. APC is activated at the beginning of anaphase to target securin for 
proteolysis, thus releasing separin and allowing chromatid separation in M phase. APC 
activity is controlled by Mad2, a component of the mitotic checkpoint, which ensures that all 
kinetochores become attached to microtubules [55]. In addition, to display full ubiquitin 
ligase activity, APC must bind to the Cdc20 and Cdh1 accessory factors, which are 
responsible for securin and cyclin B degradation [55]. Cyclin B and securin ubiquitination 
depends on a destruction box (D box) sequence in these proteins. Kraft et al. showed that 
Cdh1 specifically crosslinks to the APC subunit Cdc27 and that Cdh1 binding to APC 
depends on the presence of Cdc27, implying that APC is activated by the association of Cdh1 
with Cdc27, enabling APC to recognize the D box of substrates via Cdh1's propeller domain 
[56]. Cdh1 maintains APC activated beyond anaphase, through G1, until it is inactivated by 
CDKs. It is not known whether securin degradation is also altered in pituitary tumors, but 
drugs able to modify this process along with antisense strategies [57] may be of benefit in 
tumors over-expressing securin. 

 
 

HORMONE AND RECEPTOR DYSREGULATION  
IN PITUITARY TUMORS 

 
Dysregulation of normal signaling pathways in pituitary adenomas have been sought to 

explain the specific alterations of secretory tumors. In acromegaly, there is evidence of 
deranged feedback regulation in individual somatotrophs. Regulation of the somatotroph cell 
involves hypothalamic stimulating (GH-releasing hormone, GHRH) and inhibiting factors 
(somatostatin), as well as feedback regulation by GH and insulin-like growth factor (IGF-I). 
The first mutation ever identified in human pituitary tumors was the activating mutation in 
the α-subunit of the Gs protein (gsp) linked to GHRH receptor [58]. The mutation, present in 
about 40% of human somatotroph adenomas, results in elevated camp levels that activates 
protein kinase A, which phoshorylates (i.e. activates) the camp response element binding 
protein (CREB) and leads to sustained GH hypersecretion and cell proliferation. High levels 
of phosphorylated CREB are present in somatotroph adenomas, yet only 25% of high CREB 
expressing tumors harbor gsp+ mutations. This could be explained by an additional activation 
of CREB signaling as constitutive activation [59] or impaired control over its activation. The 
inducible cAMP early repressor (ICER) is a powerful transcriptional inhibitor that plays an 
important role in the regulation of the CREB-dependent transcriptional response, including 
CREB itself. ICER activity is primarily determined by its intracellular concentration and its 
degradation occurs by phosphorylation and ubiquitination. Two elegant studies have 
addressed ICER ubiquitination in pituitary cell lines [60,61]. In a GH3 rat somatotroph tumor 
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cell line, lactacystin, a specific proteasome inhibitor, decreased the rate of ICER degradation 
associated with the accumulation of ICER-ubiquitin conjugates [60]. Activation of the 
mitogen-activated protein kinase (MAPK) pathway in mouse pituitary AtT20 cells increases 
ICER phosphorylation. ICER phosphorylation was abrogated by inhibition of the MAPK 
pathway either by cAMP or directly by the MAPK inhibitor PD098059. The MAPKs 
extracellular signal-regulated kinases 1 and 2 physically interact with ICER and mediate the 
phosphorylation of ICER on a critical serine residue (Ser-41) [61]. ICER degradation might 
be an important mechanism to limit the negative effect of ICER on the cAMP-inducible 
transcriptional response. Thus, the identification of the proteolytic system(s) involved in 
ICER degradation would be essential to understand somatotroph tumor cells with high 
expression of CREB. 

Feedback regulation of GH release at the pituitary level is exerted by GH and IGF-I via 
their receptors. Study of mRNA and protein expression of the GH receptor and the type 1 
IGF receptor genes in a range of pituitary tumors revealed decreased expression of both these 
genes in somatotroph adenomas, suggesting that decreased negative feedback via GH and 
IGF-I might play a role in the uncontrolled GH release in somatotroph adenomas [62]. The 
sequencing of the coding region of the GH receptor gene in 15 somatotroph adenomas, 
identified no other alteration apart from known polymorphisms [62]. No mutations had 
previously been found in the IGF receptor β-subunit in 19 somatotroph adenomas [2]. Little 
is known about GH receptor downregulation in the pituitary. Current knowledge is that an 
active ubiquitination system is required for both uptake (endocytosis) and degradation of the 
receptor in the lysosomes [63] and only the cell surface expression of dimerized GH receptors 
is controlled by the ubiquitin system; the uptake of the receptor is a continuous process, 
independent of both GH-binding and Jak2 signal transduction [64].  

Somatostatin is produced in the periventricular and arcuate nuclei of the hypothalamus 
and has a profound inhibitory effect on GH release. It has been suggested that down-
regulation of somatostatin receptors could play a role in the increase of GH release from the 
pituitary. However, mutations of somatostatin receptors are only very rarely described in 
pituitary tumors [65] and with the ubiquitination of a few G-protein coupled receptors 
reported [66] this remains uncertain with respect to the somatostatin receptor. 

Prolactinomas are tumors arising from lactotroph cells of the pituitary. Dopamine is the 
hypothalamic inhibitor for lactotroph cells, while estrogens have a powerful stimulatory 
effect during pregnancy, resulting in pituitary enlargement. Knocking out the dopaminergic 
receptor D2R in mice gives rise to lactotroph tumors [65]. In humans, mutations of D2R are 
infrequent in prolactinomas, but low expression of D2R is associated with unresponsiveness 
to dopaminergic therapy [65]. D2R belongs to the G-protein coupled receptor family and 
further studies on its degradation should be addressed. Prolactinomas contain the highest 
concentration of estrogen receptors of all the pituitary tumor types. Estrogen-mediated effects 
in normal and neoplastic pituitary appear to be highly dependent on the expression of 
estrogen receptor-alpha (Erα) and beta (ERβ), which have varying transcriptional activities. 
In animal studies, estrogen treatment is associated with an increase in many factors shown to 
promote tumorigenesis including securin, vascular endothelial growth factor, galanin and 
estrogens can cause true adenomas in rodents [65]. Regulation of estrogen receptor 
concentration is a key component in limiting estrogen responsiveness in target cells. 
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Nevertheless, the mechanisms governing ER concentration in the lactotroph cells of the 
anterior pituitary, a major site of estrogen action, are undetermined. Alarid et al. used a 
lactotroph cell line, PR1, to explore the regulation of ER protein by estrogen [67]. Estrogen 
treatment resulted in an approximate 60% decrease in ER steady state protein levels. The 
estrogen-induced degradation of ER protein could be prevented by pretreatment with peptide 
aldehyde inhibitors of proteasome protease, whereas inhibitors of calpain and lysosomal 
proteases were ineffective [67]. More recent studies from the same group showed that thyroid 
hormone could prevent estrogen-induced proteolysis of ERα protein in lactotroph cells of the 
pituitary [68]. The stabilization of ERα protein by thyroid hormone represents a selective 
blockade against estradiol-stimulated degradation, because thyroid hormone (but not 
glucocorticoid) can protect estrogen-activated ERα [68]. However, thyroid hormone did not 
prevent estrogen-induced induction of prolactin gene expression or the ability of ERα to 
stimulate proliferation. These results demonstrate that estrogen-induced proteolysis of ERα is 
not a general requirement for the transcriptional effects of the receptor, and they demonstrate 
that proteolytic regulation is a pathway by which other endocrine factors can indirectly 
modulate ERα activity [68]. In GH3 cells, forskolin stimulates ERα transcription through the 
protein kinase A (PKA) pathway and prevents estradiol-induced ERα degradation [69]. These 
data suggest a mechanism of ERα transcriptional activation by PKA that is distinct from 
estradiol activation and that may contribute to the synergistic transcriptional activation of 
ERα by ligand-dependent and PKA-dependent pathways [69]. The impact of ER modulation 
through proteolysis by the 26S proteasome on pituitary tumor formation has not been 
addressed to date.  

Prolactin has a negative feedback effect on its own secretion via the prolactin receptor, 
both at the level of the hypothalamus and the pituitary. Normal lactotrophs express high 
levels of prolactin receptor and prolactinomas have a higher mRNA expression of prolactin 
receptor [70]. At the post-translational level, there is a negative regulation of prolactin 
receptor stability by its ligand. Prolactin promotes interaction between its receptor and the F-
box protein ß-TrCP2, which functions as a substrate recognition subunit of the SCF (ß-TrCP) 
E3 ubiquitin ligase conveying the receptor to proteolysis by the ubiquitin proteasome system 
[71]. While this may be part of a normal ligand-dependent down-regulation of receptor in 
target tissues, at the pituitary level high prolactin may trigger prolactin receptor excessive 
degradation, abrogating the normal negative feedback on the lactotrophs that could become 
more susceptible to hypersecretion and proliferation.  

The UPS regulates the turnover of many receptors including members of the nuclear 
receptor superfamily, such as receptors for thyroid hormone, androgen, glucocorticoid (GR), 
progesterone, retinoic acid, 9-cis retinoic acid and vitamin D [68]. In mouse corticotroph 
AtT-20 cells, it has been shown that chronic glucocorticoid treatment causes a down-
regulation of GR levels [72]. Vedeckis et al. showed that chronic glucocorticoid treatment 
reduces the amount of GR mRNA to about 50% of that in untreated cells [73]. These studies 
point to possible mechanisms whereby the responsiveness of the cell to steroid hormones is 
altered by the regulation of the steroid receptor protein and mRNA levels. For these 
receptors, proteasome inhibition interferes with steroid-mediated transcription by increased 
accumulation of the GR, confirming that it is likewise a substrate for the UPS [74,75]. It is 
not know whether the relative resistance to glucocorticoid feedback encountered in 
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corticotroph adenomas causing Cushing’s disease is related to GR-dependent down-
regulation of GR levels. In general, there is little evidence that GR is abnormal in structure or 
function in the majority of corticotrophinomas [65]. 

Kovacs et al. studied ubiquitin expression in 31 non-tumorous pituitary glands and 133 
pituitary adenomas by immunocytochemical techniques [76]. Normal non-tumorous 
hypophyses were immunonegative for ubiquitin. Ubiquitin immunoreactivity was present in 
3% to 30% of corticotrophs containing Crooke's hyaline in 10 of 12 glucocorticoid-treated 
patients: 58 adenomas showed ubiquitin-immunoreactive cells. Ubiquitin immunoreactivity 
was found in cytokeratin immunopositive filamentous inclusions of Crooke's cell adenomas 
and in fibrous bodies of somatotroph adenomas. Forty-five adenomas showed diffuse 
cytoplasmic immunopositivity. No correlation was revealed between ubiquitin 
immunoreactivity, hormone content, and bromocriptine or octreotide treatments. The results 
are consistent with the interpretation that ubiquitin immunoreactivity in non-tumorous 
corticotrophs containing Crooke's hyaline and in various adenomas is secondary to 
glucocorticoid excess or to altered metabolic activity. Whether ubiquitin expression reflects 
increased ubiquitin synthesis or increased activity of the UPS remains to be elucidated [76]. 
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Figure 4. Enhanced Akt signaling in pituitary tumors. Enhanced Akt signaling may be triggered by 
constitutively active, over-expressed or ligand-activated tyrosine kinase receptors.In response, 
phosphatidyl-inositol 3 kinase (PI3K) recruits Akt to the cell membrane where it becomes active. 
Secondary to its activation, Akt triggers a cascade of responses: cell cycle progression, inhibition of 
apoptosis, increased cell growth and motility that may be responsible for tumor progression. 
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SIGNAL TRANSDUCTION: PROTEIN KINASES 

 
Mitogenic signaling by receptor tyrosine kinases which involves increased activity of 

PI3K and over-activation of Akt triggers a cascade of responses – cell growth, proliferation, 
survival and increased motility – which drive tumor progression in breast, ovarian, prostate, 
pancreatic and thyroid cancers [77]. The role of Akt in tumorigenesis is due to 
phosphorylation and relocalization of key regulatory molecules involved in apoptosis, cell 
growth and proliferation. With respect to cell cycle progression, Akt has been shown to be 
involved in preventing cyclin D1 degradation, and to negatively influence the expression and 
localization of cell cycle inhibitors such as p21 and p27 [78]. Over-expression and activation 
of the Akt pathway has been shown in pituitary tumors (Figure 3), and we have speculated 
that cell-cycle changes observed in such tumors are secondary to these more proximate 
alterations [39]. Since Akt is a major downstream signaling molecule of tyrosine kinase 
receptors with growth factor ligands, our data are most compatible with an abnormality at this 
level as the primary driver of pituitary tumorigenesis (Figure 4).  
 

Thr187

CDK2

Jab1

P

p27

p27

P

P

Cytoplasm

Nucleus

cyclinE

Jab1

Proteasome

p27

p27

Skp2
Cks1Cks1

P

P
p-Akt

p27

Nuclear export

Thr15

p27

P

Mitogens

PI3K pathway

Akt

P

Proteasome

p27
P

KPC

SCF

Ubiquitin
Ubiquitin

SecurinAPC

Proteasome

Ubiquitin

TRK

P
P

GHR

PRLR

D2R
ER

PRKAR1A

GR

ICER

PTEN

Thr187

CDK2

Jab1

P

p27p27

p27

P

P

Cytoplasm

Nucleus

cyclinE

Jab1

Proteasome

p27

p27

Skp2
Cks1Cks1

P

P
p-Akt

p27p27

Nuclear export

Thr15

p27

P

Mitogens

PI3K pathway

Akt

P

Proteasome

p27
P

KPC

SCF

Ubiquitin
Ubiquitin

SecurinAPC

Proteasome

Ubiquitin

TRK

P
P

GHR

PRLR

D2R
ER

PRKAR1A

GR

ICER

PTEN

 

Figure 5. Potential sites of action of UPS in the pituitary. Within the nucleus, p27 is phosphorylated by 
Cdk2 and is either recognized by Skp2, (part of E3/SCF) and destroyed via nuclear proteasomes or 
exported to cytoplasm where a parallel system (E3/KPC) triggers its ubiqutination and proteolysis. 
Mitogens acting through tyrosine kinase receptors (TRK) activate PI3K-Akt pathway that 
phosphorylates p27 on Thr157, thus sequestrating p27 in the cytoplasm, away from its nuclear targets. 
Securin/PTTG degradation occurs via E3/APC that triggers its nuclear ubiquitination at the beginning 
of anaphase. Other proteins involved in pituitary regulation and tumorigenesis may be down-regulated 
by the ubiquitin proteasome system: inducible cAMP early repressor (ICER), PTEN phosphatase, 
protein kinase A regulatory subunit1 (PRKAR1A), growth hormone receptor (GHR), prolactin receptor 
(PRLR), dopamine receptor (D2R), glucocorticoid receptor (GR), estrogen receptor (ER). 
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Many growth factors and their receptors have been studied as candidates in pituitary 
tumor formation. These include transforming growth factor α and β (TGF-α, TGF β), 
epidermal growth factor (EGF) and epidermal growth factor receptor (EGFR), fibroblast 
growth factors (FGFs) and their receptors (FGFR 1-4) [79]. While there is circumstantial 
evidence that growth factor signaling can cause transformation, there are few data regarding 
this crucial aspect of ligand-mediated receptor internalization and degradation through the 
ubiquitin proteasome pathway in human pituitary tumors (Figure 5). 

The protein kinase A regulatory subunit 1α (PRKAR1A) has been identified as the gene 
responsible for the Carney complex type I [80]. Carney complex is a multiple neoplasia 
syndrome characterized by spotty skin pigmentation, cardiac and soft tissue (skin, mucous 
membrane) myxomas, psammomatous melanotic schwannomas and endocrine tumors 
including Cushing’s syndrome from nodular adrenocortical hyperplasia, pituitary adenomas 
(acromegaly or prolactinoma), Sertoli cell tumors and Leydig cell tumors [80]. The 
mechanism of tumorigenesis in patients with Carney syndrome involves constitutive 
activation of camp-dependent protein kinase A. 

Several studies have been unable to demonstrate somatic mutations of PRKAR1A in 
sporadic pituitary tumors, or alterations in the level of its mRNA expression [4,81]. The two 
regulatory subunits (R1 and R2) of protein kinase A are differentially expressed in cancer cell 
lines and exert diverse roles in growth control. Lania et al. have addressed the expression of 
the PKA regulatory subunits R1A, R2A, and R2B in a series of 30 pituitary adenomas and 
the effects of subunit activation on cell proliferation [82]. Immunohistochemistry 
documented low or absent R1A levels in all tumors, whereas R2A and R2B were highly 
expressed, thus resulting in an unbalanced R1/R2 ratio. The low levels of R1A were, at least 
in part, due to proteasome-mediated degradation [82]. The effect of the R1/R2 ratio on 
proliferation was assessed in GH3 cells, which showed a similar unbalanced pattern of R-
subunit expression, and in growth hormone-secreting adenomas. The R2-selective cAMP 
analog 8-Cl cAMP, and R1A RNA silencing, both stimulated cell proliferation and increased 
cyclin D1 expression, respectively, in human and rat adenomatous somatotrophs. These data 
show that a low R1/R2 ratio promotes proliferation of transformed somatotrophs and are 
consistent with the Carney complex model in which R1A inactivating mutations further 
unbalance this ratio in favor of R2 subunits. These results suggest that low expression of R1A 
protein may favor cAMP-dependent proliferation of transformed somatotrophs [82]. In all, 
these data show that the UPS is active in anterior pituitary cells and more studies are needed 
to clarify to what extent this pathway is altered in various pituitary tumors subtypes.  

 
 
THE UBIQUITIN PROTEASOME SYSTEM AS POTENTIAL 

TARGET IN PITUITARY TUMORS THERAPY 
 
The proteasome is a multi-catalytic proteinase complex responsible for the degradation 

of most intracellular proteins, including proteins crucial to cell cycle regulation and 
programmed cell death, or apoptosis. In preclinical cancer models, proteasome inhibitors 
induce apoptosis, have in vivo anti-tumor effect, and sensitize malignant cells and tumors to 
the proapoptotic effects of conventional chemotherapeutics and radiation therapy [83,84]. 
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Transformed cells display greater susceptibility to proteasome inhibition than non-malignant 
cells, making proteasome inhibition promising as a novel approach to the treatment of cancer. 
First-generation proteasome inhibitors lacked usefulness because of broad specificity and 
irreversible binding to the proteasome. However, the later synthesis of the peptide boronic 
acid proteasome inhibitor bortezomib allowed for selective, reversible binding. Basic 
investigations have reported the anti-tumor activity of bortezomib in a variety of 
hematological and solid tumor models and have demonstrated the ability of bortezomib to 
enhance chemosensitivity and overcome cellular mechanisms of drug resistance [85]. 
Bortezomib (Velcade™; formerly PS-341), the first such inhibitor to undergo clinical testing, 
has demonstrated impressive anti-tumor activity and manageable toxicities in Phase I and II 
trials both as a single agent, and in combination with other drugs. In the recent APEX trial 
bortezomib proved to be superior to high-dose dexamethasone for the treatment of patients 
with multiple myeloma who have had a relapse after one to three previous therapies [86]. 

Previous studies showed that proteasome inhibitors induced apoptosis in growth 
hormone- and prolactin-secreting rat pituitary tumor cells in vitro, but not in normal pituitary 
cells. Three proteasome inhibitors, PSI, MG-132 and lactacystin, caused apoptosis in these 
cells [87]. In the light of clinical trials with new proteasome inhibitors, further studies to 
address their use in pituitary tumors are needed. 

Other unconventional anti-tumor therapies have been shown to influence ubiquitination 
and degradation by the proteasome complex. Liu et al. showed that vitamin D and its analog 
EB1089 could selectively arrest pituitary corticotroph growth and induce p27 accumulation 
by reducing p27 association with Skp2 and with CDK2 [88]. These findings highlight 
vitamin D analogs as targets for drug development in the treatment of inoperable corticotroph 
adenomas [88]. 

 
 

CONCLUSIONS 
 
While the UPS has been discovered as a machinery of protein degradation, its role has 

more recently been widened including several other processes such as membrane receptor 
internalization [89], control of ribosomal function [90] and DNA repair [91]. In addition to 
transcriptional and translational regulatory processes, targeting of cellular proteins for 
proteasome-mediated degradation provides an important regulatory step by which cell 
function can be modulated. This model system suggests the need for endocrine studies to 
consider non-genomic and non-receptor-mediated processes that alter cell function in general 
and that might contribute to the appearance and progression of pituitary tumors, and new data 
might lead to development of new drugs for these tumors. 
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ABSTRACT 
 

One of the most common neurological disorders today is epilepsy. Epilepsy is a 
chronic brain disease characterized by recurrent, spontaneous seizures resulting from 
abnormal synchronization of neurons in the central nervous system. Seizures can stem 
from a variety of brain insults including head trauma, fever, illness, and 
electroconvulsive shock. However, one of the most important factors governing seizure 
susceptibility appears to be genetic predisposition. Epilepsy often results from 
inheritance of one or a combination of several predisposing genetic factors that disturb 
the balance of excitatory and inhibitory neural networks in the brain. More than 70 genes 
have been linked to epilepsy from work done on inherited disorders in humans, mice, and 
fruit flies. These genes encode a wide variety of products ranging from ion channel 
proteins to tRNAs. Recently, a relationship has begun to emerge between epilepsy and 
genes of the ubiquitin-proteasome system (UPS). The UPS is the molecular machinery 
responsible for the degradation of cytoplasmic proteins in the cell. A protein is marked 
for proteolytic processing in the UPS by the addition of ubiquitin molecules that target 
the protein to the proteasome, a multisubunit complex that reduces it to small peptides 
and amino acids. Defects in UPS genes have been linked to epilepsy and altered seizure 
susceptibility in humans, mice, dogs, and most recently in fruit flies. The two human 
UPS genes linked to epilepsy are UBE3A and EPM2B. These genes both encode E3 
ubiquitin ligase proteins, the enzymes directly responsible for mediating the transfer of 
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ubiquitin to substrates to mark them for proteasomal degradation. Defects in the human 
UBE3A gene lead to Angelman syndrome, a complex genetic disease marked by epilepsy 
in conjunction with other neurological manifestations such as mental retardation and 
ataxia. Mutation of the human EPM2B gene causes a severe and ultimately fatal form of 
progressive myoclonus epilepsy known as Lafora disease, which is characterized by the 
occurrence of starchy inclusion bodies within cells. Similar to humans, disruption of the 
homologs of UBE3A and EPM2B in animal models leads to altered seizure susceptibility 
and epilepsy. Finally, the most recent addition to the list of epilepsy-related UPS genes is 
mei-P26 in the fruit fly Drosophila melanogaster. Mutation of the mei-P26 gene has 
recently been shown to drastically decrease seizure susceptibility, essentially curing 
epilepsy in Drosophila models of the disease. The protein encoded by mei-P26 resembles 
E3 ubiquitin ligases but this function has not yet been tested biochemically. Although the 
mechanisms by which these genes regulate seizure susceptibility are still under 
investigation, it is becoming increasingly clear that UPS-related genes play a critical role 
in the etiology of epilepsy and human seizure disorders. 
 

Keywords: epilepsy, seizure, E3 ubiquitin ligase, RING domain, HECT domain, Lafora 
disease, Angelman syndrome, bang sensitive.  
 
 

ABBREVIATIONS 
 
AS, Angelman syndrome; BS, bang sensitive; ECS, electroconvulsive shock; EEG, 

electroencephalogram; ERAD, endoplasmic reticulum-associated degradation; GS, glycogen 
synthase; GSK3, glycogen synthase kinase 3; LB, Lafora body; LD, Lafora disease; LTP, 
long-term potentiation; nAChRs, nicotinic acetylcholine receptors; TRIM, tripartite motif; 
UPS, ubiquitin-proteasome system.  

 
 

INTRODUCTION 
 
Epilepsy is a prevalent brain disease characterized by the presence of recurrent and 

spontaneous, unprovoked seizures [1]. A seizure is a transient change in behavior resulting 
from abnormal, involuntary, and rhythmic firing of cortical neurons in the brain [1,2]. One in 
ten people will experience a seizure in their lifetime [1]. Seizures may result from a 
provoking factor in an otherwise healthy brain, such as a metabolic abnormality, alcohol 
withdrawal, acute neurological insult, narcotics intoxication, or high fever in childhood [1]. 
Eliminating exposure to the provoking factor is usually sufficient to alleviate the occurrence 
of seizures [1]. However, spontaneous seizures persist without provocation in up to 30% of 
people who experience an initial seizure due to a chronic brain disorder known as epilepsy 
[3]. The prevailing paradigm is that epilepsy results from disruption of the balance of 
excitatory and inhibitory neural networks in the brain leading to hyperexcitability [4]. 
Although this imbalance can be accomplished by brain damaging insults, such as head 
traumas or tumors, the predominant factor in the etiology of epilepsy and seizure 
susceptibility appears to be genetic predisposition [4]. 
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Epilepsy is governed by a strong genetic component. Of the more than 40 million people 
worldwide with epilepsy, genetics is predicted to play a role in up to 60% of cases [4]. The 
first evidence for a genetic contribution in epilepsy came from numerous studies of familial 
incidence and twins. Parents, siblings, and children of epileptics have a two- to threefold 
increased risk of developing epilepsy due to shared genetic susceptibility [5]. Twin studies 
reveal identical (monozygotic) twins who are genetically indistinguishable exhibit higher 
concordance rates for the disease than fraternal (dizygotic) twins who are less genetically 
similar [6].  

Although a clear genetic component exists for epilepsy, elucidation of the genes 
responsible for causing the disease has proved challenging for a variety of reasons. First, 
epilepsy usually conforms to a non-mendelian, complex inheritance pattern, in which 
manifestation of the disease depends on the inheritance of multiple interacting susceptibility 
genes [7]. Second, the disease shows a high degree of genetic heterogeneity: multiple 
genotypes can produce identical phenotypes [7]. Third, epilepsy frequently exhibits 
incomplete penetrance and phenotypic variability, likely due to the presence of genetic 
modifiers that mask or enhance phenotypes [7]. 

Despite these genetic complexities, the past few decades have seen the identification of 
more than 70 different epilepsy genes from work done in humans, mice, and fruit flies [8]. 
Single gene defects responsible for both idiopathic and symptomatic forms of epilepsy have 
been identified, providing insight into the mechanisms underlying seizures. In idiopathic 
epilepsy, no obvious structural or metabolic defect is present so genetics is presumed to be 
the primary factor [4]. Genes associated with idiopathic epilepsy almost invariably code for 
ion channels [7]. In symptomatic epilepsy, seizures occur as a byproduct of an obvious 
structural or metabolic defect. Currently, over 160 mendelian genetic disorders have been 
characterized that cause symptomatic epilepsy as one component of a neurologically complex 
phenotype [9]. Genes responsible for symptomatic epilepsy fall into three different categories 
including mutations associated with brain developmental abnormalities, progressive 
neurodegeneration, and disturbed energy metabolism [4]. The gene products represented 
across these categories are diverse, often encoding molecules with no obvious connection to 
neuronal excitability, including tRNAs, actin-binding proteins, and RNA-binding proteins 
[4]. 

Over the last several years, a relationship has begun to emerge between components of 
the ubiquitin-proteasome system (UPS) and epilepsy. The UPS is the molecular machinery 
responsible for the control of cellular protein levels by mediating the degradation of 
cytoplasmic proteins [10]. A protein is marked for proteolytic processing in the UPS by the 
addition of at least four ubiquitin molecules to a lysine residue on the substrate, a process 
called polyubiquitination, which targets the protein to the proteasome (see Chapter 3 and 
[10]). The proteasome is a multisubunit complex that reduces polyubiquitinated proteins to 
small peptides and amino acids (see Chapters 5 and 6 and [10]). The marking of proteins for 
degradation by the proteasome takes place in a three step multi-enzyme process [10]. In the 
first step, the E1 ubiquitin-activating enzyme activates ubiquitin, a small 76 amino acid 
polypeptide, in an ATP-dependent manner with the formation of a thioester linkage between 
the E1 and ubiquitin. In the second step, the E1 transfers the activated ubiquitin to an E2 
ubiquitin conjugase. In the third step, the E2 cooperates with an E3 ubiquitin ligase to attach 
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the ubiquitin to a protein substrate or to a ubiquitin already attached to the protein. While the 
human genome encodes only one major E1 enzyme, it contains approximately 50 E2s and 
hundreds of E3s [11]. The E3 ligases are of critical importance in the UPS since they confer 
substrate specificity through their numerous protein-protein interactions [12]. Details are 
given in Chapter 3. 

At least two main classes of E3s exist based on the catalytic domain that mediates 
ubiquitin transfer: (i) those with a HECT domain and (ii) those with a RING or related 
domain [12]. Both classes of E3s bind E2s [12]. Members of the HECT (homologous to 
E6AP carboxy-terminus) class directly participate in the ubiquitination of substrates by 
forming a covalent thioester bond with ubiquitin, which is received from an E2 and then 
transferred to the substrate [10]. HECT E3s are usually single, large proteins that contain the 
HECT domain towards the C-terminus and some kind of substrate recognition motif towards 
the N-terminus [12]. The HECT domain assumes a bilobal structure with a broad cleft where 
the two lobes meet. At the base of this cleft lies a critical cysteine residue that forms the 
necessary thioester intermediate required for the transfer of ubiquitin to substrate [13]. 
Typical N-terminal substrate recognition motifs found in HECT E3s include C2 modules for 
interaction with phospholipids and proteins and WW domains for binding proline-rich PPxY 
motifs [12].  

The RING (Really Interesting New Gene) E3s differ from the HECT E3s in structure and 
catalytic function. In contrast to the action of HECT E3s, members of the RING class do not 
form a bond with ubiquitin [10]. Instead they indirectly participate in ubiquitination by 
approximating the substrate to the E2 which transfers the ubiquitin [12]. The canonical RING 
E3s are defined by the consensus sequence [CX2CX(9-39)CX(1-3)HX(2-3)C/HX2CX(4-48)CX2C] in 
which eight cysteines and histidines form a cross-brace structure that coordinates two zinc 
atoms [14,15]. A few non-canonical but structurally related RING domains have also been 
characterized including the PHD (plant homeodomain) and the U-box (UFD2-homology 
domain) [12]. The PHD domain closely resembles the RING consensus sequence except that 
it contains a cysteine rather than a histidine in the fourth coordination position and a 
conserved tryptophan before the seventh conserved cysteine residue [16]. The U-box domain 
is only distantly related to the RING by sequence analysis and has no conserved zinc 
coordinating residues, but its structure is predicted to be similar to the RING since they share 
the same conserved charged and polar residues [16]. Whereas HECT E3s are usually single 
protein ligases, RING E3s function as either single proteins or multiprotein complexes [12]. 
Single protein RING E3s contain a RING domain as well as a substrate recognition motif, 
such as SH2 (Src-homology 2), SH3 (Src-homology 3), or NHL (NCL-1, HT2A, and LIN-41) 
domains, in the same protein [16]. Multiprotein RING E3s contain a catalytic RING domain 
but lack the necessary motifs for substrate recognition [12]. Therefore, these RING E3s 
mediate degradation by forming multiprotein complexes with other proteins that contain 
substrate recognition elements [12]. 

Recent discoveries have revealed that E3 ubiquitin ligases are important regulators of 
seizure susceptibility. Over the last decade, defects in three different E3 ligase genes have 
been linked to epilepsy, as summarized in Table 1. In 1997, UBE3A became the first UPS 
gene associated with a human disease when it was found that maternal loss of function of 
UBE3A causes Angelman syndrome, a complex genetic disorder characterized by epilepsy, 
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mental retardation, and a happy disposition [17,18]. The UBE3A gene encodes an E3 
ubiquitin ligase protein belonging to the HECT class. Similar UBE3A mutations in the mouse 
also cause increased seizure susceptibility [19]. In 2003, EPM2B was added to the list of UPS 
mutations associated with epilepsy when it was found that disruption of the gene causes 
Lafora disease, a progressive myoclonus epilepsy [20]. The EPM2B gene encodes an E3 
ubiquitin ligase protein belonging to the single protein RING class. Subsequently, EPM2B 
became the first gene associated with canine epilepsy when it was found that a repeat 
expansion in the coding region of the gene causes seizures in miniature wirehaired 
dachshunds [21]. Finally, in 2005, the mei-P26 gene in the fruit fly was found to cure 
epilepsy in Drosophila models of the disease [22]. The mei-P26 gene is predicted to encode a 
RING class E3 ubiquitin ligase enzyme. Therefore, multiple connections between the UPS 
and seizure susceptibility are now known to exist. 

This review focuses on the relationship between defects in the UPS and epilepsy and 
seizure susceptibility. A section is devoted to each of the E3 ligase genes associated with 
epilepsy, including UBE3A, EPM2B, and mei-P26, along with discussion of the diseases, 
phenotypes, and mechanisms associated with each gene. The last section summarizes key 
points and takes a glimpse at the future of epilepsy research as it relates to the UPS. 
 

Table 1. E3 ubiquitin ligases associated with epilepsy and seizure susceptibility 
 

Gene Protein E3 
catalytic 
domain 

E3 
activity 

Target 
substrates 

Disease/phenotype 
(organism) 

UBE3A E6AP HECT Yes p53, 
HHR23A, 
McM7, 
E6AP 

epilepsy assoc. with 
Angelman syndrome 
(humans), audiogenic 
seizures (mice) 

EPM2B 
(NHLRC1) 

malin RING Yes 
 

laforin, 
malin, 
glycogen 
synthase? 

epilepsy assoc. with Lafora 
disease (humans), epilepsy 
(dogs) 
 

mei-P26 MEI-P26 RING ? ? seizure suppressor (fruit 
flies) 

 
 

THE UBE3A GENE AND ANGELMAN SYNDROME 
 
Angelman syndrome (AS) was the first human disease to be associated with a genetic 

defect in the UPS. The salient features of the disease, which was first described by Harry 
Angelman in 1965, include epilepsy, mental retardation, absent speech, ataxia, dysmorphic 
facial features, frequent laughter, and a happy disposition [23,24]. Angelman first observed 
the syndrome in three children which he termed ‘puppet children’ because of their puppet-
like jerky movements and propensity for laughter [23]. The prevalence of AS is estimated to 
be about one in 10,000 people [25]. The disease accounts for up to 6% of all children who 
experience mental retardation coupled with spontaneous seizures [26]. Symptoms of AS 
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typically become apparent within the first four years of life [27]. Although treatment for AS 
is limited to management of symptoms, normal life spans are possible when the patients are 
otherwise healthy [28]. 

Spontaneous seizures are a prominent clinical feature of AS. It is estimated that about 
90% of AS patients have epilepsy [29,30]. Seizure onset often begins in infancy or early 
childhood, usually before the age of five and with an average age of two years old [29]. As 
the patient ages, their seizure manifestation often changes [31]. About 40% of patients 
experience febrile seizures during infancy [29]. In childhood, a variety of seizure types are 
observed including tonic-clonic, atypical absence, myoclonic, tonic, and status epilepticus 
[29]. In adulthood, atypical absence seizures, myoclonic seizures, or a combination of the two 
predominate [29]. The most effective treatment for epilepsy in AS patients appears to be 
valproic acid and benzodiazepines, such as clonazepam [29,30]. 

In addition to seizures, the electroencephalogram (EEG) of AS patients shows a highly 
abnormal, rhythmic interictal profile that is characteristic of the disease. EEGs are a useful 
and non-invasive tool for detecting and localizing abnormal brain activity by means of scalp 
electrodes. Three different EEG patterns are typically seen in AS, either in isolation or in 
combination. The most common pattern consists of prolonged runs of high-voltage 2-3 Hz 
activity, mixed with spikes and sharp waves, in the frontal lobe regions [29]. The second 
most common pattern is generalized, high-voltage 4-6 Hz activity, with or without spikes 
[29]. Finally, the third and least common pattern is spikes and sharp waves mixed with high-
voltage 3-4 Hz posterior activity, which is facilitated by eye closure [29]. These EEG patterns 
are characteristic of AS and can facilitate diagnosis, especially since they can occur before 
the onset of seizures and in patients without seizures [29,32,33].  

AS arises from loss of function of the maternal copy of the UBE3A gene [17,18]. The 
UBE3A gene encodes the E6-associated protein (E6AP), a HECT class E3 ubiquitin ligase 
enzyme. The gene was first discovered by virtue of its ability to mediate the degradation of 
the tumor suppressor protein p53 in the presence of human papillomavirus type 16 and 18 E6 
protein [34,35]. Only maternal loss of function of UBE3A causes AS because UBE3A 
expression is regulated by genomic imprinting [36,37]. Genomic imprinting is a form of 
epigenetic inheritance that refers to the silencing of genes based on their parental origin [38]. 
Unlike most genes, which are equally expressed from both chromosomes, imprinted genes 
are only expressed from either the maternal or paternal chromosome. Gene silencing by 
genomic imprinting usually involves the marking, or imprinting, of DNA by methylation at 
CpG islands. This DNA methylation silences genes by inhibiting their accessibility to the 
transcriptional machinery. Genomic imprinting occurs during gametogenesis when the 
inherited marks or imprints are erased and reset to conform to the sex of the individual who 
inherited them. In the case of UBE3A, genomic imprinting leads to the silencing of the gene 
on the paternally inherited chromosome and expression of the gene from only the maternal 
chromosome. However, UBE3A only appears to be regulated by imprinting in the brain, such 
that most E6AP in the brain is maternally derived [39,40]. Therefore, in AS when there is a 
maternal loss of function of UBE3A, the brain is devoid of functional E6AP. The mechanism 
by which genomic imprinting controls UBE3A expression is not fully understood, but it 
appears to involve regulation by a paternal UBE3A antisense transcript rather than differential 
methylation of the gene itself [41]. 



The Role of the UPS in Epilepsy and Seizure Susceptibility 905

 

MP

Normal

MP

Deletion

70%

M (P)P

Imprinting
defect

9%

MP

UBE3A
mutation

*

6%

PP

Uniparental
disomy

5%  

Figure 1. Summary of the genetic mechanisms responsible for abnormal expression of UBE3A from 
chromosome 15 in Angelman syndrome. Normally, an individual inherits one intact copy of 
chromosome 15 from each parent. In the brain, genomic imprinting silences UBE3A on the paternal 
chromosome by a complex mechanism that is not fully understood. Therefore, most E6AP in the brain 
is maternally derived. At least four known classes of genetic mutations can cause improper maternal 
UBE3A expression leading to AS. Deletion of the entire maternal UBE3A genomic region is the most 
common genetic abnormality occurring in 70% of patients. The second most common genetic cause of 
AS is imprinting defects, which occurs in 9% of patients. When imprinting defects occur, the maternal 
chromosome resembles the paternal chromosome in its imprint status, leading to decreased UBE3A 
expression. In 6% of patients, AS is caused by intragenic UBE3A mutation on the maternal 
chromosome. Finally, 5% of AS patients exhibit a rare genetic condition known as uniparental disomy 
in which both copies of chromosome 15 are inherited from the father. 

Disruption of the maternal UBE3A gene occurs by a variety of complex genetic 
mechanisms which can be categorized into five main groups (Figure 1). The first group 
which accounts for about 70% of AS patients is deletion of the chromosome region 15q11-13 
which removes UBE3A [42]. This deletion also includes at least 10 other genes which may 
modify the symptoms of AS patients. One such gene is GABRB3 which encodes the β3 
subunit of the γ-aminobutyric acid (GABA)A receptor. The deletion of GABRB3 is thought to 
exacerbate seizures in AS patients by dysregulating inhibitory GABAergic neurotransmission 
[32,43]. The second group which accounts for about 9% of AS patients is imprinting defects 
[42]. This category includes mutations which disrupt a nearby (≥100 kb) imprinting center 
involved in the switching of the UBE3A imprint status between maternal and paternal. The 
third group which accounts for about 6% of AS patients is intragenic UBE3A mutations [42]. 
Several different UBE3A mutations have been found that cause AS including small deletions 
(2-4 bp), small duplications (5 bp), missense mutations, nonsense mutations, and frameshift 
mutations [17,18]. Most of these molecular lesions result in truncated E6AP, while some 
affect the protein catalytic domain. The fourth group which accounts for about 5% of AS 
patients is uniparental disomy [42]. In these cases, two paternal UBE3A chromosomes are 
inherited instead of one from each parent. The final group which accounts for the remaining 
10% of AS patients is those which have an unknown etiology that does not fit any of the 
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above groups [42]. These individuals may be misdiagnosed or may suffer AS due to a 
previously unknown mechanism. However, they may also have uncommon mutations 
affecting UBE3A expression that have gone undetected. 

A mouse model of AS has been generated by gene targeted disruption of UBE3A to yield 
a null mutation [19]. UBE3A deficient mice faithfully recapitulate many of the important 
aspects of the disease and provide some insight into the mechanisms underlying AS. Like 
humans, in mice only maternal loss of function of UBE3A causes pathology. Mice lacking 
maternal UBE3A exhibit many characteristics observed in the human condition including 
seizures, abnormal EEG, ataxia, and learning deficits. Seizures can be induced in maternal 
loss of function UBE3A mice by audiogenic stimulation. The EEGs of maternally deficient 
UBE3A mice are analogous to humans in that they exhibit continuous, bilateral 3 sec spike 
waves that are intermixed with polyspike and slow wave discharges. Mice without maternal 
UBE3A show learning deficits related to hippocampal dysfunction including defective 
contextual associative learning and impaired long-term potentiation (LTP). These learning 
deficits appear to be linked to aberrant autophosphorylation and activity of 
calcium/calmodulin-dependent protein kinase II (CaMKII) in the hippocampus without an 
overall increase in CaMKII concentration [44]. Interestingly, the mouse model of AS also 
exhibits tissue dependent genomic imprinting like humans. In mice, the maternal 
chromosome appears to be the predominant source of UBE3A protein in the hippocampus and 
cerebellar Purkinje cells. It has not been determined yet whether this kind of regional 
imprinting takes place in human brain. Finally, increased cytoplasmic p53 protein levels were 
observed in the hippocampus and cerebellar Purkinje cells of maternally deficient UBE3A 
mice, corresponding to the regions where UBE3A is absent in these mice. This abnormality 
correlates with the original observation that E6AP mediates p53 degradation [34]. 
Interestingly, in light of the p53 abnormality in UBE3A mice, the brain of one AS patient was 
subsequently examined and also shown to exhibit increased p53 levels in the cerebellar 
Purkinje cells [19]. Therefore, the mouse model of AS provides insight into the human 
disease and may be a valuable tool for understanding how mutation of an E3 ubiquitin ligase 
can lead to seizures and epilepsy. 

Although several possibilities exist, the simplest explanation for UBE3A disruption 
causing epilepsy involves the improper regulation of E6AP substrates. The E6AP protein is 
composed of a non-catalytic N-terminal portion and a catalytic C-terminal HECT domain 
[45]. The non-catalytic N-terminus is likely involved with conferring substrate recognition 
and specificity, while the C-terminal HECT domain directly catalyzes the attachment of 
ubiquitin to substrate by means of a ubiquitin-thioester intermediate [35]. Most of the non-
truncating AS-associated UBE3A mutations map to the catalytic cleft of the HECT domain, 
implicating the E3 ligase activity of E6AP in the etiology of AS and epilepsy [13,46]. These 
mutations affect the ability of E6AP to ubiquitinate its target substrates for degradation by 
impairing the formation of ubiquitin-thioester intermediate, the transfer of ubiquitin to 
substrate, and the stability of the E6AP protein [47]. The lack of E3 ligase activity likely 
leads to dysregulation of its target substrates. So far four targets of E6AP-mediated 
degradation have been identified including a tumor suppressor (p53), a human homolog of 
the yeast DNA repair protein Rad23 (HHR23A), a protein involved in the initiation of DNA 
replication (Mcm7), and E6AP itself [34,48-50]. None of these target substrates appear to 
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have an obvious connection to epilepsy. However, there is some evidence that UBE3A-
mediated degradation of p53 may be important. The p53 protein promotes apoptosis in the 
central nervous system (CNS) following seizure-induced brain injury [51]. In addition, as 
previously mentioned, the absence of E6AP is correlated with increased levels of p53 in the 
brains of mice and humans [19]. It is not clear yet whether p53 is important in the 
pathogenesis of AS, but the possibility still exists that an increase in p53-mediated cell death 
in certain parts of the brain could increase seizure susceptibility and lead to epilepsy. 
However, no p53 mutations have yet been found that are associated with the occurrence of 
spontaneous seizures. In addition, evidence is conflicting about whether E6AP can promote 
p53 degradation in the absence of viral E6 protein. Whatever the mechanism by which a 
maternal UBE3A deficiency affects seizure susceptibility, the reality will likely be complex, 
possibly involving the coordinate dysregulation of multiple E6AP target substrates most of 
which have probably not been identified. 

 
 

THE EPM2B GENE AND LAFORA DISEASE 
 
Lafora disease (LD) is one of five progressive myoclonus epilepsy (PME) syndromes and 

the only one caused by a known genetic defect in the UPS [52]. The PMEs all share the 
common characteristics of myoclonic seizures, tonic-clonic seizures, and progressive 
neurological deterioration, including cerebellar ataxia and dementia [53]. In the case of LD, 
patients also exhibit pathognomonic starchlike inclusions called Lafora bodies (LBs) which 
are thought to contribute to the observed spontaneous seizures and neurological decline 
[52,54]. LBs were first described in 1911 by Gonzalo R. Lafora for whom the disease is 
named [54]. LBs are composed of periodic acid-Schiff positive glycogen molecules with 
irregular branching, termed polyglucosans [52]. These polyglucosans form dense aggregates 
in the cytoplasm of neurons in the brain, as well as most other tissues including muscle, liver, 
and skin [52]. In the brain, LBs tend to accumulate in neuronal perikarya and in dendrites, 
including at synapses, but not in axons [52,55]. The vast quantity of LBs and their near 
complete occupation of the postsynaptic space suggest they almost certainly contribute to the 
neurological manifestations of LD [56]. In support of a causative role for LBs in the disease, 
polyglucosan inclusions predate behavioral abnormalities such as epilepsy in a mouse model 
of LD [57]. In addition, the lack of dendritic LBs in another mouse model of the disease 
appears to protect against epilepsy [55]. However, some debate still exists as to the role of 
LBs in the pathogenesis of LD since neuronal degeneration does not always correlate with 
the presence of LBs [57].  

LD usually affects people in their teenage years and is ultimately fatal. Although patients 
exhibit seemingly normal development during their first decade of life, between the ages of 
12 and 17 most begin to experience seizures which progressively worsen [52]. The first sign 
of trouble is usually a generalized tonic-clonic seizure [52]. However, during the course of 
the disease LD patients also experience myoclonic seizures and occipital seizures with 
transient blindness, visual hallucinations or photoconvulsion, and atypical absence, atonic, 
and complex partial seizures [52]. Valproic acid aids in the control of seizures but with the 
passage of time, they begin to exhibit increasing occurrence and increasing intractability [52]. 
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Usually following seizure onset, degeneration of the central nervous system soon becomes 
evident in the form of dysarthria, ataxia, emotional disturbance, confusion, and dementia 
[52]. Eventually, complications from neurodegeneration and status epilepticus lead to death 
within 2-10 years of disease onset, usually by the age of 20 [52,58]. Currently, no cure exists 
for LD and treatment is palliative [53]. Diagnosis is usually performed by a skin biopsy to 
look for the presence of LBs in patients with epilepsy [58]. LD is a rare disorder with an 
unknown prevalence [58]. Most cases originate in the Mediterranean countries of Europe, the 
Middle East, India, Pakistan, and Northern Africa [57,59]. Cultures that practice 
consanguineous marriages exhibit a higher frequency of LD [59]. 

The EEG profile of LD patients is highly abnormal and progressively worsens. At 
disease onset, generalized spike-wave discharges with occipital predominance occur with a 
frequency of 3 Hz [52,60,61]. Other types of epileptiform discharges recorded include 
generalized single-spike, polyspike, sharp-wave, spike-wave, and slow-wave bursting in 
various combinations [60]. Aside from epileptic waveforms, EEG background activity and 
sleep features appear relatively normal in the beginning [60]. As the disease progresses, 
epileptic activity increases. Spike-wave seizures occur at faster frequencies of 6-12 Hz [61]. 
Patients begin to exhibit sensitivity to light-induced spike-wave discharges and occipital 
spikes [59,60]. The EEG background slows from the normal alpha range (8-13 Hz) to the 
theta/delta range (≤8 Hz) [59,60]. Eventually, normal sleep features, such as sleep spindles, 
are lost [60]. In the latter stages of the disease, multifocal epileptiform discharges become 
prevalent, especially in the occipital region [53]. Notably, the background slowing and 
epileptiform discharges that are typical of LD can occur before the onset of symptoms [59]. 
Therefore, as is the case with AS, the EEGs of LD patients show abnormalities characteristic 
of the disease that can aid diagnosis. 

LD is an autosomal recessive disorder caused by disruption of the EPM2B gene or the 
EPM2A gene [20,62]. EPM2B, also known as NHLRC1, encodes a single protein E3 
ubiquitin ligase called malin that contains a RING domain and an NHL domain [20]. The 
NHL domain is composed of six NHL repeats that form a six-bladed β-propeller structure 
that mediates protein-protein interactions [63]. It is likely that the malin NHL domain acts as 
a substrate-interacting motif specifying targets for the E3 ubiquitin ligase activity of the 
malin RING domain [64]. LD patients exhibit a wide spectrum of epilepsy mutations 
affecting either the RING or NHL domains, including insertions and deletions leading to 
frameshifts, missense mutations, and nonsense mutations [20,65]. The only animal model of 
epilepsy caused by EPM2B disruption exists in dogs where expansion of a 12 nucleotide 
repeat in the gene’s coding region leads to canine LD and epilepsy [21].  

The other gene implicated in LD is EPM2A, which encodes a protein called laforin [62]. 
Laforin is a dual-specificity phosphatase with a carbohydrate-binding domain that 
participates in glycogen binding [66,67]. Laforin is proposed to play a role in the regulation 
of glycogen metabolism by promoting proper glycogen production and/or inhibiting aberrant 
glycogen accumulation in the form of LBs [55,64]. A role for laforin in the latter process is 
supported by its colocalization with LBs and by its binding preference for LBs over glycogen 
both in vitro and in vivo [55]. About 48% of LD cases result from EPM2A mutation, while 
40% stem from disruption of the E3 ligase EPM2B [68]. The remaining 12% of cases appear 
linked to a distinct third locus that has not yet been identified at the molecular level [68]. 
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The current model for how malin loss-of-function leads to LD and epilepsy is complex 
and involves its interaction with laforin and another as yet unidentified protein. In vitro and 
in vivo experiments have verified that the malin RING domain confers E3 ubiquitin ligase 
activity to the protein [56,64]. Furthermore, malin is known to polyubiquitinate laforin 
thereby promoting its degradation by the proteasome [56,64]. Mutations found in LD patients 
that affect either the RING or NHL domains of malin abolish this malin-dependent 
degradation of laforin in vitro [64]. These observations correlate with clinical data showing 
that polyclonal α-laforin antibodies only detect laforin in the tissues of LD patients with 
defective malin and not in the tissues of non-LD patients with intact malin [55]. However, 
these biochemical and clinical findings appear to contradict our genetic knowledge that either 
malin or laforin loss of function causes epilepsy.  

To resolve this apparent conflict, the existence of another protein in the pathway, protein 
X, has been proposed [64]. In this hypothesis, ubiquitination by malin and dephosphorylation 
by laforin work together to extinguish the activity of protein X and allow proper glycogen 
metabolism; however, when protein X is dysregulated by malin or laforin deficiency, LBs 
accumulate leading to epilepsy [64]. While the specifics of the malin-laforin interaction still 
need to be determined, at least four possibilities can be envisioned for a pathway involving 
malin, laforin, and protein X. First, laforin could activate malin by dephosphorylation and 
activated malin could then mediate proteasomal degradation of protein X (Figure 2A). 
Second, malin could inactivate protein X by polyubiquitination leading to proteasomal 
degradation and laforin could inactivate protein X by dephosphorylation (Figure 2B). Third, 
laforin could dephosphorylate protein X, thereby triggering its proteasomal degradation 
mediated by malin (Figure 2C). Fourth, malin and laforin could act together in a multiprotein 
complex to dephosphorylate and ubiquitinate protein X leading to its degradation (Figure 
2D). Another question that remains to be answered is whether malin-dependent degradation 
of laforin is secondary, only occurring after protein X has been destroyed. It is possible that 
destruction of laforin by malin is required for degradation of protein X to proceed [64]. 
Although the identity of predicted protein X is unknown, one attractive candidate is glycogen 
synthase (GS) [56]. GS elongates glycogen strands by catalyzing the addition of glucose 
units, thereby promoting LB formation [55]. Malin binds GS in vitro but whether it mediates 
the degradation of GS is still not clear [56]. Laforin also appears to interact with GS via 
glycogen synthase kinase 3 (GSK3), the primary inhibitor of GS [56]. Laforin 
dephosphorylates GSK3, which activates it to inhibit GS [56]. In addition, laforin may also 
physically interfere with GS activity by competing with it for a binding site on R5, a 
molecular scaffold protein that forms a complex with GS and glycogen particles to further 
elongate the glycogen strands [55]. Therefore, if GS is indeed protein X, a double-pronged 
negative feedback pathway may exist whereby polyglucosans are detected by laforin which 
inhibits GS via GSK3 and via malin-mediated degradation, as depicted in Figure 3 [56]. 
Although much is already known about LD, further investigation is required to fully 
understand the relationship between malin, laforin, and epilepsy.  
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Figure 2. Possible models for interactions between malin, laforin, and the predicted protein X. In all of 
the models, it is assumed that protein X is involved in proper glycogen metabolism and that overactivity 
of protein X leads to LB accumulation. (A) Laforin activates malin by dephosphorylation and then 
activated malin mediates degradation of protein X. (B) Malin inactivates protein X by mediating its 
proteasomal degradation, while laforin inactivates protein X by dephosphorylation. (C) Laforin 
dephosphorylates protein X, which triggers its malin-dependent proteasomal degradation. (D) Laforin 
and malin sequentially dephosphorylate and ubiquitinate protein X as part of a multiprotein complex 
that may include other unknown proteins. 
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THE MEI-P26 GENE AND SEIZURE SUSCEPTIBILITY 
 
The mei-P26 gene in Drosophila melanogaster represents a unique locus with respect to 

the UPS and epilepsy. The mei-P26 gene, which putatively encodes an E3 ubiquitin ligase, is 
the first example of a UPS gene that decreases seizure susceptibility. Furthermore, it is the 
only Drosophila model of a UPS gene mutation connected to seizure disorders. The ability of 
mei-P26 to regulate seizure susceptibility was discovered in a screen for modifier mutations 
that could suppress seizures in bang-sensitive (BS) paralytic mutants [22]. BS paralytics are a 
well-characterized class of Drosophila behavioral mutant used to model epilepsy in the fly 
[69-71]. They derive their name from their unique behavioral response to mechanical 
stimulation, such as a tap of the culture vial, which elicits a hyperactive seizure episode 
followed by temporary paralysis [69]. BS paralytics also exhibit extreme sensitivity to 
seizures induced by electroconvulsive shock (ECS) displaying seizure thresholds that are 5-
10 times lower than wild-type [70,72,73]. Multiple strains of BS mutants have been identified 
including among others bangsenseless (bss; gene unknown), easily shocked (eas; 
ethanolamine kinase gene), and slamdance (sda; aminopeptidase gene) [74-76]. 
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Figure 3. Possible model for a double-pronged negative feedback pathway involving malin, laforin, and 
GS. If GS is protein X, then a double-pronged negative feedback pathway could exist in which laforin 
mediates inactivation of GS via GSK3 and via malin. Inactivation of GS would protect against LBs. 
This model is a combination of A and B in Figure 2 and it represents only one possibility for how malin 
and laforin could interact with GS. Other scenarios could also be imagined. 

Loss of function of mei-P26 reduces seizure susceptibility behaviorally and 
electrophysiologically, essentially curing epilepsy in some Drosophila models of the disease. 
Behaviorally, disruption of mei-P26 almost completely eliminates seizures and paralysis in 
eas and sda ‘epileptic’ flies following mechanical stimulation [22]. In addition, mei-P26 
mutation shortens the recovery time from BS paralysis by as much as 19% in the few flies 
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that do still seize [22]. This reduction in recovery time is reminiscent of the effects in BS flies 
of human anticonvulsant drugs, which can attenuate paralysis times by up to 50% [77]. 
Electrophysiologically, mutation of mei-P26 drastically increases the seizure threshold of BS 
flies. The seizure threshold here is defined as the minimum voltage required to induce seizure 
activity in the indirect flight muscles by administration of a high-frequency ECS to the brain 
of the fly. Disruption of mei-P26 raises the seizure threshold of eas flies by almost three 
times and restores the sda seizure threshold to the wild-type range [22]. When analyzed 
outside of a BS genetic background, mei-P26 mutants exhibit extremely high seizure 
thresholds that are at least three times higher than wild-type values and even exceed those 
measured for Na+ channel and gap junction mutants [22]. When taken together, the 
behavioral and electrophysiological seizure suppression shown by mei-P26 mutants strongly 
suggests that the mei-P26 gene plays a fundamental and critical role in the regulation of 
seizure susceptibility. 

In addition to exerting effects on seizure susceptibility, the mei-P26 gene also plays a 
role in meiosis and nervous system development. Mutants of mei-P26 were originally 
discovered in a P element transposon mutagenesis screen for mutations that affect 
segregation of chromosomes during meiosis [78]. Mutation of the gene was found to cause 
numerous germline defects, including reduced meiotic recombination, nondisjunction, female 
sterility, and tumorous ovaries [79]. In another screen for genes required for Drosophila 
nervous system development, RNA interference of mei-P26 was found to cause breaks and 
disorganization of the ventral nerve cord in embryos, as well as disorganization of the 
peripheral nervous system [80]. Thus, the mei-P26 gene appears to be a crucial factor for 
several fundamental biological processes. 

The mei-P26 gene is predicted to encode a RING-type E3 ubiquitin ligase with multiple 
conserved protein domains. The N-terminal portion of MEI-P26 contains the RING as part of 
an RBCC domain, or tripartite motif (TRIM) [79]. RBCC domains are composed of a RING 
finger followed by two B-box motifs (type 1 and type 2) and a coiled-coil region [81]. In 
general, RBCC domains are thought to homo-oligomerize through their coiled-coil motifs 
resulting in formation of multiprotein complexes, which specify different subcellular 
compartments [81]. The C-terminal end of MEI-P26 contains an NHL protein-protein 
interaction domain consisting of six NHL repeats [79]. The NHL domain appears to be 
particularly important for proper MEI-P26 function since mutation of a critical, conserved 
residue in the NHL domain contributes to the observed seizure-related and meiotic 
phenotypes [22]. The presence of a RING finger and an NHL domain in MEI-P26 is 
reminiscent of the composition of malin, which also contains these domains. Although E3 
ligase activity has not yet been verified for MEI-P26, ubiquitin ligase activity has been 
determined for at least nine other RBCC proteins including TRIM5, Efp, and Mid1 [81]. 

The closest mammalian homologs of MEI-P26 are Tripartite motif protein 3 (TRIM3) in 
Homo sapiens, Mus musculus, and Rattus norvegicus and Tripartite motif protein 2 (TRIM2) 
in Homo sapiens and Mus musculus [22]. Each of these proteins possesses a RBCC-NHL 
protein domain configuration like MEI-P26. However, they only contain a single B-box motif 
whereas MEI-P26 has two. Little is known about the function of TRIM3 and TRIM2 proteins 
in mammals but they do appear to be important for nervous system function and seizure 
susceptibility. Mouse TRIM2, which is also known as NARF (Neural activity-related RING 
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finger protein), is expressed in the hippocampus and upregulated following seizure-related 
neural activity [82]. Rat TRIM3, which is also known as BERP (Brain expressed RING finger 
protein), shows expression in neurites and growth cones and disruption of its NHL domain 
causes neurites to be unresponsive to nerve growth factor [83]. Whether TRIM3 and TRIM2 
proteins behave as E3 ubiquitin ligases is still unknown. 

The mechanism by which mei-P26 loss-of-function reduces seizure susceptibility has not 
been determined and is still under investigation. It is tempting to speculate that MEI-P26 acts 
as an E3 ligase that mediates degradation of substrates related to nervous system excitability 
and development. Although mei-P26 disruption reduces neuronal excitability as measured by 
seizure threshold, the identity of the individual neurons or populations of neurons that are 
affected is unclear. However, the neurons of the giant fiber neural circuit, which are 
monitored for seizure activity during electrophysiology experiments, can probably be ruled 
out as they exhibit normal firing thresholds and performance characteristics [22]. Since the 
mei-P26 gene acts as a tumor suppressor in ovarian tissue, it is feasible that it could have a 
similar role in nervous tissue. Therefore, one strong possibility is that MEI-P26 acts on 
substrates to negatively regulate synaptic development and growth. In that case, loss of 
function of mei-P26 could lead to overgrowth of synapses, disrupting the balance of 
excitatory and inhibitory networks in favor of inhibition. Since our knowledge about MEI-
P26 is still somewhat limited, research needs to be done on the biochemical function of MEI-
P26 to verify that it indeed acts as an E3 ligase as sequence analysis predicts. Assuming that 
it does, the next step is to identify the substrates of MEI-P26. Identification of these 
substrates may yield a wealth of information related to seizure susceptibility since these 
interacting proteins are potential seizure suppressors themselves and possible targets for 
therapeutic intervention in humans. 

A good example of the type of substrate that could interact with an E3 ligase like MEI-
P26 is found in the Homer-1a protein. This protein, also called Vesl-1S, was first isolated as 
an immediate-early gene product that is upregulated in rat hippocampus following 
pharmacologically induced seizure [84,85]. Overexpression of Homer-1a in mice reduces 
susceptibility to seizures following corneal stimulation and slows the progression of kindling-
induced seizures [86]. Experiments in cell lines and cultured neurons have shown that 
application of proteasome inhibitors selectively promotes the expression and ubiquitination 
of Homer-1a proteins, while expression of other related Homer proteins is unaffected [87]. 
Thus, Homer-1a appears to have a role as a seizure suppressor that is specifically regulated 
by the UPS. 

Homer-1a belongs to a family of postsynaptic scaffolding proteins that is involved in the 
localization and function of group I metabotropic glutamate receptors (mGluRs) [88]. Homer-
1a is one of at least 17 related Homer proteins that are encoded by the genes homer-1, homer-
2, and homer-3 in humans [89]. Homer proteins interact with numerous binding partners 
including group I mGluRs, inositol trisphosphate (IP3) receptors, ryanodine receptors, C-type 
transient receptor potential (TRPC) channels, and other postsynaptic scaffolding molecules 
such as Shank [90]. Because most Homer proteins are capable of multimerizing, they can 
form physical links between mGluRs or TRPC channels and the IP3 or ryanodine receptors of 
intracellular Ca2+ stores [90]. In addition, the interaction between Homer and Shank proteins 
allows the coupling of ionotrophic N-methyl-D-aspartate (NMDA) glutamate receptors to 
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mGluRs through an interaction involving another postsynaptic scaffolding protein called 
PSD-95 [91]. Interestingly, PSD-95 has also been shown to affect seizure susceptibility in 
addition to being regulated by the UPS [92,93]. Although most Homer proteins can bind one 
another to form multiprotein complexes, Homer-1a lacks the motif necessary for those 
interactions [94]. Instead, it acts as an endogenous dominant negative, competitively 
interfering with the binding of multimerizing Homers to form these complexes [94]. The 
dominant negative and anti-epileptogenic properties of Homer-1a suggest that compounds 
that mimic the natural action of Homer-1a by disrupting Homer complex formation may have 
potential as anticonvulsant agents [86].  

 
 

CONCLUSION 
 
A role for the UPS in regulating seizure susceptibility has become increasingly clear with 

the discovery of three different E3 ubiquitin ligases related to epilepsy. Defects in two of the 
E3 genes, UBE3A and EPM2B, cause epilepsy in humans and in animal models when 
disrupted. Abnormal maternal UBE3A expression is responsible for AS, a neurological 
disease marked by epilepsy, mental retardation, and ataxia. Disruption of EPM2B causes LD, 
which is characterized by progressive myoclonus epilepsy, neurodegeneration, and 
polyglucosan inclusion bodies. The other E3 gene related to epilepsy, mei-P26, has the 
opposite effect of UBE3A and EPM2B mutations, curing epilepsy in Drosophila models 
when its function is lost. Although the exact mechanism by which these genes alter seizure 
susceptibility is unknown, the answer almost certainly lies in the identity of their target 
substrates. 

A relationship between the UPS and epilepsy is perhaps not surprising in light of the 
numerous roles the UPS plays in the nervous system [95]. The UPS is important for the 
wiring and neuronal connectivity of the nervous system. This function first became apparent 
with the identification of the bendless mutant in Drosophila. In bendless flies, disruption of 
an E2 ubiquitin conjugase gene causes the giant fiber neuron to fail to make the appropriate 
synaptic connections [96]. The UPS also helps regulate synaptic transmission. Expression of 
synaptic proteins, such as synaptophysin, are affected by proteasomal degradation, as is the 
abundance of ion channels proteins, such as GABAA receptors, NMDA-type glutamate 
receptors, and nicotinic acetylcholine receptors (nAChRs) [97-100]. Membrane proteins, 
such as ion channels, are subject to degradation by the UPS via a molecular pathway 
involving endoplasmic reticulum-associated degradation (ERAD) [101]. ERAD mediates the 
degradation of misfolded and unassembled proteins by dislocating them from the ER to the 
cytoplasm where they are polyubiquitinated, targeting them to the proteasome (see Chapter 
13 and [102]). Finally, the UPS is important for synaptic plasticity (see Chapter 18). In 
Aplysia, proteasomal degradation of regulatory subunits of cyclic-AMP-dependent protein 
kinase (PKA) is required for long-term facilitation (LTF) [103]. As mentioned earlier, 
UBE3A defects are associated with impaired LTP and learning in mice [19]. Thus, regulation 
of seizure susceptibility can be added to the already numerous roles that the UPS performs in 
the nervous system.  
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In the future, it will be interesting to see if a relationship exists between epilepsy and 
abnormal ion channel expression caused by UPS defects. Ion channels are the predominant 
type of proteins implicated in human idiopathic epilepsy. Of the approximately 13 human 
genes associated with idiopathic epilepsy, 12 encode ion channels [7]. In contrast, 
symptomatic epilepsies, such as AS and LD, result from defects in a wider variety of genes, 
which often do not have obvious connections to neuronal excitability. However, it would not 
be surprising to find secondary effects on ion channel expression in some symptomatic 
epilepsies, especially in AS and LD where the potential exists for myriad substrate 
interactions. Transcriptional profiling of a mouse knockout of the EPM2A gene that encodes 
laforin provides some indication that secondary ion channel defects may contribute to 
epilepsy in LD. In EPM2A knockout mice, five different genes related to ion transport show 
significantly altered expression, including the potassium channel β2 subunit gene, KCNAB2, 
which has been associated with epilepsy [104,105]. Whether ion channel expression is altered 
in EPM2B deficient animals remains to be seen.  

In addition to regulation by the UPS via ERAD, ion channel expression can also be 
regulated by an alternative mode of ubiquitin-mediated degradation that exists via the 
endocytic pathway [12]. In this pathway, instead of being polyubiquitinated, membrane 
proteins are monoubiquitinated, which signals them to be internalized by endocytosis. 
Following endocytosis, proteins are either recycled back to the membrane or targeted to the 
lysosome for degradation. This monoubiquitin-dependent internalization has been shown to 
regulate expression of glutamate and glycine receptors in the nervous system [106,107]. 
Thus, E3 ligases may participate in regulating ion channel expression by polyubiquitination 
leading to proteasomal degradation or by monoubiquitination leading to protein 
internalization and/or lysosomal degradation.  

The UBE3A, EPM2B, and mei-P26 genes likely represent only the tip of the iceberg with 
respect to the number of UPS genes related to epilepsy. It seems safe to assume that many 
more epilepsy genes remain to be identified when one considers that genetics is presumed to 
play a role in 60% of cases and that the approximately 20 known human epilepsy genes 
represent only a small fraction of patients [4,108]. In light of the hundreds of known E3 
ligase genes alone, most of which remain uncharacterized, it seems plausible that many of the 
outstanding epilepsy genes may encode components of the UPS. While the most likely 
candidates are nervous system-specific E3 ligases, it will be interesting to see if any other 
types of UPS genes are found to play a role in seizure susceptibility. Possibilities include E2 
enzymes or de-ubiquitinating enzymes, which oppose the action of E3 ligases by removing 
ubiquitin molecules. Identification of the target substrates for the E3 ligases will also be 
crucial in the future. Whether any of the E3s associated with epilepsy target ion channel 
proteins will be interesting to see. In the coming years, epilepsy research related to the UPS 
should yield some exciting discoveries that will provide insight into the fundamental 
processes that regulate excitability in the nervous system. 
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ABSTRACT 
 

Ischemic stroke is caused by obstruction of blood flow to the brain, resulting in 
energy failure that initiates a complex series of metabolic events, ultimately causing 
neuronal death. Cell death occurs by a necrotic pathway characterized by either 
ischemic/homogenizing cell change or edematous cell change. Death also occurs via an 
apoptotic-like pathway that is characterized, minimally, by DNA laddering and a 
dependence on caspase activity and, optimally, by those properties, additional 
characteristic protein and phospholipid changes, and morphological attributes of 
apotosis. Death may also occur by autophagocytosis. This review is directed at 
understanding how the ubiquitin-proteasome system (UPS) participates in global and 
focal cerebral ischemia. These are the two principal rodent models for human disease. 
Proteasomes are large multicatalytic protease complexes that are found in the cytosol and 
in the nucleus of eukaryotic cells with a central role in cellular protein turnover. The UPS 
is the predominant nonlysosomal protein degradation pathway which insures the 
viability, proliferation and signaling of eukaryotic organisms. Overwhelming data exists 
implicating a critical role of the UPS in cerebral ischemic injury. Ischemic and hypoxic 
trauma and their associated oxidative, nitrosylative and energetic stress underlie 
neurodegeneration following stroke and evoke a discreet set of transcriptional events 
which have a complex and interdependent relationship with proteasomal function. Rapid 
elimination of denatured, misfolded and damaged proteins by the proteasome becomes a 
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critical determinant of cell fate. Proof of principle has been obtained from animal models 
of cerebral ischemia in which proteasome inhibitors reduce neuronal and astrocytic 
degeneration, cortical infarct volume, infarct neutrophil infiltration, and nuclear factor-
κB (NF-κB) immunoreactivity. This neuroprotective efficacy has been observed when 
proteasome inhibitors have been used 6 hours after ischemic insult. Strategies aimed at 
effecting long lasting changes in proteasomal function are not recommended given the 
growing body of evidence implicated long term proteasomal dysfunction in chronic 
neurodegenerative disease. These effects are likely due to the fact that the UPS is also 
essential for cellular growth, metabolism and repair. These effects of proteasomal 
inhibition make development of short lived proteasome inhibitors or compounds which 
can spatially and temporally regulated the UPS desirable clinical targets. Preclinical 
studies in animal models indicate that the use of specific proteasome inhibitors may be 
valuable in treating a host of acute neurological disorders including ischemic stroke. 
Proteasome inhibition could be a potential treatment option for stroke. 
 

Keywords: proteasome, ubiquitin, stroke, NFκB, HIF-1α, glutamate, NMDA, excitotoxicity, 
oxidative stress, neurons, neurotoxicity, inflammation.  
 
 

ABBREVIATIONS 
 
AMP, adenosine monophosphate; ARNT, aryl hydrocarbon receptor nuclear translocator; 

ATP, adenosine triphosphate; BAG, Bcl-2 binding athanogene; BBB, blood-brain barrier; 
Bcl2, B-cell lymphoma protein 2; CHIP, c-terminal HSC70 interacting protein; ChTL, 
chymotrypsin-like; CyDK, Cyclin-Dependent Kinases; CNS, central nervous system; CP, 
core particle; DUBs, deubiquitinating enzymes; E1, Ub activating enzyme; E2s, Ub 
conjugating enzymes; E3s, ubiquitin ligase; EGCG, (-)-epigallocatechin-3-gallate; EPO, 
erytropoietin; ER, endoplasmic reticulum; HECT, homologous to E6-associated protein C-
terminus; HIF-1, hypoxia-inducible transcription factor 1; HIF PHDs, 3-4 HIF prolyl 
hydroxylases; HIP, HSC70-interacting protein; HOP, HSC70-Hsp90-organizing protein; 
HSC70, heat shock cognate protein 70 (a constitutively expressed homolog of Hsp70); Hsp, 
heat-shock protein; IAPs, inhibitors of apoptosis proteins; IDD, iron-dependent degradation; 
IKK, IκB kinase; IRP, iron regulatory protein; MCAo, middle cerebral artery occlusion; 
MAPK, Mitogen Activated Protein Kinase; NF-κB, nuclear factor-κB; NO, nitric oxide; 
ODD, oxygen-dependent domain; Pael-R, Pael receptor; PARP, poly-ADPribose polymerase; 
PD, Parkinson’s disease; PDI, protein disulfide isomerase; PGJ2, Prostaglandin J2; PGPH, 
peptidylglutamyl peptide hydrolase; PKC, Protein Kinase C; PS64, peptide substrate 64; 
PSD-95, Postsynaptic Density 95; RKT, Receptor tyrosine kinases; RING, really interesting 
new gene; ROS, reactive oxygen species; RP, regulatory particle; Rpn, Regulatory particle 
non-ATPase; Rpt, Regulatory particle triple ATPase; r-tPA, tissue plasminogen activator; 
Siah, Seven in absentia homologs; TL, trypsin like; Ub, ubiquitin; UBPs, Ub-specific 
proteases; UCHL1, Ub C-terminal hydrolase L1; UPR, unfolded protein response; UPS, 
ubiquitin-proteasome system; VEGF, vascular endothelial growth factor; VHL, von Hippel–
Lindau. 
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INTRODUCTION 
 
Cerebral ischemia or stroke is characterized by a vessel obstruction of blood flow to the 

brain. There are essentially two types of stroke: (i) global or total loss of blood flow to the 
brain caused by events such as cardiac arrest, or (ii) focal (regional) arising from local 
interruption of blood flow to the brain due to an artery blockage. Animal models have been 
developed to mimic the human condition [1]. The global model involves the occlusion of 
bilateral common carotid and vertebral arteries, while focal ischemia is induced by either 
transient or permanent middle cerebral artery occlusion (MCAo). Stroke results in disruption 
of glucose and oxygen supply that ultimately leads to apoptotic and necrotic cell death, and 
development of an infarction. Focal ischemia is characterized by an ischemic core surrounded 
by a ‘penumbra’ region that has partial reduction in blood flow due to the presence of 
collateral arteries. If left untreated the infarct can propagate into the penumbra. The ischemic 
core is generally considered unsalvageable, whereas the penumbra may be rescued by timely 
intervention and poses a target for the development of therapeutic treatment.  

Ischemic neuronal cell death is a principal neuropathological feature of stroke and 
constitutes a major source of morbidity and mortality, especially in the elderly. The 
widespread use of antihypertensive and antiplatelet drugs has reduced the age-adjusted 
incidence of stroke, but little progress has been made in stroke treatment [2]. The efficacy of 
treatments directed at revascularization, anticoagulation, inhibition of platelet function and 
thrombolysis is marginal or disputed. Moreover, neuroprotective strategies have 
predominately been aimed at inhibiting ischemia-induced over activation of glutamate 
receptors (excitotoxicity), but have not been successful [3]. The therapeutic potential for 
developing small molecule inhibitors for the treatment of stroke is significant given that only 
a small area of the affected brain tissue, the ischemic core, is irreversibly damaged at the 
onset of stroke. A much larger volume of the brain tissue surrounding the ischemic core, 
known as penumbra, has the potential to recover much of its function [4]. 

The pathophysiological mechanisms of brain injury following stroke include essential 
roles for inflammation, energetic dysfunction and protein destabilization [5]. Targeting 
individual inflammatory mediators has, however, proven difficult due to redundancy in 
function [6]. The ischemic cell death proceeds through several stages that include several 
changes initiated by ischemia and reperfusion that are very likely to play major roles in cell 
death. These include inhibition (and subsequent reactivation) of electron transport, decreased 
ATP, decreased pH, increased cell Ca2+, release of glutamate, increased arachidonic acid, and 
also gene activation leading to cytokine synthesis, synthesis of enzymes involved in free 
radical production, and accumulation of leukocytes. Energy failure is the initial metabolic 
event in stroke The energy needs of the brain are supplied by metabolism of glucose and 
oxygen for the phosphorylation of ADP to ATP. Most of the ATP generated is utilized in the 
brain in maintaining intracellular homeostasis and transmembrane ion gradients of sodium, 
potassium, and calcium. Energy failure results in rapid loss of ATP and uncontrolled leakage 
of ions across the cell membrane that results in membrane depolarization and release of the 
neurotransmitters such as glutamate and dopamine [7,8]. Excess glutamate release and 
stimulation of its receptors result in activation of phospholipases [9-11], phospholipid 
hydrolysis, and arachidonic acid release [11]. These changes lead to the activation of 
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damaging events of free radicals and their product peroxynitrite, the actions of the Ca2+-
dependent protease calpain, the activity of phospholipases, the activity of poly-ADPribose 
polymerase (PARP), and the activation of the apoptotic pathway producing the long-term 
changes in macromolecules or key metabolites. The long-term damaging effects of these 
macromolecular and metabolite changes on critical cell functions and structures lead to the 
defined end stages of cell damage. These targeted functions and structures include the 
plasmalemma, the mitochondria, the cytoskeleton, protein synthesis, and kinase activities. 
Ultimately these processes lead to apoptotic or necrotic cell death [12]. The major driving 
force for the necrotic cell death process appears to be the generation of free radicals and 
peroxynitrite. Effects of a large number of damaging changes can be explained on the basis 
of their ability to generate free radicals in early or late stages of damage. 

According to this description, the key step in ischemic cell death is a consideration of 
how the changes occurring during and after ischemia, including gene activation and synthesis 
of new proteins, conspire to produce damaging levels of free radicals and peroxynitrite, to 
activate calpain and other Ca2+-driven processes that are damaging, and to initiate the 
apoptotic process. Cerebral ischemia results in selective increased mRNA levels of genes 
involved in stress, inflammation, transcription and plasticity, and decreased mRNA levels of 
genes which control neurotransmitter function and ionic balance [13]. An underlying pattern, 
to which there are important exceptions, is that the protective proteins are synthesized in 
relatively nonvulnerable cells and are not synthesized in vulnerable cells, or cells that will 
die. This raises the possibility that the absence of these proteins may be important in 
development of cell death. In addition to proteins that promote cell death—such as the 
proapoptotic protein Bax and the caspases—survival-promoting proteins like Bcl2 family 
members, heat-shock protein (Hsp), inhibitors of apoptosis proteins (IAPs), hypoxia-
inducible transcription factor 1α (HIF-1α), nuclear factor-κB (NF-κB) and a host of other 
transcription factors are also induced [14-17]. Vulnerable cells, in global or focal ischemia, 
suffer from the absence of synthesis of these protective proteins, or in some cases from their 
downregulation. This hypothesis is supported by the phenomenon of tolerance, mild ischemic 
injury increases resistance to subsequent stressors in a protein synthesis dependent manner 
[18]. Evidence suggests that tolerance results from synthesis of proteins that are normally not 
synthesized in the vulnerable cells but that is synthesized in cells that do not go on to die and 
survive the initial stress [18]. Why these proteins, as well as immediate early genes, are not 
synthesized in vulnerable cells is unknown. It could result from the general downregulation 
of synthesis, although this is not a compelling argument, but a critical determinant of cell fate 
also becomes a rapid elimination of denatured, misfolded and damaged proteins by the 
ubiquitin (Ub)-proteasome system (UPS) (see Chapter 2). The UPS is an ATP-dependent 
protein degradation system degrading short-lived proteins under normal metabolic 
conditions, as well as, bulk degradation of long-lived proteins, partial digestion/processing of 
some regulatory proteins, and antigen presentation. Among the key regulatory proteins 
degraded by the 26S proteasome are the transcription factor c-Fos, M-, S-, and G1-phase 
specific cyclins, cyclin dependent kinase inhibitors, p53, and a host of oncoproteins [19-21]. 
The degradation of cellular proteins is a highly complex, temporally controlled and tightly 
regulated process essential for mitosis, energy and ion homeostasis, revascularization and 
repair. With the multitude of protein substrates targeted and the myriad of processes 
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involved, it is not surprising that aberrations in the UPS are implicated in the pathogenesis of 
cerebral ischemia [22-24]. However, despite intensive research in this area, key questions 
remain unanswered. Among these are the modes of specific and timed recognition for the 
degradation of the many substrates, and the mechanisms that underlie aberrations in the 
system that lead to pathogenesis of ischemic cell death. The advent of powerful new genomic 
and proteomic technologies has substantially enhanced our understanding of the evolution of 
the ischemic injury. Understanding the identity and interactions of proteins as a part of 
complex networks is the central problem in the post-genome era. In this review, we will focus 
on the recent advances in our understanding of UPS in cerebral ischemia, as well as, the 
novel approaches for stroke intervention which these studies have revealed (see Chapter 41). 

 
 

THE UPS IN CEREBRAL ISCHEMIA 
 

Ub-Protein and Ubiquitinated Inclusions in Cerebral Ischemia 
 
While the chronic loss of proteasomal function has been implicated in the pathogenesis 

of protein aggregations observed in a host of neurological diseases [25,26], the role of 
aberrant proteasomal degradation and ubiquination in acute conditions including stroke is just 
beginning to be addressed [23,24]. Aberrant proteasomal function has been observed in 
experimental models of stroke [23,24,27,28] and loss of 26S proteasomal activity reportedly 
occurs rapidly (i.e. within 10 minutes) following global ischemia [29]. After global ischemia 
the expression of Rpn2 subunit of the 26S proteasome was elevated at 12 hours in the dentate 
gyrus [30]. After 24 hours, Rpn2 increased its expression significantly in both the CA1 and 
dentate gyrus compared with control animals. This alteration in proteasome expression was 
also associated with the change of transcriptional factor SEF-2 [30]. 

Poly-Ub-conjugated proteins are accumulated in hippocampal cells following transient 
global ischemia [31,32], following focal ischemia [33,34] and in vitro models of neuronal 
hypoxia [35]. However, biochemical characterization of the Ub-immunoreactive material is 
still lacking. Ub immunoreactivity in inclusions is based solely on the demonstrated 
‘conjugate’ specificity of the antibodies utilized in the studies. In cerebral ischemia, cell 
inclusions containing Ub-proteins are found predominantly in the neuronal soma, dendrites, 
and axons, and they were associated with intracellular membranous structures during the 
postischemic phase [36,37]. Ub-proteins are localized in lysosomal vesicles and in late 
endosome-like organelles of the neurons in the ischemic area [36,37]. Some of these proteins 
might include cell surface receptors that require ubiquitination for internalization [38-41]. 
The endosomal/lysosomal deposits might also derive from an unsuccessful attempt by the cell 
to eliminate the Ub-proteins by autophagy. After ischemia, cytosolic proteins can be rapidly 
sequestered into autophagic vesicles assembled from pre-existing endoplasmic reticulum 
(ER) or Golgi membranes.  

High-resolution confocal microscopy showed also that clumped protein aggregates 
surrounding nuclei and along dendrites were formed after brain ischemia [37]. Irreversible 
aggregation of translational components, i.e. the ribosomes and their associated nascent 
polypeptides, initiation factors, translational chaperones and degradation enzymes, has been 
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reported after brain ischemia [42]. Translational complex components consisting of small 
ribosomal subunit protein 6, large subunit protein 28, eukaryotic initiation factor-3η, co-
translational chaperone heat shock cognate protein 70 (HSC70) and co-chaperone Hsp40-
Hdj1, as well as co-translational ubiquitin ligase c-terminus of Hsp70-interacting protein 
(CHIP) are all irreversibly clumped into large abnormal protein aggregates after ischemia 
[42]. Translational components were also highly ubiquitinated. Ub-immunoreactive nuclear 
inclusions are also detected in specific hyppocampal neurons [33]. These aggregates contain 
ubiquinated proteins which can also be found in the neuronal soma, dendrites, and axons. In 
the post-ischemic phase, ubiquinated proteins are associated with intracellular membranous 
structures [36,37]. Ub-proteins in neuronal lysosomal vesicles and in late endosome-like 
organelles in the ischemic area [36,37] may be result from an attempt to eliminate 
accumulating Ub-proteins by autophagy. 

The abnormal Ub immunoreactivity is primarily associated with the tau-related protein 
and intermediate filament network [43,44]. These observations, together with the idea that the 
intermediate filament system is the most stress-sensitive element of the cytoskeleton [45], 
suggest a coupling of the stress response with the formation of inclusions at the site of 
cellular damage.  

Short episodes of ischemia induce a transient decrease in the activity of the 26S 
proteasome, followed by accumulation of Ub-proteins in the gerbil cortex [28]. Similarly, 
expression of Ub and other heat shock genes is rapidly increased following the exposure of 
hippocampal neurons to hypoxia [35]. Free Ub is dramatically decreased in both gerbil and 
rat hippocampus within hours after ischemia and then recovers over the next 1–3 days in all 
cell types except CA1 cells that are destined for death [35,46,47]. This depletion may be 
caused by impaired conversion from conjugated to free Ub and/or failure of de novo Ub 
synthesis but unfortunately, there is no further evidence to this effect. This phenomenon may 
be involved in damage, possibly by allowing buildup of partially denatured proteins [35]. 
This leads to speculate that cerebral ischemia is associated with an inability of the neuron to 
degrade protein aggregates. In general, Ub-proteins do not accumulate in healthy cells and 
are rapidly degraded by the Ub/ATP-dependent pathway. Failure to eliminate the Ub-protein 
deposits might result from a malfunction of the Ub/ATP-dependent pathway or from 
structural changes in the protein substrates, rendering them inaccessible to proteolysis. 

It has been reported that proteasome inhibition is sufficient to induce both the formation 
of cellular aggresomes composed of aggregation-prone proteins and neuronal death [48,49], 
but it remains to be determined whether protein aggregation causes neuronal degeneration or 
is a rescuing mechanism in the cell (see Chapter 12).  

 
 

UPS Response to Hypoxia 
 
While brief and acute hypoxia does not impair proteasome function [34], a clear 

inhibitory effect of hypoxia on proteasome function is evident only after prolonged hypoxic 
periods [50] and in the presence of a concomitant inflammatory reaction [51,52]. Repeated 
and intermittent episodes of hypoxia decrease also markedly proteasomal activity in aged 
brains of Sprague-Dawley rats [53]. Recently, a specific defense system against hypoxia has 



The Ubiquitin Proteasome System in Cerebral Ischemia 929

been described also in the brain, which uses the hypoxia-inducible factor-1 (HIF-1) as 
transcription factor [50]. One of the most rapid changes induced by hypoxia is an increase in 
the expression of the HIF-1. The HIF-1 complex is composed of two protein subunits: HIF-
1β/ARNT (aryl hydrocarbon receptor nuclear translocator), which is constitutively expressed, 
and HIF-1α, which is rapidly ubiquitinated and degraded to near negligible levels in 
normoxic cells. HIF-1α coordinates the response to prolonged hypoxia which pertains to 
glycolysis, glucose transport, vasodilation, and angiogenesis [50]. The rapid turnover of HIF-
1α in normal cells is mediated by hydroxylation on two proline residues within a conserved 
oxygen dependent degradation domain. In the presence of oxygen, these prolyl residues are 
enzymatically hydroxylated which promotes interaction with the von Hippel–Lindau (VHL) 
tumour suppressor protein, leading to ubiquitylation by the VHL associated E3 ligase, and 
subsequent proteasomal destruction. As a consequence of gene mutations, individuals with 
VHL disease are susceptible to retinal angiomas, hemangioblastomas of brain and spinal 
cord, and tumors in other areas including pancreas, kidney and adrenal glands [54]. These 
tissues are generally highly vascularized tissues and overproduce peptides and hormones such 
as erytropoietin (EPO) and vascular endothelial growth factor (VEGF) involved in 
angiogensis and hypoxia sensing. The hydroxylation of a proline residue (HIF1α P564) is 
mediated by 3-4 HIF prolyl hydroxylases (HIF PHDs) (Figure 1) which themselves are 
substantially altered by stress and subject to proteasomal degradation. Seven in absentia 
homologs (Siah) E3 Ub ligases are induced by hypoxia and their binding to HIF PHDs 
removes the impetus to degrade HIF resulting in HIF complex stabilization, nuclear 
translocation and transcription. The importance of this feedback loop has recently been 
demonstrated in Siah knockout cells where HIF-1α expression does not increase as oxygen 
levels drop [55]. Thus, the function and stability of HIF are intimately linked to proteasomal 
function. Not surprisingly, inhibitors of proteasome activity protect the degradation of the 
HIF-1 complex [56], and produce a dramatic accumulation of HIF-1α protein [57], resulting 
in accelerated formation of vascular structures in vitro [58]. This mechanism could contribute 
to the rescue of the penumbra of an ischemic lesion. However, the mechanism by which 
hypoxia inhibits VHL-mediated ubiquitination of HIF-1α is currently unknown. As for 
hypoxic signaling, Tanaka et al. [59] have recently shown that protein disulfide isomerase 
(PDI), an enzyme which also catalyzes protein folding reactions, is also upregulated in 
response to CNS hypoxia. Like Hsp70, PDI is intimately linked with the proteasome. It 
shuttles proteins for proteasomal degradation via interactions with the Ub like protein 
ubiquilin. Moreover, enhancing PDI function confers cytoprotection following stroke. Given 
the linkage between energetic status and protein aggregation, it is tempting to speculate that 
the loss of E3 Ub ligases, such as Siah, into proteinacious aggregates formed during ischemia 
and chronic neurodegenerative diseases compromises the ability of neurons to mount an 
appropriate stress response through HIF and other transcriptional elements [60]. 

Finally, another oxygen-sensing mechanism has also been shown to link intracellular 
responses to hypoxia with the proteasome. The iron regulatory protein (IRP) -1 and IRP-2 are 
post-transcriptional regulators of cellular iron metabolism that bind to an iron-responsive 
element in the untranslated region of mRNAs involved in iron homeostasis and can serve as a 
link between iron homeostasis and oxidative stress sensing [61,62]. IRP-2 is regulated by iron 
in a heme-dependent manner via its iron-dependent degradation (IDD) domain, a specific 73  
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Figure 1. Cellular response to ischemic stress. Multiple energy and oxygen-dependent pathways converge on 
the proteasome in order to remove damaged proteins and activate transcription factors with roles in 
increasing oxygenation, vascularization and survival. Examples of these pathways are shown for the 
unfolded protein response in the endoplasmic reticulum (ER), the stabilization of hypoxin-reducible 
transcription factor (HIF)-1α and the chaperone triage system. Protein trafficking and assembly in the ER is 
responsive to multiple energetic and ionic perturbations, including calcium buffering, redox regulation, 
caspase activation and post-translational modification of proteins. These functions are dependent upon ATP 
content and redox-sensitive proteins, including the Sec ATPases (SEC). Misfolded proteins are targeted to 
the proteasome through ubiquitination (E1, E2 and E3 enzymes). Oxygen sensitivity is demonstrated in the 
HIF-1α subunit of the HIF transcription factor. Under normoxia, HIF hydroxylases modify proline residues 
within the oxygen-dependent domain (ODD) of HIF allowing for rapid ubiquination by the von Hippel–
Lindau (vHL) E3 ligase. Anaerobic conditions block these modifications leading to enhanced HIF-1a 
expression and transcriptional activity. Finally, chaperones play an essential role in the stress response to 
ischemia. Some of the interactions of the stressinducible chaperone Hsp70 are illustrated. Competition for 
Hsp70 binding leads to altered chaperone activity, in which the protein moves from a primary role in 
refolding, to one of targeting proteins to the proteasome to be degraded. Again, the function of this protein is 
dependent upon ATPase activity of interacting chaperones. BAG, Bcl-2 binding athanogene; CHIP, c-
terminal Hsc70 (a constitutively expressed homolog of Hsp70)-interacting protein; HIP, Hsc70-interacting 
protein; HOP, Hsc70-Hsp90-organizing protein; Hsp, heat shock protein; NO, nitric oxide; PS 64, peptide 
substrate 64. Reprinted with permission from Di Napoli M and McLaughlin BA: The proteasome ubiquitin 
system as a drug target in cerebrovascular disease: The therapeutic potential of proteasome inhibitors Current 
Opinion in Investigational Drugs 2005 6(7): 686-699, 2005 © The Thomson Corporation. 
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amino acid domain that can target heterologous proteins for ubiquitin mediated degradation 
after iron-mediated oxidative modification [63,64]. Yamanaka et al. [65] recently reported 
the identification of the Ub ligase that recognizes oxidized IRP-2. IDD is believed to bind 
heme and, in the presence of oxygen, produce a superoxide radical that oxidizes the IDD 
domain, thus generating a binding site for the IRP-2–Ub ligase HOIL-1 [65]. 

 
 

UPS and Hypoxic Preconditioning 
 
Hypoxic preconditioning, or hypoxia-induced tolerance, refers to a brief period of 

hypoxia that protects against an otherwise subsequent lethal insult. Hypoxic preconditioning 
protects the brain, heart and retina, and indeed all other organs that have been tested, against 
several types of injury, including ischemia [66,67]. Hypoxia protects against both focal and 
global ischemia in the neonatal and adult brain [66,67]. Ischemic preconditioning reduce 
significantly protein aggregation and virtually eliminate neuronal death in CA1 neurons. 
Biochemical analyses reveal that ischemic preconditioning decrease accumulation of 
ubiquitin-conjugated proteins (Ub-proteins) and reduced free Ub depletion after brain 
ischemia. Furthermore, ischemic preconditioning also reduce redistribution of HSC70 and 
Hdj1 from cytosolic fraction to protein aggregate-containing fraction after brain ischemia 
[68]. Two types of ischemic tolerance have been reported for the brain: delayed and rapid 
ischemic tolerance. Delayed ischemic tolerance develops over 1–3 days in vivo or 24 hours in 
vitro, is mediated by a gene-based mechanism and requires new protein synthesis [18,69-71]. 
In contrast, rapid ischemic tolerance is protein synthesis-independent and occurs within 1 
hour of the preconditioning ischemia [72]. Rapid ischemic tolerance induced by hypoxic 
preconditioning has been hypothesized to be due, at least in part, to rapid degradation of the 
pro-apoptotic Bcl-2 family member Bim by UPS [72]. Proteasome inhibitors prevent Bim 
degradation and block rapid ischemic tolerance [72]. Paradoxically, however, it was 
established that proteasome inhibitors prevent the necrotic and apoptotic cell death, but in the 
same concentration abolish the effects of preconditioning and postconditioning [73,74]. The 
data available show that the specific protective effect of proteasome inhibitors could be 
caused by autophagy activation although the mechanisms of this phenomenon are still in need 
of thorough investigation [73,74]. 

 
 

UPS Response to Ischemia 
 
In the postischemic hippocampus, conjugated Ub accumulates and free Ub is depleted, 

suggesting impaired proteasome function [33,34,75]. The accumulation of conjugated Ub 
may reflect hypofunction of downstream proteasome activity that normally degrades 
ubiquitinated proteins. Moreover, direct injection of a proteasome inhibitor into the lateral 
ventricles of the rat induced DNA fragmentation in various CNS areas, suggesting that 
suppression of proteasome is able to induce neuronal apoptosis [76] (see Chapter 21). 
Therefore, it is reasonable to speculate that proteasome malfunction may in part underlie the 
molecular events of the ischemia induced neuronal death. Decreased proteasome activity at 
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the ischemic core and the surrounding tissues allows accumulation of oxidized proteins, 
resulting in formation of protein aggregates, ER stress (see below), impairment of cell 
function and eventually cell death. Indeed, in an experimental ischemia of rat brains a 60% 
elevation of Ub conjugate levels in the ischemic compared with the non-ischemic animals 
was observed within 1 hour of recovery. The conjugate immunoreactivity remained at this 
level for 6 hours but eventually declined to control levels by 24 hours of recovery [33,34]. 
Increased formation of poly-Ub conjugates was accompanied with a significant increase in 
the transcription levels of poly-Ub genes [77]. 

 
 

UPS Response to ATP Depletion 
 
The ubiquitination and degradation processes are heavily dependent upon ATP. Loss of 

ATP resulting from oxygen deprivation has profound and immediate consequences on a host 
of cellular functions including proteasomal function [27,78,79].  

One hour transient focal cerebral ischemia induces marked depletion of the E3 ligase 
parkin but does not affect the levels of E2s. Parkin up-regulation has been shown to protect 
cells from injury induced by ER stress, which suggests that parkin depletion may increase the 
sensitivity of neurons to stimuli managed by the ER including the unfolded protein response 
(UPR) and calcium dysregulation which are induced by loss of cellular ATP levels [80]. In 
the ischemic core, ATP- and Ub-dependent degradation mediated by the 26S proteasome is 
impaired, while the ATP- and Ub-independent degradation mediated by 20S proteasome is 
unimpeded. This is likely due to the dissociation of 26S proteasomes, which occurs under 
stress, into 20S proteasomes and PA700 caps. Following ischemia in the gebril cortex, the 
26S proteasome chymotrypsin-like (ChTL) activity decreases, whereas the 20S proteasome 
ChTL activity increases [28]. While the 26S proteasome activity recovers in many regions 
following reperfusion, particularly vulnerable areas including the CA1 region of the 
hippocampus, PA700 and 20S proteasomes do not fully reassociate, an aspect which may 
explain the delayed neuronal cell death in these regions [27]. 

 
 

UPS Response to Intracellular pH Levels 
 
Another consequence of oxygen deprivation is the increase in cellular acidosis. The 

cellular site of action of low pH is not completely resolved. Effects of cellular acidosis on the 
UPS which appear to exist but have not yet been extensively investigated, are quite 
reasonable. While the molecular site of action of changes in pH has not been localized within 
the proteasome, it is clear that loss of proteasome activity occur as pH levels decrease. The 
20S proteasome has three different proteolytic activities including trypsin-like (TL), 
chymotrypsin-like (ChTL) and caspase-like, all of which are less effective with decreasing 
pH [81]. Proteasomes may also be altered by direct transient denaturation induced by pH, 
indirectly by enhanced formation of free radical formation (via iron delocalization and the 
Fenton reaction) [82] or more specifically by altering catalytic activity of the proteasomal 
complex as well as by altering the action of Ub-protein-ligase complexes [83,84]. 
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UPS Response to Intracellular Ca2+ Levels 
 
Loss of Ca2+ homeostasis, often in the form of cytoplasmic increases, leads to cell injury 

in cerebral ischemia [9]. The effects of proteasome inhibitors on intracellular Ca2+ levels was 
tested in murine neocortical cultures. Although multiple destructive processes are activated 
by Ca2+, lethal outcomes are determined largely by Ca2+-induced mitochondrial permeability 
transition. Exposure of murine neocortical cultures to proteasome inhibitors (0.1-10 μmol 
clasto-lactacystin β-lactone or MG-132) for 48 h resulted in widespread neuronal death 
associated with a reduction in intracellular free calcium associated with intracellular calcium 
starvation [85].  

 
 

UPS and Mitochondrial Function 
 
Retention of the mitochondrial membrane potential during increases in [Ca2+]i favors 

mitochondrial Ca2+ uptake and overload, resulting in mitochondrial permeability transition 
and cell death. In contrast, dissipation of mitochondrial membrane potential reduces 
mitochondrial Ca2+ uptake, retards mitochondrial permeability transition, and delays death, 
even in cells with large [Ca2+]i increases. The rates of mitochondrial membrane potential 
dissipation and mitochondrial Ca2+ uptake may determine cellular sensitivity to Ca2+ toxicity 
under pathological conditions, including ischemic injury. Chronic proteasome inhibition is 
deleterious to cells as it severely impedes mitochondrial calcium buffering, results in loss of 
mitochondrial membrane potential (Δψm), formation of dense mitochondrial deposition, 
cytochrome-c release into the cytosol with secondary dilation of the rough ER, formation of 
cytoplasmic vacuoles and activation of caspase-3 [25,86-88]. 

 
 

UPS and Reactive Oxygen Species (ROS) 
 
After cerebral ischemia-reperfusion injury there is a time-dependent decrease in 

proteasome activity in the affected area, which is associated with oxidative stress, and not 
with decreased expression of proteasome subunits [25,89]. ROS are known to modify several 
proteasome subunits (α1, α2 and α4) and impair proteasome activity [90,91]. 20S 
proteasomes can degrade mildly oxidized proteins without previous ubiquitination, however 
they are unable to degrade extensively oxidized proteins [92,93]. Moreover, oxidative 
damage enhances the effects of proteasome inhibition, leading to protein aggregation and cell 
death [94]. Because, metal ions appear to be delocalized from the proteins in the ischemic 
and postischemic phase, the effect of oxidative stress induced by neurotoxic metal ions on the 
properties of the brain 20S proteasome has also been studied showing that metal-catalyzed 
oxidation strongly affects the functions of the brain 20S proteasome although the catalytic 
subunits seem to be differently influenced by oxidative phenomena: TL activity showed 
gradual activation while ChTL and peptidylglutamyl peptide hydrolase (PGPH) activities 
were substantially inhibited [82]. At the same time, the intracellular redox status, probably 
through the level of oxidized proteins, is an important element that can either activate or 
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down-regulate the 20S proteasome ChTL activity in living cells [95] acting by a feedback 
mechanism because the antioxidant system is also subjected to the proteasome-dependent 
proteolysis [96]. 

 
 

UPS and Protein Synthesis 
 
There is very little known about rates of protein synthesis and degradation after ischemia. 

The average turnover time of brain proteins are 3–5 days [97]. Protein synthesis does indeed 
seem to be a crucial parameter in the pathological process of ischemic cell death, because 
there is a close relationship between shutdown of translation and extent of cell death. 
Translation is severely suppressed after transient ischemia in all cells in which the energy 
state is disturbed during vascular occlusion. It recovers in all resistant areas but never 
recovers in cells vulnerable even to a short interruption of blood supply [98,99]. Protein 
synthesis is a complex process that can be subdivided into the initiation step where various 
initiation factors, including the initiator Met-tRNA, mRNA and ribosomal subunits, are 
needed to form the initiation complex, the elongation step where the new polypeptide chain is 
synthesized, and the termination step. 

If normal protein degradation is blocked after ischemia, it would reduce the impact of 
synthesis inhibition. There is a marked decrease in Ub immunoreactivity in both gerbil and 
rat hippocampus within hours after global ischemia and then recovers over the next 1–3 days 
in all cell types except CA1 cells that are destined for death [33,100]. During focal ischemia, 
blocking proteasome activity was extremely protective to the core of the lesion [101]. One 
explanation for this is that generalized protein degradation makes a major contribution to 
ischemic core damage. Indeed, protein content within the core of a focal lesion is severely 
reduced. However, another possible explanation is that proteasome activity is damaging 
because it allows NF-κB activation [102]. Cell death might not result from a functional defect 
in one or more of key processes; rather, it may result from continued activation of 
perpetrators set in motion by the ischemia, with ultimate breakdown of the cell as a unit. 
Besides the UPS, during ischemia there may be an activation of Ca2+-dependent calpains and 
lysosomal cathepsins, which degrade material delivered by autophagy. Thus, at the doses 
used in vivo, it is possible that proteasome inhibitors are also blocking activity of other 
proteolytic systems, either directly or indirectly. The current generation of cell-permeable 
intracellular proteasome inhibitors also inhibit calpains. Indeed two specific calpain 
inhibitors Val-Phe (MDL-28170) and Leu-aminobutyrate (AK-275), have been found to 
provide strong protection in focal ischemia.[103] 

 
 

UPS and the Damage to the Cytoskeleton  
 
The dissolution of the microtubular network contributes significantly to apoptotic or 

necrotic cell death [9]. Known mechanisms of microtubule dissociation include MAP2 
phosphorylation or proteolysis, dissociation of the putative microtubule-stabilizing protein 
STOP, decreased GTP/GDP, or proteolysis of tubulin [9]. Prostaglandin J2 (PGJ2), an 
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endogenous product of inflammation, disrupts also the cytoskeleton in neuronal cells 
[104,105]. Furthermore, PGJ2 perturbe microtubule polymerization in vitro and decrease the 
number of free sulfhydryl groups on tubulin cysteines together with 26S proteasome 
assembly and activity, which preced the accumulation of ubiquitinated proteins as 
detergent/salt-insoluble aggregates [104,105] (see Chapter 29).  

Proteasome inhibitors prevent Wallerian degeneration in vitro and in vivo, stabilizing 
microtubular cytoskeleton in the axons [45,106] (see Chapter 26). Since increased proteolysis 
of different cytoskeletal elements is one of the early events in the penumbra of an ischemic 
lesion, it is likely, that such a mechanism also contributes to the neuroprotection in stroke. At 
the same time, ischemia disrupts the neuronal cytoskeleton and increases intracellular Ub 
levels, presumably to promote the removal of abnormal proteins by the Ub/ATP-dependent 
pathway [107]. As a consequence of the massive increase in intracellular calcium during 
ischemic episodes, tau proteins are hyperphosphorylated and are no longer able to stimulate 
tubulin polymerization [107]. This leads to destabilization of the microtubule system and 
could activate a cascade of events that compromise the proteolytic machinery.  

 
 

UPS and Protein Kinases 
 
Permanent, or long-term, inactivation of protein kinases or phosphatases could lead to 

initiation of apoptosis or could lead to the permanent alteration of proteins involved in cell 
membrane or mitochondrial function, the cytoskeleton or protein synthesis. Such effects 
could thus make a major contribution to ischemic cell damage [9]. The UPS has been 
implicated in regulating the levels of many cellular proteins of the signal transduction 
pathways [108]. There is a direct relationship between the 
phosphorylation/dephosphorylation cascade of the signal transduction pathways and the 
targeting of the regulatory proteins for ubiquitination. These interacting systems are seen for 
Protein Kinase C (PKC) system [109-112], chaperone system [113-115], Mitogen Activated 
Protein Kinase (MAPK) system [116,117], Cyclin-Dependent Kinases (CyDK) system [118-
121], and calcineurin (calmodulin-dependent phosphatase) [122]. Proteasome inhibitors 
demonstrate that many proteins of the signal transduction pathways are regulated by 
degradation via the UPS and their use is associated with multiple perturbations in 
expression/activation of signaling- and survival-related proteins. 

 
 

UPS and Heat Shock Protein (Hsp) 
 
The pattern of Hsp expression after ischemia is very similar to that of the immediate 

early genes. Messenger RNA for Hsp70 and Hsp90 begin to rise within a few minutes of the 
insult in all regions, and persist [9,123]. As in many chronic neurodegenerative diseases, 
Hsps co-localize with Ub-proteins in the inclusion bodies [44,77,124]. The Hsps are highly 
conserved, abundantly expressed proteins with diverse functions including the assembly of 
multiprotein complexes, transportation of nascent polypeptides and regulation of protein 
folding [125]. Hsp70 is the major inducible Hsp found in cells [126] and Hsp70 and its 
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constitutively expressed homologue HSC70 interact with many of the same binding partners 
and client proteins. In addition to aiding in protein refolding, the Hsp70 family can sequester 
activated caspases and other cell death proteins [127-129]. Expression of the Hsp70 gene is 
increased in cerebral ischemia in both global and focal models of cerebral ischemia 
[77,124,130] and in human ischemic stroke [44], indicating activation of the stress response 
(see Chapter 19). The induction of focal cerebral ischemia in rats by MCAo has been shown 
to increase, over time, the mRNA levels of the Hsp27 and Hsp70. However, the levels of 
Hsp90 mRNA remain constant. In contrast, during global ischemia, Hsp70 and Hsp90 mRNA 
levels are both raised, particularly in the CA1 neurons in the hippocampus [9,123]. 

Hsps may confer resistance to ischemia, by preserving proteasome function and 
attenuating the toxicity of proteasome inhibition reducing oxidative stress by alleviating the 
load of misfolded proteins destined for degradation by the UPS [25]. It is suggested that 
Hsp90 induces conformational changes that affect the ChTL and PGPH activities expressed 
by the X and Y subunits, respectively [131], depending on the activation state of the 
proteasome [132]. Hsp90 also plays a role in the assembly and maintenance of 26S 
proteasomes since functional loss of Hsp90 results in 26S proteasome dissociation [133]. An 
intriguing scenario is that a Hsp90 dissociation–association cycle might be envisaged for the 
26S proteasome and it might be regulated in responding to ATP depletion during cerebral 
ischemia. It is interesting to note that the involvement of an Hsp90 chaperone in an ATP 
dependent manner assembly of the 26S proteasome indicates that changes in the 
physiological state of Hsp90 after cerebral ischemia may alter the amounts of the 26S 
proteasome [133]. In this regard, previous studies indicating that reduced assembly of the 26S 
proteasome is due to reduced availability of ATP after cerebral ischemia [23,24,27,28] are 
conceivable with a reduction of an ATP dependent manner assembly of the 26S proteasome 
by Hsp90 or with the disassembly of the 26S proteasome as a stress response regulated by 
Hsp90. While Hsp90 is required for the 26S proteasome assembly, it is also responsible for 
refolding stress-damaged proteins and thereby might be sequestered to those damaged 
proteins after an ischemic insult. 

Conversely, Ub dramatically decreased in both gerbil and rat hippocampus within hours 
after ischemia and then recovers over the next 1–3 days in all cell types except CA1 cells that 
are destined for death [33,100]. This phenomenon may be involved in damage, possibly by 
allowing buildup of partially denatured proteins, but unfortunately, there is no further 
evidence to this effect. The accumulation of misfolded proteins in the cytosol leads to 
increased expression of Hsp, while accumulation of such proteins in the ER stimulates the 
expression of many ER resident proteins, most of which function as molecular chaperones. 
Chaperones are connected to proteasomes in at least four ways. First, chaperones can deliver 
substrates to the proteasome [134]. In a similar fashion, the chaperone VCP/Cdc48 is 
required for the degradation of several Ub pathway substrates [135,136]. VCP is a member of 
the AAA family of ATPases (see Chapter 13). The large hexameric ATPase appears to 
function as a protein separase able to remove ubiquitylated monomers from multisubunit 
complexes. In some cases, the liberated proteins are degraded by the 26S proteasome; in 
other cases, the separated proteins may change their intracellular location. The proteasome 
also degrades ER membrane proteins [137-140]. If these ER membrane proteins possess a 
large cytoplasmic domain, their proteasomal degradation can require Hsps 40, 70, and 90 as 
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well as VCP. Hsp90 is required to assemble and stabilize the 26S proteasome, providing a 
third connection between chaperones and proteasomes [133]. Hsp90 is also able to bind and 
suppress peptide hydrolysis by the 20S proteasome [141]. Finally, both chaperones and 
proteasomes are induced by the accumulation of denatured proteins within eukaryotic cells. 
Recently, inhibitors of the proteasome have been identified that can block the rapid 
degradation of abnormal cytosolic and ER-associated proteins [16]. Proteasome inhibitors 
induce the expression of various Hsps and ER chaperones due to the accumulation of 
sufficient amounts of abnormal proteins and/or the inhibition of degradation of a key 
regulatory factor (e.g. heat-shock factor).  

Ischemic injury, ROS generation and injuries that induce protein denaturation increase 
Hsp70 protein expression [126]. Overexpression of Hsp70 protects against glutamate 
toxicity, ischemia and oxidative injury [142,143]. Hsp70 functions as a part of a multiprotein 
complex and association with different binding partners can dramatically alter Hsp70 
function. For instance, the E3 Ub chain formation protein CHIP competes for c-terminal 
binding to Hsp70 with HOP. Similarly, BAG-1 competes with CHIP for N-terminal binding. 
Formation of BAG-1/Hsp70/CHIP complexes is thought to redirect Hsp activity away from 
protein refolding and towards ubiquination and proteasomal degradation (Figure 1) [144].  

CHIP’s Ub ligase activity and link to proteasomal function has been shown to be critical 
in mediating protein refolding and degradation in other degenerative conditions including 
familial Parkinson’s disease (PD) caused by mutations in the Parkin gene, the cystic-fibrosis 
transmembrane-conductance regulator which controls chloride-ion channel function and 
protein tau which is altered in individuals with a number of neurodegenerative diseases 
including Alzheimer’s disease [145-147]. Proteasome activity seems to be correlated with the 
stability of the neurodegenerative disease-associated proteins and their fragments, which are 
responsible for the generation of disease pathology. For PD, it is well known how the UPS 
malfunction occurs: (i) mutations of an E3 Ub ligase, Parkin, in PD abrogates its enzymatic 
activity for ubiquitinating substances, including unfolded Pael receptor (Pael-R), and is toxic 
for neurons [145,148], and (ii) the loss of Ub C-terminal hydrolase L1 (UCHL1) activity by 
mutations increases susceptibility to PD [149]. Furthermore, the accumulation of Ub 
coniugates seems to be uncommon in neuronal death: the Ub coniugates are accumulated by 
protein amyloid-β in primary cortical neuron cell cultures and proteasome inhibition 
potentiates amyloid-β induced neuronal death [117], although treatment with proteasome 
inhibitors effectively reduces neuronal and astrocytic degeneration during the ischemic stress 
produced by stroke [24]. The temporal window of proteasomal inhibition is essential to 
determining fate as long term inhibition of the proteasome is a potent neurotoxic stimuli 
[150]. However, mild proteasomal perturbation is a highly effective mechanism to induce 
neuroprotective protein expression, block deleterious effects associated with inflammation 
and enhance energetic status. These observations speak of the therapeutic potential of 
delivering small molecule therapies which can spatially and or temporally restrict 
proteasomal degradation and enhance cell survival.  

The non-lethal activation of ROS and even caspases is also essential for neuroprotection 
[151]. The molecular chaperone Hsp70 is upregulated by the initial stressor and it 
subsequently performs essential functions in protein refolding as well as targeting denatured 
proteins to the proteasome for degradation. Inhibitors of proteasomal function rapidly 
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increase Hsp70 expression and like many other chaperones and chaperone binding proteins, 
Hsp70 is capable of blocking a host of acute and chronic conditions including metabolic 
diseases, cancer, autoimmune disorders and neurodegeneration [152]. 

 
 

UPS and Ischemic Core Damage 
 
It does seem to be prevented by a proteasome inhibitor. This is a somewhat surprising 

result, the inhibitor actually extended penumbral damage somewhat (possibly due to the 
prevention of normally anti-apoptotic effect of NF-κB). It seems quite unlikely that the effect 
at the core is due to NF-κB blockade because damage there seems unlikely to require 
synthesis of new protein(s). Thus the result suggests that the activation of proteasome 20S 
contributes to cell death by causing breakdown of specific protein(s) [101,153]. 

 
 

UPS and Excitotoxic Cell Death 
 
The early phase of necrosis induced due to glutamate neurotoxicity apparently does not 

require proteasome activation in cerebellar granule cultured cells [154]. The loss of ATP 
which occurs in ischemic injury results in an inability to remove glutamate from the synaptic 
cleft by ATP dependent transport, reversal of the glutamate transporters and excessive 
stimulation of NMDA and other glutamate receptors [155,156]. The overstimulation of 
NMDA receptors leads to calcium influx [157] which is associated with enhanced cytotoxic 
activation of nitric oxide synthase (NOS) [158], calpain [159], phospholipase A2 [160], and 
MAPK [161]. NMDA-induced calcium entry can also uncouple respiration from ATP 
synthesis and result in production of free radicals enhancing this cytotoxic cascade 
[155,156,162]. The proteasome inhibitor MG-132 (1-4 μg) does not affect the NF-κB 
activation in rat striatal neurons by NMDA receptor stimulation involving IκB-α degradation 
by a caspase-3-like cysteine protease dependent mechanism [163]. Proteasome inhibition can 
prevent cytochrome-c release in cerebellar granule cells undergoing apoptosis, thus 
improving cell survival, but not necrosis [154]. However, glutamate receptor antagonists 
might also exacerbate proteasome inhibition-induced neuronal death [85].  

A complex interaction feedback loop exists between glutamate mediated excitation and 
proteasomal degradation in that stimulation of glutamate receptors by NMDA application 
leads to ubiquitination of scaffolding protein Postsynaptic Density 95 (PSD-95) via the E3 
Ub ligase Mdm2 and its proteasomal degradation [38,164-166]. This process requires 
calcium-dependent dephosphorylation of PKA substrates [167,168]. PSD-95 degradation 
likely has important ramifications on synaptic transmission, stability and plasticity 
particularly given that PSD-95 also associated with glutamatergic AMPA receptors which are 
endocytosed in an NMDA receptor dependent manner [38,164,165] (see Chapter 18). 
Moreover, Arundine and Tymianski [169] have shown that a HIV-Tat fusion protein 
containing C’ terminal NMDA residues designed to interfer with PSD-95/receptor 
interactions blocks excitotoxic cell death in vitro as well as ischemia in vivo. This suggests 
that proteasomal degradation of PSD-95 is essential to dampen excitotoxic insults and that 
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global proteasome inhibition would have long lasting effects on synaptic efficacy and 
possibly lead to sustained glutamatergic transmission and enhanced neurotoxicity under 
pathophysiological conditions. The observation that NMDA receptor stimulation upregulates 
expression of the p112 proteasome subunit suggests that glutamate receptor antagonists may 
exacerbate cell death induced by exposure to proteasome inhibitors [85,85]. In sum, these 
observations suggest that an important reciprical relationship exists between the proteasome 
and synaptic activity (see Chapter 18).  

 
 

Proteasome Interaction with Apoptogenic Proteins 
 
Caspases are a family of highly conserved cysteine proteases which are required for 

programmed cell death [170]. Caspases cleave substrates including structural proteins, DNA 
repair and cleavage enzymes, kinases, as well as proteins which inhibit apoptosis [171]. 
Activation of caspases 1, 3, 8, 9, and 11 and release of cytochrome c have all been observed 

in cerebral ischemia [172]. Moreover, inhibition of caspases reduces tissue damage and 
improves neurological outcome [173,174], even when delivered following damage [175,176]. 
During apoptosis, caspases cleave subunits of the 19S regulatory complex of the proteasome 
including: S6’ (Rpt5) and S5a (Rpn10), whose role is to recognize polyubiquitinated 
substrates, as well as S1 (Rpn2), cooperates with other subunits to hold together the lid and 
base. These cleavage events inhibit the proteasomal degradation of Ub-dependent and -
independent cellular substrates, including proapoptotic molecules such as Smac, caspases 
themselves, p53 and other proapoptotic molecules. Caspase cleavage of the proteasome is 
thought to enhance the execution of the apoptotic program by providing a feed-forward 
amplification loop [177]. The existence of this positive feedback loop in caspase-mediated 
proteasome inactivation suggests that blocking 19S proteasome is vital for the proper 
function of the apoptotic machinery. Another consequence of this proteolysis is the partial 
dissociation of the 19S regulatory complex from the 20S proteasome. Uncoupling of the RP 
from the CP may diminish the proteasome- mediated ATP consumption and preserve cellular 
energy for certain ATP-sensitive steps of apoptosis. More details on proteasome interaction 
with apoptogenic proteins are presented in Chapter 21. 

 
 

UPS and Gene-Mediated Effects Acting on NF-κB 
 
Inflammatory pathways are regulated by a limited number of transcription factors, the 

most important being NF-κB. NF-κB is a collective name for dimeric transcription factors of 
the Rel family of proteins. Its most abundant form is the cytoplasmic p65/p50 dimer, bound 
to IκBα [178]. Free radical damage following ischemia is probably partially mediated by NF-
κB: a signal transduction cascade is activated leading to the phosphorylation of IκBα on Ser 
32 and 36 by the multimeric IKK (IκB kinase) complex. IKK-mediated phosphorylation 
triggers the ubiquitination of IκBα by the E3 ligase SCFβTRCP. Ubiquitinated IκBα is targeted 
to the 26S proteasome [179]. Once IκBα is degraded, the nuclear localization signal of NF-
κB is unmasked allowing its translocation to the nucleus, where it binds to promoter regions 
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of several proinflammatory genes inducing their expression and thus amplifying the 
inflammatory response. The p50 subunit of NF-κB is generated from the p105 precursor by 
limited proteolytic cleavage mediated by the 26S proteasome [180,181]. The intensity of NF-
κB activation depends upon various factors, including the variable E3 activity of the 
SCFβTRCP complex, which is regulated by a reversible covalent modification with the Ub-like 
protein NEDD8 [182]. Finally, the activity of the IKK kinase depends on the formation of 
unusual poly-Ub chains linked by Lys63. It is unclear yet what is the role of those chains, 
however they are not targeting the ubiquitinated protein for degradation by the proteasome, 
unlike the chains formed by Lys48 linkages [183]. 

Preclinical trials aimed at blocking NF-κB activity using gene therapy, peptides, small 
molecules, and proteasome inhibitors while other neuroprotective compounds (e.g. 
antioxidants, natural products, salycilates, and NSAIDs) have also been shown to block NF-
κB [184]. Although the NF-κB pathway is antiapoptotic for individual cells [185,186], it is 
damaging the neurons after ischemia, when it is activated in endothelial and microglial cells 
as well as in infiltrating leukocytes, leading to a massive production of inflammatory 
mediators, which in turn lead to neuronal damage. NF-κB is activated in the core and 
penumbra 1 day after 90-min temporary focal ischemia of the cortex, and the proteasome 
inhibitor MLN-519 attenuates damage measured 24 h after 2-h ischemia [101] as well as 
induction of inflammatory cytokines and cell adhesion molecules [101,153,187] which may 
reflect prevention of damage via increased global proteolysis or it may reflect the prevention 
of NF-κB activation. However, because the proteasome pathway is required for NF-κB 
activation, the result may reflect the importance of NF-κB in focal damage. If so, it shows 
that the ischemic core is most susceptible to damage via this system. NF-κB drives the 
transcription of many pro-inflammatory cytokines (IL-1β and TNF-α), enzymes (COX-2, 
iNOS), which are damaging in both focal and global ischemia, and also of cell adhesion 
molecules, such as ICAM-1 and selectins of endotelial cells, fibronectin and laminin of the 
extracellular matrix, and integrins and L-selectins of neutrophiles that are damaging in focal 
ischemia [186,188]. Both these responses were blunted by the proteasome inhibitors (n-tosyl-
Phe-chloromethylketone and MLN-519) [101,153,187].  

 
 

UPS and Endoplasmic Reticulum (ER) Disfunction 
 
In the cytoplasm and mitochondria, where calcium activity is normally low, a prolonged 

excessive rise in free calcium levels is believed to be toxic; in the ER, in contrast, Ca2+ 

activity is relatively high and severe stress is caused by a depletion of ER Ca2+ stores. These 
Ca2+-dependent processes are fundamental to normal cell function. Under conditions of ER 
dysfunction unfolded proteins accumulate in the ER lumen, a signal responsible for activation 
of the UPR and the ER-associated degradation (ERAD) [135,136] (see also Chapter 13). In 
acute cerebral ischemia, the ER Ca2+ pool is a primary target of toxic metabolites or 
intermediates, such as prostaglandins and ROS, produced during the pathological process. 
Affected neurons need to activate the entire UPR to cope with the severe form of stress 
induced by ER dysfunction. This stress response is however hindered under conditions where 
protein synthesis is suppressed to such an extent that processed xbp1 mRNA is not translated 



The Ubiquitin Proteasome System in Cerebral Ischemia 941

into the processed XBP1 protein [XBP1(proc)]. ER dysfunction observed after cerebral 
ischemia may also be triggered by impairment of the UPS. Newly synthesized peptides are 
processed and folded in the lumen of the ER before being secreted or incorporated into 
membranes. Processing and folding is a complex process termed ER quality control that is 
guided and monitored by a number of chaperons and folding enzymes [189]. Blocking 
proteasome activity triggers activation of the ER stress response [137-140], indicating that 
even in the physiological state proteins are created that cannot be properly processed and 
folded and therefore need to be degraded at the proteasome. The observation that transient 
cerebral ischemia impairs the UPS [27,37,139,190] suggests that these dysfunctions may 
contribute to ischemia-induced ER stress. Detergent-insoluble polyubiquitinated protein 
aggregates and a marked decrease in free ubiquitin levels have indeed been found in 
vulnerable neurons subjected to transient cerebral ischemia implying that the ER/UPS is 
impaired by ischemia [36,37]. Transient cerebral ischemia thus triggers a pathological 
process that is in many respects similar to those underlying degenerative diseases of the brain 
where the ER/UPS is also thought to be involved [191]. Activation of ERAD is important for 
the degradation of unfolded proteins through the UPS resulting in further ER stress. ER 
functioning is thus impaired in two different ways: first by the direct action of toxic 
intermediates, produced in the course of the pathological process, hindering vital ER 
reactions, and second, by the inability of cells to fully activate UPR and ERAD, leaving them 
unable to withstand the severe form of stress induced by ER dysfunction [192]. 

 
 

THE HYPOTHESIS OF THE DUAL  
ROLE OF THE UPS IN STROKE 

 
The role of the UPS in the CNS is only just beginning to be elucidated. At the present, it 

is difficult to outline a single and clearly defined role of the UPS in cerebral ischemia and to 
establish what are the exact reasons why proteasome inhibitors have an apparently well-
defined neuroprotective effect in stroke models [101,153,193-199].  

Several natural and synthetic compounds that act as proteasome inhibitors have been 
reported with different chemical characteristics. Their pharmacological classes and 
mechanism of action are summarized in Table 1 [22-24]. These compounds either block the 
active sites of 20S proteasome core particle non-covalently, by specific hydrogen bonds with 
the main-chain atoms of the protein, without modifying the nucleophilic Thr1 residue or 
targeting all individual active subunits with comparable affinity (peptide vinyl sulfones) (see 
Chapter 40). 

It is clear that there are numerous possible modes of action for proteasome inhibitors in 
protecting neurones and glia from ischemic damage (see Chapters 41 and 42). While the 
specificity of all proteasome inhibitors is not yet known, several of these compounds have 
been tested in stroke models (Table 2), although not all their possible mechanisms of action 
are clearly established. One of the best understood drugs is MLN-519 which consistently 
reduces cerebral infarct volume after MCAo in a dose dependent manner with a therapeutic 
window of up to six hours after onset of ischemia [200,201].  
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Table 1. Representative classes of proteasome inhibitors 
 

Proteasome inhibitors Class of 
compound 

Mechanism of action 

Naturally occurring 
Lactacystin Prodrug for 

the β-lactone 
structure 

It binds covalently to subunit β5 of mammalian proteasomes It also 
inhibits cathepsin A and tripeptidyl peptidase II. 

Aclacinomycin Aklavinone It inhibits the ChTL activity of the proteasome without effects on 
cathepsin B, stimulated trypsin, and inhibited chymotrypsin and, to a 
lesser extent, calpain. 

Eponemycin α'-β'-
epoxyketone 

The compound binds covalently the β5, β5i and β1i catalytic subunits 
of the 20S proteasome and selectively inhibits the three major 
proteasome proteolytic activities at different rates. 

Epoxomycin α'-β'-
epoxyketone 

The compound binds covalently to the β5i, β5, β2i and β2 catalytic 
subunits of the 20S proteasome and inhibits primarily the ChTL 
activity. It does not inhibit other proteases (i.e. calpain, cathepsin 
B, papain, trypsin, chymotrypsin) at concentrations up to 50 M. 

PR-39 Cathelicidin The compound is a highly basic arginine/proline-rich peptide and 
reversibly binds to the α7 subunit of the proteasome. 

Synthetic 
Peptide mimetic No specific 

proteasome 
inhibitors 

No specific proteasome inhibitors. 

MLN-519 Synthetic 
agent similar 
to lactacystin 

The compound reacts with the proposed catalytic nucleophile  Oγ of 
Thr1 on the β5 subunit. 

MG-132 Tripeptidyl 
aldehyde 

Commonly used reversible inhibitor of the ChTL activity of the 
proteasome, also inhibits cathepsins and calpains. 

CEP-1612 Dipeptidyl 
aldehyde 

The compound forms reversible covalent adducts with the proposed 
catalytic nucleophile, Oγ of Thr1 on the β-subunit. It also inhibit 
lysosomal and Ca+2-activated proteases. 

CVT-634 Dipeptide 
benzamide 

Inhibitor of the ChTL activity. 

Bortezomib Velcade® 
(formely PS-341) 

Dipeptidyl 
boronic acid 
inhibitors 

Inhibitor of the ChTL activity, approved by FDA for the treatment of 
multiple myeloma and other malignancies. 

2-aminobenzylstatine, 
formely NVP-AFB340 
and NVP-AFD314 

Boronic acid 
derivatives 

A structure-based optimization approach improved the potency of this 
series with the most potent compound achieving an IC50 value of 7 nM 
against the ChTL activity. In addition, these compounds demonstrated 
good selectivity against the PGPH and TL proteasomal activities(all 
IC50 values > 20μM). 

Vinyl sulfone 
tripeptides 

Vinyl sulfone 
moieties of 
tripeptides 

Competitive inhibitors that are largely specific for individual β 
subunits of the 20S proteasome but also inhibit intracellular cysteine 
proteases. 

Ritonavir HIV-1 
protease 
inhibitor. 

The compound is also a weak, low micromolar inhibitor of the 
chymotryptic activity of the 20S proteasome by binding the 
proteasome subunit β5 and β5i. 
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Table 2. Animal models of cerebral ischemia and proteasome inhibitor treatment 
 

Study Year Treatment  Model of ischemia 
(Strain) 

Results 

Buchan AM  
et al. [195]  

2000 CVT-634  
(50 mg/kg, i.p.) 

90 min MCAo  
1 & 7 day recovery 
(inbred SH, rats) 

Smaller infarct of 13±2% 
(P<0.01) and 2±2% (P<0.001) 
of hemispheric volume at 1 day 
and 7 days.  

Phillips JB  
et al. [101] 

2000 MLN-519 
(0.003-0.1 
mg/kg, i..v.) 

Temporary MCAo  
24 & 72 h recovery 
(Sprague-Dawley, rats)  

Neuroprotection approached 
60%. Neutrophil infiltration at 
24h was significantly decreased 
(63 to 70%, P<0.05). The 
neuroprotective effect is in part 
caused by a reduction in the 
leukocyte inflammatory 
response. 

Zhang L  
et al. [ 202] 

2001 MLN-519  
(1.0 mg/kg, 
i.v.) 

Embolic stroke model 
7 day recovery 
(Wistar, rats) 

Combination treatment with r-
tPA even at 6h significantly 
(P<0.05) reduced infarct 
volume, improved neurological 
recovery, and did not increase 
the incidence of hemorrhagic 
transformation and extends the 
neuroprotective effect to at least 
6 hours after embolization. 
 

Williams AJ  
et al. [153] 

2003 MLN-519  
(1.0 mg/kg, 
i.v.) 

Temporary MCAo 
24 h recovery  
(Sprague-Dawley, rats) 

Treatment up to 6h after MCAo 
(4h after reperfusion) reduced 
neuronal and astrocytic 
degeneration, decreased cortical 
infarct volume (-48%), and 
increased neurologic recovery 
(+51%), with a reduced 
neutrophil infiltration (-38%), 
and a decrease in activated NF-
κB immunoreactivity (-45%). 

Berti R  
et al. [193] 

2003 MLN-519  
(1.0 mg/kg, 
i.v.) 

Temporary MCAo  
3-72 h recovery 
(Sprague-Dawley, rats) 

The most striking effects of i.v. 
treatment were associated with 
reductions in ICAM-1 
expression at 3 h followed by 
reductions in E-selectin (12-72 
h). Less dramatic reductions 
were observed in IL-1β (3-24 h) 
and TNF-α (24 h) with no 
apparent effects on IL-6 and 
VCAM-1 mRNA levels  
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Table 2 (continued) 
 

Study Year Treatment  Model of ischemia 
(Strain) 

Results 

Williams AJ  
et al. [194] 

2004 MLN-519  
(1.0 mg/kg, 
i.v.) 

Temporary MCAo  
72 h recovery  
(Sprague-Dawley, rats) 

Core infarct volume in 
MLN519-treated rats was 
reduced with delayed 
treatments of 6, 8, or 10 hours 
after injury (P<0.05) and was 
associated with reductions in 
neuronal and axonal 
degeneration. Neuroprotection 
treatment provides an extended 
treatment window of up to 10 
hours.  

Williams AJ 
 et al. [196]  

2005 MLN-519 
(1.0 mg/kg, 
i.v.) 

Temporary MCAo  
14 day recovery 
(Sprague-Dawley, rats) 

Not significant difference in 2-
week post-injury survival 
following MLN519 delayed 
treatment (at 10, 24, and 48 h 
post-occlusion). Significant 
reduction of the percent loss of 
tissue in the ipsilateral brain 
hemisphere (-17%), significant 
increase of body weight 
(+39%) and significant 
improvement in overall 
neurological function across the 
2-week recovery period.  

Stagliano 
NE  
et al. [197] 

2006 Bortezomib  
(0.2 mg/kg i.v.) 

Permanent Temporary 
MCAo 
24h recovery 
(Wistar, rats) 

A single dose of VELCADE® 
given 1 h post-MCAo, resulted 
in a 40% decrease in infarct 
volume (P<0.05) and a 38% 
decrease in neurologic deficits 
(P<0.01).  

Henninger N  
et al. [199]  

2006 Bortezomib 
(0.2 mg/kg i.v.) 

Model 1: permanent 
MCAo  
24h recovery 
(Wistar-Kyoto, rats) 
Model 2: embolic 
MCAo 
24h recovery 
(Sprague-Dawley, rats) 

A significant reduction of 
infarct volume in permanent (-
42.7%, –32.8% and –4.4%; 1, 2 
and 3 h treated group, 
respectively; P<0.05 for 1 and 
2 h, treatment; at 3 hours not 
neuroprotective) and embolic (-
58%; P=0.002) stroke models 
with a inhibited whole blood 
proteasome activity (-77%).  

 
 
 
 



The Ubiquitin Proteasome System in Cerebral Ischemia 945

Table 2 (continued) 
 

Study Year Treatment  Model of ischemia 
(Strain) 

Results 

Zhang L 
et al. [198] 

2006 Bortezomib 
(0.2 mg/kg i.v.) 

Embolic stroke model 
24h recovery 
7 day ischemic lesion 
volume 
(Wistar, rats) 

A significant (P<0.05) 
reduction of secondary 
thrombosis, inflammatory 
responses, blood brain barrier 
disruption, infarct volume and 
neurological functional deficit 
when administrated within 4 h 
after stroke onset. Combination 
of bortezomib and tPA extends 
the thrombolytic window for 
stroke to 6 h.  

 
MLN-519 exhibits a neuroprotective effect following focal brain ischemia with a 50 to 

60% reduction of infarct volume, decreased leukocyte infiltration as well as prevention of 
NF-κB activation following reperfusion [101,153]. When MLN-519 was used in combination 
with tissue plasminogen activator (r-tPA) in a embolic stroke model, it decreased infarct 
volume and improved neurological outcome 1 week after the ischemic episode, as well as 
eliminated hemorrhage associated with t-PA treatment even when given 6 h after vessel 
occlusion [202]. These neuroprotective effects was also replicated in models of cerebral 
hemorrhage [23]. 

Recently preliminary experimental studies have also suggested neuroprotective effects of 
bortezomib in ischemic stroke models and cerebral ischemia [197-199]. Bortezomib 
(Velcade®, PS-341), a potent and selective inhibitor of the proteasome, was recently 
approved by the Food and Drug Administration for use in patients with refractory and 
relapsed multiple myeloma. Bortezomib is also effective preclinically in the treatment of 
inflammatory related diseases, such as chronic polyarthritis and liver inflammation (see 
Chapter 42). Within the limits of detection, bortezomib is a reversible inhibitor, which does 
not penetrate the blood-brain bareer (BBB)[203]. A single dose of bortezomib given 1 hr 
post- MCAo, resulted in a 40% decrease in infarct volume and a 38% decrease in 
neurological deficit in a rat permanent MCAo model [197]. The functional and 
histopathologic protection was accompanied by a 67% inhibition of whole blood proteasome 
activity, a level of inhibition which is commonly achieved in cancer patients in the clinic 
[197]. The potential neuroprotective effects of bortezomib were also evident in an embolic 
model of MCAo [199] and in combination with delayed thrombolytic therapy on a rat model 
of embolic focal cerebral ischemia [198]. Treatment with bortezomib reduced adverse 
cerebrovascular events including secondary thrombosis, inflammatory responses, and BBB 
disruption, and hence reduces infarct volume and neurological functional deficit when 
administrated within 4 h after stroke onset [198]. Combination of bortezomib and rtPA 
extended the thrombolytic window for stroke to 6 h, which is associated with the 
improvement of vascular patency and integrity. Real time RT-PCR of endothelial cells 
isolated by laser-capture microdissection from brain tissue and Western blot analysis show 
that bortezomib upregulated endothelial NOS expression and blocked NF-κB activation. 
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Reduction of cerebral infarct volume by proteasome inhibitors may depend on a combination 
of previously described effects and from the net balance of their positive and negative effects 
in modulating the cellular metabolic pathways. The proteasome clearly represents a central 
target for the processing and metabolism of proteins with critical roles in excitability, 
outgrowth, neuroprotection, metabolism and repair and its role is just beginning to be 
understood. Given this complexity, no single role of the UPS is likely to emerge in cerebral 
ischemia. Indeed, considerable controversy exists over the role of the UPS in neuronal 
ischemic cell death which may result from differences in experimental approaches and 
endpoints. However, in many animal models proteasome inhibitors exert a surprisingly 
consistent neuroprotective effect. While time- and dose-dependent proteasome inhibition will 
likely promote neuronal survival following stroke by helping neurons evoke chaperones, 
dampen inflammation and promote revascularization and energetic repletion. However, 
neurons subjected to prolonged and/or complete proteasome inhibition are likely to be 
severely damaged resulting from inability to resume requisite communication, protein 
turnover and protein trafficking. This hypothesis is supported by the observation that the 
temporal window of decreased proteasome activity is coincident with the therapeutic window 
during which proteasome inhibitors promote neuronal survival following stroke. The 
evidence presented in this review suggest that UPS may be involved in the acute 
neurodegenerative phase that occurs immediately after stroke, but that after this period, it 
assumes its normal physiological functions, which include promotion of neuronal survival 
(the yin-yang effect). Proteasome inhibition prevents the death of neurons immediately after 
cerebral ischemia, but may start to kill them thereafter. The problem of defining the temporal 
window during which proteasome inhibitors are efficacious is particularly important given 
that protracted use of these compounds results in neuronal cell death [88,154,190,204]. This 
phenomenon is observed in different systems. Prolonged exposure of murine neocortical or 
spinal cultures to proteasome inhibitors resulted in widespread neuronal death [204]. 
Proteasome inhibition also induced a time- and dose-dependent increase in poly-ADP-
ribosylation in the neural PC6 cell line and in primary hippocampal neuron cultures [190] and 
dopamine neurotoxicity increased in the presence of proteasome inhibitors in a neural PC12 
cell line [205]. By contrast, repair mediated by UPS appears to be long lasting. This is in 
agreement with the physiological function of proteasome in the nervous system during 
development [206-209]. In addition to the temporal constraints, important spatial 
considerations must also be addressed in terms of the means to deliver a proteasome 
inhibitory cocktail given that the neurotransmitter profile and metabolic activity of cells alter 
the efficacy of proteasome inhibitors [16]. Hypoxic endothelia showed a >10-fold increase in 
sensitivity to proteasome inhibitors [52]. 

Proteasome inhibition occurs during cerebral ischemia-reperfusion injury and is 
mediated, at least in part, by oxidative stress, which also directly activates NF-κB 
[25,85,210]. Proteasome inhibition may be the means by which oxidative stress mediates 
neuronal cell death. After cerebral ischemia-reperfusion injury, there is a time-dependent 
decrease in proteasome activity that is not associated with decreased expression of 
proteasome subunits. At the same time, a time- and dose-dependent proteasome inhibition 
promotes neuronal survival after stroke and help neurons to maintain their physiological 
functions. Probably, proteasome activity plays a double role in ischemic damage, on one 
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hand, post-ischemic impairment of proteasome activity leads to accumulation of Ub-
conjugates, contributing to loss of neuronal function, on the other hand, proteasome activity 
is associated with a developing inflammatory response by activation of NF-κB-mediated 
transcription in both neuronal and non-neuronal cells [211]. While neurons can withstand 
relatively long periods with intracellular accumulations of ubiquitinated proteins such as 
found in neurodegenerative disorders [212-215], they are very sensitive to damage elicited by 
an inflammatory response. Therefore proteasome inhibitors are considered to be of interest in 
stroke medicine, since they are able to prevent NF-κB activation [216] and therefore reduce 
the ischemic damage following stroke [195]. However, the role of NF-κB in the brain is 
unclear. In vitro, NF-κB activation can be either protective or deleterious. Cell culture studies 
have clearly shown that activation of NF-κB in neurons protects them against excitotoxic and 
metabolic insults relevant to the pathogenesis of stroke [19]. Data from studies of mice 
lacking the p50 subunit of NF-κB suggest that, overall, NF-κB activation enhances ischemic 
neuronal death, but its effects differ between cell types such that, whereas activation of NF-
κB in microglia promotes ischemic neuronal degeneration, activation of NF-κB in neurons 
may increase their survival after a stroke [19]. The neuroprotective effects of proteasome 
inhibitors in vivo probably involve non-neuronal mechanisms, primarily in the vasculature 
within the ischemic area by the downregulated expression of genes in microvascular 
endothelial cells that encode for inflammatory cytokines and adhesion molecules 
[23,201,217,218]. Radiolabeled proteasome inhibitors did not show any evidence of brain 
penetration when administered at times when blood-brain barrier integrity was weakest (at 2 
and 24 h after injury) in an ischemic stroke model [101]. At the same time, proteasome 
inhibitors prevent the disruption of the integrity of the microvascular beds partially based on 
their inhibitory action on matrix metalloproteinases [219].  

An increasing number of patients have been receiving treatment with proteasome 
inhibitors without serious adverse reactions. The most serious possible complication of 
inhibiting proteasomes may involve the CNS since ‘aggresome’ formation have been evoked 
as a model for neurodegenerative disorders [220,221]. The degradation of most cytoplasmic 
and nuclear proteins depends on the activity of the UPS, while the lysosomal enzymes 
degrade mostly extracellular proteins and a fraction of cytoplasmic proteins engulfed by 
autophagy [222]. Short treatment with proteasome inhibitors has important therapeutic 
potential for increasing survival following stroke. As the role of the ubiquination machinery, 
the factors which dictate substrate specificity and the interactions of ischemia induced 
biochemical changes on discreet regions of the proteasome become known, we will likely be 
able to design better therapeutic agents to more selectively target components of the UPS.  

Researchers and pharmaceutical companies are now poised to develop highly relevant 
biochemical and cell-based high-throughput screening assays to identify small molecule 
inhibitors of the proteasome. Cell-based screens using noninvasive bioluminescence imaging 
of 26S proteasome function is particularly intriguing strategy to meet these goals and 
transgenic mice have been developed which have green fluorescent protein tagged 
proteasome substrates which can be followed overtime to determine the regional and 
temporal effectiveness of proteasome inhibitors [223]. There are currently more than 20 
clinical trials in the US and Canada targeting the proteasome, non-invasive methods to image 
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protein degradation in humans is not yet possible making it difficult to assess if proteasome 
inhibitors reached their targets and their stability in vivo. 

The preclinical profile of even the current group of non-selective proteasome inhibitors is 
superior to many previously investigated compounds, and the observed protection afforded 
by proteasome inhibitors has been replicated in a variety of model systems. While these 
compounds are promising agents for the treatment of acute ischemic injury, there is an 
immediate need for basic research on the pharmacokinetics, safety profile and toxicity of 
these compounds prior to entering more rigorous tests of clinical efficacy.  
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ABSTRACT 
 

The ubiquitin-proteasome system (UPS) is of key importance in the degradation of 
misfolded/abnormal proteins, viral proteins and many short-lived proteins that play vital 
roles in cell proliferation, differentiation, apoptosis and inflammatory processes. 
Therefore, both the ubiquitin - protein conjugation system and the 26S proteasomes 
constitute important target for pharmacological intervention. A number of small molecule 
inhibitors that target the 20S proteasome are described in the literature as possible anti-
cancer and anti-inflammatory agents. Among them, a dipeptidyl boronic acid bortezomib 
(Velcade®, PS-341) is currently used in clinical practice for the treatment of relapsed or 
refractory myeloma, while MLN-519, a synthetic analog of microbial lactacystin, is 
under clinical evaluation for the treatment of ischemic cerebral stroke. Novel highly 
selective inhibitors of the 20S proteasome that bind noncovalently to the substrate 
binding-sites only and that exhibit less cytotoxic effects against normal cells, have 
recently been generated by combinatorial chemistry or identified by high-throughput 
screening of the pharmaceutical company's compound archives. Furthermore, a number 
of agents used in conventional therapies, dietary chemopreventive compounds and toxins 
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block 26S proteasome-dependent protein degradation, either by inhibiting the 20S 
proteolytically active subunits or by regulating the expression or function of non-
proteolytic subunits of this complex. Moreover, selected small molecules function as 20S 
proteasome activators and may be considered as potential therapeutics in pathological 
states resulting from the loss of proteasome activity, such as neurodegenerative disorders. 
Finally, more recently particular attention has been focused on small molecules that 
could block protein degradation at the level of their ubiquitination or could direct 
disease- promoting proteins for ubiquitination and degradation. These groups of 
modulators are currently being tested in preclinical settings for their therapeutic potential 
in cancer and inflammatory diseases.  

The chapter summarizes the current knowledge on the chemistry of synthetic and 
natural inhibitors and modulators of the UPS, their mode of action and potential 
therapeutic relevance in the therapy of various human diseases with special respect to the 
central nervous system (CNS) pathology. 
 

Keywords: Inhibitors, Modulators, Chemical structure, Pharmacology, Proteasome, 
Ubiquitin. 

 
 

ABBREVIATIONS 
 
ALLN,acetyl-Leu-Leu-norleucinal; BMSCs, bone marrow stromal cells; CNS, central 

nervous system; CVT- 634; 5-methoxy-1-indanone-3-acetyl-Leu-D-Leu-1-indanylamide; 
Cbz, N-benzyloxcarbonyl; ChT-L, chymotrypsin-like; E3, ubiquitin protein ligase; EGCG, 
epigallocatechin-3 gallate; Fu, fumagillol; HIF-1α hypoxia-inducible factor-1α; HIV, human 
immunodeficiency virus; IκB, nuclear factor κB inhibitor; LPS, lipopolysaccharide; MG-132, 
Cbz-Leu-Leu-leucinal; MHC, major histocompatibility complex; MM, multiple myeloma; 
NF-κB, nuclear factor-κB; NIP, nitrophenol derivative; Ntn-hydrolases; N-terminal 
nucleophile hydrolase; PGPH, peptidylglutamylpeptide hydrolyzing; PR, proline and arginine 
rich peptide; protacs, proteolysis targeting chimeric molecules; PS-341, 
pyrazinyl(Pyz)carbonyl-Phe-Leu boronic acid; MLN-519 C-7 n-propyl analogue of clasto-
lactacystin/β-lactone; PSI, Cbz-Ile-Glu (O-t-Bu)-Ala-leucinal; SCF, Skp1p-Cullin-F-box 
protein complex; SMPI, small molecule proteolysis inducers ; T-L, trypsin-like; TNF, tumor 
necrosis factor; UPS, ubiquitin-proteasome system; VHL, von Hippel-Lindau; vs, vinyl 
sulfone; Z, N-benzyloxycarbonyl. 

 
 

INTRODUCTION 
 

During the last decade a remarkable progress has been made in understanding the role of the 
ubiquitin-proteasome system (UPS) in physiological and pathological processes in humans 
[1], including its significance in the central nervous system [2]. The UPS constitutes the 
major non-lysosomal proteolytic pathway responsible for the elimination of abnormal or 
damaged proteins, antigen proteins destined for presentation on the major histocompatibility 
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complex (MHC) class I molecules as well as for targeted destruction of many short-lived  
 

 

Figure 1. The ubiquitin proteasome system as a potential therapeutic target. Known targets are indicated 
by arrows with broken lines. Protein ubiquitination occurs through the activity of the ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin-protein ligases (E3). 
Polyubiquitinated protein is then degraded by the 26S proteasome (PA700-20S-PA700 or PA700-20S-
PA28 complexes). Inhibitors of substrate specific E3 prevent (red) protein ubiquitination and 
subsequent degradation by the 26S proteasome [15].Ubistatins block the binding of ubiquitinated 
proteins to the 26S proteasome by targeting lysine 48-linked multi-ubiquitin chains [16]. Small 
molecule proteolysis inducers can direct a disease-promoting protein for ubiquitination and degradation 
[17]. Proteasome inhibitors block (red) degradation of ubiquitinated proteins by binding to the 
proteolytically active subunits located in two inner β-rings of the 20S core particle [9].  

proteins, including those that control cell cycle progression (e.g. cyclins, cyclin kinase 
inhibitor p27Kip1, p21Waf1/Cip1), apoptosis (e.g. p53, Bax, c-IAP) and nuclear factor-kappaB 
(NF-κB) transcriptional pathway (i.e. IκBα) [reviewed in 1,3]. Therefore, abnormal activity 
of the UPS or failure of this system contribute to the development of a number of human 
disorders (e.g. cancer, inflammatory and neurodegenerative disorders), suggesting that both 
the ubiquitin-protein conjugating system and the 26S proteasome proteolytic pathway 
constitute attractive targets for pharmacological intervention [reviewed in 4-8] (Figure 1). 
Since an important role was first ascribed to the 26S proteasome in the pathogenesis of 
cancer and inflammatory diseases, specific and effective inhibitors of the 20S catalytic core 
particle have become of great interest as possible therapeutic agents [reviewed in 9]. First 
inhibitors of the 20S proteasome were either chemically synthesized on the basis of the 
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structure of synthetic peptide substrates specific for proteasomal chymotrypsin-like (ChT-L), 
trypsin-like (T-L) and peptidylglutamylpeptide (PGPH, caspase-like) activities or isolated 
from biological extracts on the ground of their initial anti-tumor and anti-inflammatory 
activities. Those, specific for the ChT-L activity of the 20S proteasome have attracted great 
interest, because the inhibition of the activity was sufficient to arrest cell cycle, to induce 
apoptosis and to prevent the expression of many NF-κB -dependent genes both in vitro and in 
vivo [reviewed in 9-12]. Two different proteasome inhibitors are now in clinical trials for the 
treatment of cancer and stroke (see below). 

A new avenue for the investigation of the 20S proteasome as a therapeutic target has 
been opened thanks to the implementation of a high-throughput screening of the 
pharmaceutical company's small molecule libraries and the utility of the 20S proteasome 
crystal structure into the design of novel inhibitors with low levels of cytotoxicity against 
normal cells [13,14]. This is of particular relevance in the light of the findings that 
proteasome function is of paramount importance for the maintenance of cellular homeostasis 
and its complete blockage is lethal for the individual cell and the organism as a whole.  

Because of this, much attention is now being paid to the development of small molecules 
that could block protein degradation at the level of the ubiquitination (i.e. inhibitors of 
ubiquitin-protein E3 ligases, ubistatins) [15,16] or could direct a disease-promoting protein to 
the ubiquitination and degradation pathway [17] (Figure 1). It is now considered that such 
modulators may offer greater therapeutic promise in certain malignancies and inflammatory 
processes than classical inhibitors of the 20S proteasome.  
 

 

Figure 2. Classification of the 20S proteasome inhibitors. Proposed classification of the 20S proteasome 
inhibitors based on their mode of action probed by using the X-ray crystallographic analysis of the 20S 
core particle [13,14,19].  

 
PHARMACOLOGICAL INHIBITORS  
OF THE 20S/26S PROTEASOMES 

 
The 20S proteasome, the first member of a new threonine class of proteases (N-terminal 

nucleophile hydrolase, Ntn-hydrolase), exhibits three distinct well-characterized activities 
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(i.e. ChT-L, T-L and PGPH) [18] that can individually be targeted by small molecule 
inhibitors [13]. Based on the inhibitory mechanism probed by using the X-ray 
crystallographic analysis of the 20S proteasome, the small molecule inhibitors can be 
classified into two major groups: 1/those which bind covalently to the catalytic active N-
terminal threonine (Thr1Oγ) located on the subunits β1 (PGPH), β2 (T-L) and β5 (ChT-L) 
and 2/ those which react noncovalently with the substrate binding sites, essential for the 
catalytic activity (Figure 2). 

Covalently bound inhibitors are either reversible analogues of the transition state (i.e. 
peptide aldehydes, boronates) or irreversible inhibitors (i.e. microbial lactacystin and 
epoxomicin, and synthetic peptide vinyl sulfones). They have been commonly used to 
explore the role of the UPS in physiological and pathological processes, indicating that 
specific inhibition of the 20S proteasome activity can offer a new approach to the 
development of anticancer and anti-inflammatory drugs [9-12].  

Noncovalently bound inhibitors form a new structural class of reversible substrate-
binding site modifiers (i.e. indanone-substituted peptides, cyclic tripeptide TMC-95, 2-
aminobenzylstatine derivative) that are now being explored for their therapeutic usefulness 
(see below).  

 
 

COVALENTLY BOUND INHIBITORS  
OF THE 20S CORE PARTICLE 

 
A number of peptide-derived and naturally occurring small molecules that directly target 

the 20S proteasome have been synthesized and evaluated [reviewed in 9, recently in 20]. 
Those, which are effective therapeutically in animal models of human diseases and currently 
tested in clinical trials are presented in Figure 3. 

 
 

Peptide Aldehydes 
 
Peptide aldehydes were the first generation of the 20S proteasome inhibitors [21]. 

Among them, the most important are ALLN (N-acetyl-Leu-Leu-norleucinal, calpain inhibitor 
I), MG-132 (Cbz-Leu-Leu-leucinal) and PSI (Z-Ile-Glu (O-t-Bu)-Ala-leucinal) (Figure 3). 
They consist of a highly hydrophobic peptide portion that binds to the substrate binding sites 
and the pharmacophore aldehyde moiety that reacts with the hydroxyl group of the N-
terminal catalytic Thr1Oγ to form reversible adduct [19].  

Peptide aldehyde ALLN binds covalently to the N- terminal Thr1Oγ located on all three 
proteolytically active β subunits (β1, β2, β5) [13]; it potently and reversibly blocks the ChT-L 
activity (IC50 of 2.1μM), while less effectively inhibits the T-L and PGPH activities of the 
20S proteasome [21]. Much higher potency against other cellular proteases (e.g. calpain, 
cathepsin B) limited its usefulness in cell- based studies and in animal models. However, the 
structure of this inhibitor served as a model for synthesis of more potent and selective 
noncovalent inhibitor of the ChT-L activity of the 20S proteasome (see below), as well as for 
the design of homo- or heterobivalent inhibitors linked via polyethyleneglycol (PEGx) 
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inhibiting the ChT-L activity or both the ChT-L and T-L activities at nanomolar 
concentrations [13]. 

Peptide aldehydes, MG 132 and PSI inhibit predominantly the ChT-L activity of the 20S 
proteasome [9,22]. They enter cells and effectively block the 26S proteasome-mediated 
protein degradation at micromolar concentrations [23,24]. However, the major disadvantages 
of these inhibitors as drug candidates include their poor stability within the cells and the lack 
of specificity, since at higher concentrations that can also inhibit cathepsin B and calpains. 
Despite this, both MG-132 and PSI have proved useful in uncovering the role of the 26S 
proteasomes in a number of cellular processes, which was later confirmed with the use of 
more specific inhibitors lactacystin and epoxomicin [reviewed in 9,25]. In particular, PSI and 
MG-132 were the first inhibitors that helped demonstrate the importance of the 26S 
proteasome in IκBα degradation and NF-κB activation in stimulated cells [26], in the 
generation of antigen peptides presented on MHC class I molecules [24] as well as in the 
apoptotic pathway in cancer cell lines [27]. They were also effective therapeutically in 
various animal models of human diseases [reviewed in 8,12], including cardiovascular 
disorders [28]. In relation to the latter pathologies, PSI effectively prevented hypertension 
and vascular hypertrophy in experimental model of deoxycortecosterone (DOCA)-salt - 
induced hypertension and inhibited ischemic acute renal failure (ARF) in rats, through the 
suppression of endothelin-1 (ET-1) production in the aorta and kidney via inhibition of NF-
κB transcriptional pathway [28]. More recently we have demonstrated that PSI prevents 
experimental arterial thrombosis and suppresses indirectly platelet aggregation ex vivo in 
renovascular hypertensive rats [29]. The exact mechanism, through which it exerts its 
antithrombotic activity, is not yet known, however there exists evidence that the inhibition of 
26S proteasome-mediated NF-κB activation is sufficient to prevent the expression of the 
tissue factor (TF) in monocytes during extracorporeal circulation [30].  

It is of interest that rats subjected to several systemically injected doses of PSI developed 
progressive parkinsonism with bradykinesia, rigidity, tremor and an abnormal posture 
confirmed by neurodegeneration observed in postmortem examinations what is suggestive 
that PSI is a candidate Parkinson disease (PD)-inducing toxin [31]. The effects of PSI were 
also mimicked by more highly selective proteasome inhibitor epoxomicin. 

 
 

Peptide Boronates  
 
Much more potent and selective inhibitors of the 20S proteasome are peptides possessing 

the boronic acid pharmacophore group instead of the aldehyde group [32] (Figure 3). Peptide 
boronates form a stable tetrahedral adduct and dissociate from the proteasome at a slower rate 
than the peptide aldehydes [19], thus the inhibition is practically irreversible.  

Among various peptide boronates tested, the most important is bortezomib (Velcade® , 
previously known as PS-341) (Figure 3), because it is the first proteasome inhibitor that has 
progressed to clinical trials for the treatment of cancer (see below). The structure of this 
inhibitor combines both the N-blocked high affinity peptide portion (pyrazinyl(Pyz)carbonyl-  
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Phe-Leu), which binds selectively to the substrate binding site of the ChT-L activity, and 
the C-terminal boronic acid group that binds to the N-terminal Thr1Oγ on β5 subunit to form 
slowly-reversible pseudo-covalent adduct [33].  

In cell-based studies, bortezomib fulfilled all the criteria for the treatment of cancer: (i) it 
crossed cell membranes, (ii) selectively and reversibly inhibited the 20S and 26S proteasome-
dependent protein degradation (i.e. IκBα cyclin E, p53, p27) in a number of tumor cell lines, 
(iii) showed cytotoxity against 60 cancer cell lines derived from multiple human tumors in 
the National Cancer Institute in vitro screen, (iv) exhibited relatively few toxic effects on 
normal cells, (v) induced apoptosis in tumor cells resistant to chemotherapy or radiation, (vi) 
down-regulated cytokine-induced expression of tumor necrosis factor-α (TNF-α), vascular 
cell adhesion molecule-1 (VCAM-1), vascular endothelial growth factor (VEGF), and (vii) 
unlike peptide aldehydes, it was refractory to removal from cancer cells by the multidrug 
resistance carrier system [33-35]. Afterwards, bortezomib was demonstrated to be 
therapeutically active in human tumor xenograft models of a wide range of hematological 
malignancies and solid tumors, both as a single agent and in combination with standard 
chemotherapeutics [reviewed in 36]. On the basis of the preclinical studies bortezomib has 
recently received the US Food and Drug Administration (FDA) approval for the treatment of 
patients with relapsed and refractory multiple myeloma (MM) [reviewed in 37]. Bortezomib 
is also under investigation for its therapeutic efficacy in other hematological malignancies 
[38] and solid tumors [39]. The state of the art information concerning pharmacology, 
pharmacokinetics and practical application of bortezomib was recently reviewed by Schwartz 
and Davidson [40]. In general, bortezomib appears to be well tolerated with mild/moderate 
and manageable side effects. In MM patients it produced 35% overall response rate and 10% 
complete responses. The major molecular mechanism, through which bortezomib mediates 
anti-MM activity involves the induction of p53-dependent and p53 - independent apoptotic 
pathway in the MM cells resistant to conventional therapy and down-regulation of the 
expression of tumor-promoting proteins in bone marrow stromal cells (BMSCs), including 
IL-6, the key growth and survival factor produced by these cells [41]. The mode of action of 
bortezomib depends largely on the inhibition of anti-apoptotic and pro-inflammatory NF-κB 
both in the MM cells and in BMSCs [42]. Gene expression profiling and proteomic analysis 
of the MM cells have recently demonstrated that subtoxic concentration of bortezomib down-
regulates the expression of several other proteins involved in the cellular response to 
genotoxic stress [43].  

Recent screening of the pharmaceutical company's compound collection has identified a 
novel potent but rapidly reversible lactam boronic acid based inhibitor of the 20S proteasome 
[44] (Figure 3). 

 
 

Lactacystin and Derivatives 
 
Lactacystin (Figure 3), a non-peptide compound produced by Streptomyces 

lactacysteinaeus, was first found to be a neurite outgrowth-inducer in a murine 
neuroblastoma cell line [45]. Further extensive studies of Fenteany and co-workers [46] have 
demonstrated that the radiolabeled lactacystin targets the 20S proteasome subunit X (β5) in 
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the cell and binds irreversibly to the N-terminal catalytic threonine residues of the purified 
20S proteasome. X-ray crystal structure of the yeast 20S proteasome-lactacystin complex has 
confirmed that it binds irreversibly to the N-terminal Thr1Oγ on β5 subunit harboring the 
ChT-L activity [13]. Lactacystin is, in fact, a precursor for cell-permeable inhibitory active 
intermediate clasto-lactacystin β-lactone (Figure 3), which is formed following the removal 
of N-acetylcysteine in aqueous solution [47]. On binding, the β-lactone ring undergoes 
nucleophilic attack by the hydroxyl group of the N-terminal threonine residue to form a 
stable acyl – enzyme complex [19]. This adduct is however slowly (t½ about 20h) hydrolyzed 
by water, thus the inhibition of proteasome activity is reversed within the cell [47]. 
Lactacystin/β-lactone inhibits the ubiquitin-mediated degradation of short and long lived 
proteins in a wide range of cell lines, without affecting other known cellular proteases [48]. 
However, it is capable of inhibiting lysosomal serine carboxypeptidase A (cathepsin A) in 
cell lysates [49] and in tumor cell lines [50] and cytosolic tripeptidyl peptidase II [51].  

Lactacystin has been extensively used to dissect the function of the 26S proteasome in 
physiological and pathological processes in a broad range of human cell lines [48]. An 
important discovery that was a consequence of the use of the lactacystin/β-lactone in cell-
based studies was that the inhibition of proteasomes could either induce or prevent apoptosis; 
the phenomenon depends on the cell type, model system, the length of time of cell exposure 
and the concentration of the inhibitor [reviewed in 25]. This allowed better understanding of 
the role played by 26S proteasomes in the apoptotic pathway in a number of cell types, 
including normal and transformed neuronal and glial cells [52-55, and for review see in 2]. 
Curiously enough, sub-toxic concentrations of lactacystin in combination with a cAMP-
stimulating agent are able to induce extensive apoptosis of neuroblastoma cells in an in vitro 
study [56].  

In animal models, lactacystin helped to uncover the role of proteasomes in angiogenesis 
and in the production of plasminogen activator [57]. It also confirmed the significance of the 
26S proteasome-dependent NF-κB activation pathway in the early phase of renal injury in 
animal model of ischemia/reperfussion [58]. Furthermore, lactacystin helped to better 
understand the significance of proteasomes in Parkinson’s disease (PD), both in the early 
phase of dopaminergic neuronal death and in inclusion body formation in an experimental 
model of hemiparkinsonian rats [59]. 

Importantly, lactacystin is a good example of a synergy between basic research and drug 
development. After lactacystin/β-lactone had been identified as an inhibitory active 
constituent exhibiting poor stability within the cells [47], this compound (named omuralide), 
served as a model to the synthesis of the clasto-lactacystin β-lactone-based compounds that 
were endowed with increased stability and potency [60]. One of them, MLN-519 (C-7 n-
propyl analogue of clasto-lactacystin β-lactone, Figure 3) has been shown in an in vitro study 
to inhibit the 26S proteasome-dependent NF-κB activation pathway with lower IC50 values 
(1-5 μM) than the natural product. Then, MLN-519 was successfully used in animal models 
of myocardial reperfusion injury [61,62]; focal cerebral ischemia as a single agent [63] and in 
combination with tissue plasminogen activator (t-PA) [64]; middle cerebral artery occlusion 
and reperfusion [65]; and in other inflammatory diseases, including experimental 
autoimmune encephalomyelitis, which is an animal model of multiple sclerosis [reviewed in 
11]. The preclinical studies have indicated that MLN-519 exerts cytoprotective effects by the 
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inhibition of 26S proteasome-mediated NF-κB activation in pro-inflammatory cells 
infiltrating the ischemic tissue. MLN-519 is currently under clinical evaluation for the 
treatment of acute stroke and myocardial infarction [66,67]. Detailed information concerning 
the role of the UPS and MLN-519 therapy in stroke is described in the respective chapters of 
this book (see Chapters 41 and 42) and reviewed elsewhere [68,69]. 
 

 

Figure 3. Chemical structure of the 20S proteasome inhibitors explored for therapeutic usefulness in 
animal models and (*) currently in clinical trials. (**) Lactam boronic acid based inhibitor is a newly 
synthesized PS-341 analog; its cellular effects are currently under investigation [44].  
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Other Covalently Bound Inhibitors 
 
Epoxomicin, an active microbial α', β'-epoxyketone peptide, and synthetic peptide vinyl 

sulfones (Figure 3) are strong irreversible inhibitors of the 20S proteasome.  
Epoxomicin has been identified as a potent and highly selective inhibitor of IκB 

degradation and NF-κB activation by the 26S proteasomes in cytokine-stimulated cells and as 
an anti-inflammatory agent in the murine ear edema assay [70]. X -ray analysis of the crystals 
of 20S proteasome complexed with epoxomicin revealed that the epoxy group binds 
covalently to the N-terminal catalytic Thr1Oγ located on the three active β subunits to form a 
stable morpholino adduct, specific for the small class of Ntn-hydrolases [13]. Thus, 
epoxomicin, unlike most other proteasome inhibitors, is highly specific for the 20S 
proteasome and does not inhibit other cellular proteases examined so far [70]. However, since 
epoxomicin inhibits irreversibly all three proteolytic activities of the 20S proteasome, it 
provides a powerful tool for the investigation of the UPS function in living cells, while is 
useless as a drug candidate.  

Similarly, the synthetic peptide vinyl sulfones (vs), such as Z-Leu-Leu-Leu-vs (Figure 3), 
Ac-Arg-Leu-Leu-N-vs, synthesized by Bogyo and co-workers [71], bind covalently to the N -
terminal Thr1Oγ located on all three catalytically active β-subunits [19] and inhibit the ChT-
L, T-L, and PGPH activities of the 20S proteasome in an irreversible manner. Therefore, as 
epoxomicin, they have limited application as drug candidates. Peptide vinylsulfone, Z-Leu-
Leu-Leu-vs tagged with biotin is applied for the purpose of affinity chromatography, while 
its radiolabeled nitrophenol derivative, 125I-NIP-Leu-Leu-Leu-vs is a useful probe for active 
site labeling of the proteasome in the living cells [71].  

Interestingly, more recent studies have demonstrated that synthetic trileucine methyl 
vinyl sulfonates, inhibiting the T-L activity of the 20S proteasome, have anti-trypanosomal 
activity in the sub-nanomolar concentrations [72].  

 
 
NONCOVALENT INHIBITORS OF THE 20S CORE PARTICLE 
 
Promising results with classical covalently bound inhibitors of the 20S proteasome as 

anticancer and anti-inflammatory agents led to widespread interest into the design and 
synthesis of novel noncovalent inhibitors of the 20S proteasome that could exhibit lower 
levels of cytotoxicity against normal cells.  

One of the first noncovalent inhibitors of the 20S proteasome, named CVT-634 (Figure 
4), was synthesized on the basis of the structure of a calpain inhibitor I (Ac-Leu-Leu-
norleucinal) [73]. CVT-634 consists of a high affinity dipeptide Ac-Leu-Leu that binds to the 
substrate binding site of the β5 subunit, and a less reactive, but potentially hydratable 
indanone group in the C-terminus, instead of norleucinal moiety. CVT-634 inhibits 
selectively the ChT-L activity of the purified 20S proteasome (IC50 0.2μM), without 
modifying the N-terminal catalytic Thr1Oγ of β5 subunit. It also inhibits the 20S proteasome 
in human tumor cell lines with IC50 10-20μM and does not affect other cellular proteases. In 
cell-based studies, CVT-634 inhibits growth of many cancer cell lines and blocks the 
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cytokine-induced NF-κB activation pathway [74]. Of interest, CVT-634, similarly to MLN-
519, is able to reduce infarct volume in a focal model of cerebral ischemia [75]. 

 

 

Figure 4. Noncovalent inhibitors of the 20S proteasome core particle. 

Koguchi and co-workers [76] isolated from the fermentation broth of Apiospora 
montagnei, a series of cyclic tripeptides, named TMC-95 A-D, which were able to inhibit 
reversibly the 20S proteasome without affecting other known proteases. TMC-95A (Figure 4) 
that selectively inhibited the 20S proteasome in the low nanomolar range, was then 
synthesized by Albrecht and Williams [77]. X-ray crystallographic analysis of the yeast 20S 
proteasome- TMC 95A complex has revealed that it does not modify the N-terminal catalytic 
Thr1Oγ, but it forms characteristic hydrogen bonds with the substrate-binding sites of all 
three proteolytically active β-subunits (β1, β1, β5) [13,78]. This compound has been found to 
be cytotoxic against HCT-116 human colon carcinoma cells (IC50 4.4 μM) and HL-60 human 
promyelocytic leukemia cells (IC50 9.8 μM) [76]. It also induces neurite outgrowth in PC12 
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rat pheochromocytoma cells (1 - 20μM) with less toxic effects than covalently bound 
proteasome inhibitors [79]. 

In a search for novel cytotoxic and antiproliferative agents that act by noncovalent 
inhibition of the 20S proteasome, Garcia-Echeverria and co-workers [80] applied a high-
throughput screening of a series of the 2-aminobenzylstatine derivatives from a Novartis 
library archives. Modification of the 2-aminobenzylstatine derivatives, originally synthesized 
to target the human immunodeficiency virus -1 (HIV-1) aspartyl protease, led to the 
discovery of a potent and highly selective inhibitor of the 20S proteasome (Figure 4) that 
bound exclusively to the substrate-binding site of the subunit β5 harboring the ChT-L activity 
[80]. Recent structure-based optimization approach has allowed improving the potency of the 
2-aminobenzylstatine derivative from micromolar to nanomolar concentrations [14]. 

 
 

CONVENTIONAL PHARMACOLOGICAL AGENTS  
TARGETING THE 20S/26S PROTEASOMES 

 
The proteasome-dependent protein degradation is also influenced by a number of agents 

used in conventional therapies, dietary chemopreventive compounds and toxins [reviewed in 
8, 20]. Herein we present the examples of the drugs that directly target the 20S proteolytic 
subunits or regulate the expression and function of non-proteolytic proteasome subunits 
necessary for proteasomal activity.  

Ritonavir (Figure 5), an inhibitor of the HIV-1 protease, which is used for the treatment 
of HIV-infected patients and AIDS disease, inhibits noncovalently and reversibly the ChT-L 
activity of the purified 20S proteasome (IC50 of 3μM) and moderately enhances the T-L 
activity of this complex (‘two-site modifier’) [81]. Ritonavir has been shown to markedly 
reduce the presentation of lymphocytic choriomeningitis virus (LCMV) epitopes on MHC 
class I molecules of infected cells at therapeutically relevant concentrations (IC50 of 5μM), 
suggesting that its anti-proteasome activity may be beneficial in the treatment of autoimmune 
diseases and organ transplantation [82,83]. At higher concentrations (i.e. 50μM) Ritonavir 
causes accumulation of intracellular ubiquitinated proteins and prevents lipopolysaccharide 
(LPS)-induced degradation of the IκBα [82]. Recent studies indicate that Ritonavir, through a 
selective inhibition of the ChT-L activity of the 20S proteasome, is able to reduce the rate of 
proliferation and to induce apoptosis in several tumor cell lines [84]. It also exerts cytostatic 
and cytotoxic effects on glioma cells in vitro, while is unable to control tumor growth in vivo 
most likely due to the blood-tumor ‘barrier’ [85]. Interestingly, Ritonavir, similarly to 
proteasome inhibitor MLN-519, prevents clinical symptoms of autoimmune 
encephalomyelitis in rats by inhibiting the activation and infiltration of T-cells into the CNS 
[86].  

Two immunosuppressive agents that also influence the proteasome-dependent protein 
degradation are cyclosporin A and rapamicin (Figure 5). Cyclosporin A acts as an 
uncompetitive inhibitor of the ChT-L activity of the 20S proteasome [87], while the 
structurally unrelated rapamicin inhibits the expression of the proteasome activator, PA28α/β 
both at mRNA and protein levels in activated T cells [88]. PA28 is known to stimulate the 
LMP-containing 20S proteasomes (so called immuno-proteasomes) and their complexes with 
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PA700 regulator in order to generate short peptides for antigen presentation on MHC class I 
molecules [89]. It seems that immunosuppressive activity of rapamicin and cyclosporin A 
depends, at least in part, on the inhibition of antigen production by proteasomes. In addition, 
cyclosporin A inhibits the 26S proteasome-dependent IκB degradation and NFκBp105 
processing in lipopolysaccharide (LPS) stimulated cells [87], suggesting that the inhibition of 
20S proteasome is the mechanism responsible for its anti-inflammatory activity.  

Aclacinomycin (Aclarubicin, Figure 5), an antitumor drug isolated from Streptomyces, 
acts as an uncompetitive and reversible inhibitor specific for the ChT-L activity of the 
purified 20S proteasome [90]. Both aglycone and sugar moieties of the aclacinomycin A are 
required for inhibitory activity. Another anticancer agent vinblastine (a Vinca alcaloid) 
inhibits reversibly and noncompetitively all three proteolytic activities of the purified 20S 
proteasome [91]. In cell-based studies aclacinomycin and vinblastine have been demonstrated 
to inhibit degradation of polyubiquitinated proteins [90], including signal-induced 
degradation of IκBα [91]. 

Similarly, a toxic fungal epipolythiodioxopiperazine metabolite, gliotoxin (Figure 5), 
which is known to inhibit NF-κB activation pathway and to induce apoptosis, has been 
recognized as a highly selective noncompetitive inhibitor of the ChT-L activity of the 
purified 20S proteasome [92]. Inhibition of 26S proteasome-dependent degradation of IκB, β-
catenin and p53 protein in the cells treated with gliotoxin is reversed by dithiothreitol (DTT), 
which reduces the disulfide bridge in gliotoxin molecule that is essential for its biological 
effects. 

More recently, it has been demonstrated that a green tea ester-bond-containing 
polyphenol (-) -epigallocatechin-3 gallate [(-)-EGCG] (Figure 5) of known anticancer 
properties, inhibits the 20S proteasome by a mechanism similar to that of lactacystin/β-
lactone, namely through irreversible binding to the catalytic active N-terminal Thr1Oγ on β5 
subunit harboring the ChT-L activity [93]. Furthermore, both (-)- EGCG and its 
(+)enantiomeric analogs target proteasomes in cancer cell lines, leading to the inhibition of 
proliferation, induction of apoptosis and suppression of colony formation. Particularly 
interesting is that the peracetate ester of (-)-EGCG, synthesized in an attempt to enhance a 
low bioavailability of (-)-EGCG, inhibits proteasome activity in intact leukemic cells, but 
exhibits no inhibitory action on purified 20S proteasome, indicating that it may function as a 
pro-drug of (-)-EGCG [94]. 

A natural antibacterial peptide, PR-39 (proline-and arginine-rich peptide), unlike other 
proteasome inhibitors, blocks 26S proteasome-mediated protein degradation by reversible 
binding to the catalytically inactive subunit α7 of the 20S core particle [95,96]. Importantly, 
such interaction is sufficient to inhibit IκB degradation and NF-κB activation, without 
affecting total proteasome-dependent proteolysis in the cell culture assays. PR39 has been 
shown to suppress VCAM-1 and ICAM-1 gene expression in TNF-α - activated human 
endothelial cells and to reduce myocardial infarct size in a mouse model of myocardial 
infarction [95].  
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Figure 5. Conventional pharmacological agents targeting the 20S/26S proteasomes. 

Furthermore, an anti-atherogenic phenolic antioxidant, probucol (Figure 5) and its 
analogue BO-653, have been both shown to suppress 26S proteasome-dependent IκBα 
degradation in activated human endothelial cells via specific inhibition of gene expression for 
the α-type 20S proteasome subunits PMSA1 (HC2), PMSA2 (HC3), PMSA3 (HC8) and 
PMSA4 (HC9) [97]. The exact mechanisms by which these phenolic compounds regulate 
gene expression of the α subunits of the 20S proteasome are still obscure.  

Finally, some natural and synthetic small molecules function as proteasomal activators. 
These include cardiolipin (diphosphatidylglycerol) that stimulates the ChT-L and PGPH 
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activities of the 20S proteasome [98] and the synthetic peptidyl alcohol Z-Ile-Glu (O-t-Bu)-
Ala -leucinol that enhances the ChT-L activity of the purified 20S proteasome [99]. 
Interestingly, Z-Ile-Glu (O-t-Bu)-Ala -leucinol alters the profile of peptides generated from 
ovalbumin immunodominant epitopes by the PA28α-20S proteasome, and thus behaves as a 
proteasome modulator. It cannot be excluded that synthetic small molecule activators, like Z-
Ile-Glu (O-t-Bu)-Ala -leucinol, will be tested as potential therapeutics for the regulation of 
immune response or in some pathologies resulting from the loss of proteasome activity, such 
as neurodegenerative disorders.  

 
 

PHARMACOLOGICAL MODULATORS  
OF THE UBIQUITIN PATHWAY 

 
A novel approach to drug development is to design small molecule compounds that 

instead of inhibiting the 20S proteasome, could block protein degradation at the step of the 
ubiquitination or that could target a disease-promoting protein for the ubiquitination and 
degradation by 26S proteasomes. Several small molecule inhibitors of the ubiquitin-protein- 
conjugating system have been synthesized and evaluated [for recent review see in 5, 15, 20], 
however many of them have a limited therapeutic usefulness due to the lack of specificity. It 
may turn out that ubistatins, compounds with a novel mechanism of action [16], may be 
among them. Ubistatins (sulfonated stilbenes) were discovered by chemical genetic screens 
for inhibitors of cyclin B degradation in Xenopus extracts and were found to block the 
degradation of ubiquitinated Sic1 by the 26S proteasome without affecting proteasomal 
activity assayed with the use of synthetic peptide substrates [16]. Out of the ubistatins, the 
most potent compound is ubistatin A (Figure 6A). Nuclear magnetic resonance (NMR) 
titration experiments have indicated that ubistatin A interacts specifically with the Lys 48-
linked ubiquitin chains, thus preventing binding of ubiquitynated Sic1 to the specific 
receptors (Rad23 and Rpn10) in 19S regulator particle and its translocation into the 20S 
proteasome (see in Figure 1). Novel highly selective small molecules targeting the 
ubiquitination system include certain E3 ligase inhibitors and proteolysis inducers (Figure 6 
B-D).  

 
 

Inhibitors of Substrate Specific E3 Ligase 
 
The ubiquitin-protein E3 ligases transfer activated ubiquitin from one of the ubiquitin-

conjugating E2s directly to a lysine residue in the target protein to generate polyubiquitin 
chain [reviewed in 1, 100] (see in Figure 1). Such proteins are then recognized by the 19S 
regulatory particle and directed to the 20S core particle for destruction, following the removal 
of the polyubiquitin chains by deubiquitinating enzymes (DUBs). There are hundreds of 
various E3 ligases, but only few of them are well characterized with the respect to the 
substrate specificity [reviewed recently in 101-103, and also in Ref. 1]. Their overexpression 
and low levels of the target proteins have been demonstrated in many human tumors.  
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The most extensively studied E3 ligases as potential candidates for drug discovery 
include the ubiquitin E3 ligase, Mdm2 that ubiquitinates the tumor suppressor protein p53 
[104] and the E3 ligases that specifically ubiquitinate the phosphorylated NF-κB inhibitor 
pIκBα [105,106]. 

The structural analysis of the Mdm2 ligase prompted the investigators to search for small 
molecule inhibitors that could bind to the p53 binding site, thus preventing its ubiquitination 
and degradation by the 26S proteasome. Recent screening of diverse libraries of synthetic 
chemicals has identified a series of cis-imidazoline analogs, named nutlins (1-3) that bind to 
the hydrophobic p-53-binding pocket in the Mdm-2 molecule with IC50 values ranging from 
100 to 300nM [104]. Nutlin-3 (Figure 6B) exhibits the most potent binding activity. In cell-
based assay nutlin-3 prevented p53 ubiquitination, resulting in the activation of the p53 
pathway in certain cancer cells. It also inhibited tumor growth in an experimental model in 
mice. More studies are however required to find out whether in vivo activity of the nutlins is 
only limited to tumor tissues. 

The IκBα is ubiqutinated on certain lysine residues by the SCF βTRCP (Skp1-Cullin-F-box) 
ubiquitin ligase complex that recognizes exclusively the phosphorylated form of IκBα 
(pIκBα) in cytokine - activated cells [reviewed in 107]. The identification of the putitative 
pIκBα-E3 ligase recognition motif allowed synthesis of a short pIκBα peptide antagonist that 
after microinjection, specifically inhibited IκBα ubiquitination and its subsequent degradation 
by the 26S proteasome in TNF-α-stimulated HeLa cells and abolished the expression of 
inducible cell adhesion molecule, E-selectin [105]. 

Recently, a small molecule compound, Ro106-9920 (Figure 6C) was identified using the 
screening paradigm as a highly selective inhibitor of IκBα ubiquitination and NF-κB 
activation in cell-free assay and in TNF-α - or LPS- stimulated cells [106]. It also prevents 
cytokine production in vivo in rats. Ro106-9920 does not however, block the SCF βTRCP but it 
specifically targets another, yet unidentified, IκBα E3 ligase. 

 
 

Proteolysis Inducers 
 
Another interesting approach is a selective ubiquitination of the disease-promoting 

proteins, including those that are not known to be ubiquitinated (‘targeted proteolysis’). 
Several chimeric F-box proteins have recently been designed to recruit a selected cellular 
protein (e.g. β-catenin, retinoblastoma, cyclin A, cdk2) for ubiquitination and degradation by 
the 26S proteasomes [reviewed in 17]. These large protein-based compounds require 
however, special delivery system, eg. viral or liposomal vehicles, what makes them poor drug 
candidates.  

On the other hand, two types of small molecule proteolysis inducers seem to be 
potentially useful therapeutics in the future. These include the proteolysis-targeting chimeric 
molecules, named protacs, and the small molecule proteolysis inducers (SMPI) (Figure 6D).  
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Figure 6. Small molecule modulators of the ubiquitin system. Chemical structures of: (A) ubistatin A [16]; 
(B) nutlin-3 [104]; (C) RO106-9920 [106]. (D) schematic presentation of proteolysis inducers consisting of 
IκBα-phosphopeptide (protacs) or HIF-1α (hypoxia-inducible factor-1α) octapeptide (SMPI, small molecule 
proteolysis inducers) linked to the ligand that specifically recognize and bind a disease-promoting protein 
[108-110]. SCFβ-TRCP ubiquitin ligase or pVHL (von Hippel-Lindau) ligase ubiquitinate target protein 
(shown as black dots), which is then proteolyzed by the 26S proteasome. For details, see text. 
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Figure 7. Diagram representing the inhibition of the NF-κB pathway by UPS inhibitors as a possible 
common mechanism of their anti-tumor and anti-inflammatory activities in certain malignancies and 
inflammatory diseases. Inflammatory signals, viruses, oxidative stress, certain chemotherapeutics and 
ionizing radiation activate the IκB kinases (IKKs) that phosphorylate the IκBα, which is then 
ubiquitinated by specific SCF� TRCP ligase and subsequently degraded by the 26S proteasome. The active 
NFκBp50/65 translocates into the nucleus where it activates the expression of a number of genes that 
suppress apoptosis and differentiation, induce cell proliferation, promote angiogenesis and metastasis 
and potentate inflammation [107, 111]. A cell-permeable pIκBα phosphopeptide antagonist of SCFβ-

TRCP blocks pIκBα  ubiquitination resulting in the inhibition of IκBα degradation by the 26S proteasome. 
Cell-permeable inhibitors of the 20S proteasome inhibit degradation of ubiquitinated IκBα resulting in 
the blockade of p50/65 nuclear translocation.  

The protacs were synthesized on the basis of well-characterized internal recognition 
motif triggering the binding of IκBα to SCFβ-TRCP ligase (10-amino acid IκBα phosphopeptide 
domain), which was linked covalently with the following ligands: 1/ ovalicin, an anti-
angiogenic inhibitor that specifically recognizes the metionine aminopeptidase-2 (Met-AP-2) 
(protac-1), 2/ estradiol, which binds noncovalently to the estrogen receptor implicated in the 
progression of breast cancer (protac-2) or 3/ dihydroxytestosterone (DHT) that recognizes the 
androgen receptor, a known promotor of prostate cancer growth (protac-3) [108,109]. Thus, 
following binding, the SCFβ-TRCP ligase ubiquitinates target protein, which is then proteolyzed 
by the 26S proteasome complex. In a cell-based assay Protac-3 (1μM) has been shown to 
recruit the androgen receptor to ubiquitination by the SCFβ-TRCP ligase followed by 
subsequent degradation by the 26S proteasome [109]. However, a major disadvantage of the 
phosphopeptide-based protacs is their poor membrane permeability and bioavailability.  

More recently, Zhang and co-workers [110] synthesized small molecule proteolysis 
inducers (SMPIs) that are able to penetrate cells. They consist of a cell-permeable synthetic 
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octapeptide derived from hypoxia-inducible factor-1α (HIF-1α), which is specifically 
recognized by the phosphorylated form of von Hippel-Lindau tumor suppressor (pVHL) 
ligase E3 and the covalently bound ligand domain (estradiol or anti-angiogenic fumagillol 
(Fu) instead of ovalicin). The Fu-SMPI selectively induces the ubiquitination of Met-AP-2 by 
pVHL E3 ligase and its degradation by the 26S proteasome in lung cancer cells, while the 
estradiol-based SMPI recruits the estrogen receptor for ubiquitnation and degradation by the 
26S proteasome in MCF-7 breast cancer cells.  

 
 

CONCLUSIONS 
 
The UPS is essential for intracellular homeostasis, since the degradation of 80-90% of 

cytosolic, nuclear and membrane proteins is kept under its tight control. The UPS degrading 
proteins are those involved in cell proliferation, apoptosis and inflammation as well as 
misfolded, inappropriately stabilized or damaged proteins, etc. It is not astonishing that the 
abberation in the UPS function contributes to various debilitating diseases, in particular 
cancer, cardiovascular disorders and neurodegenerative diseases. Therefore, the attention of 
researches, pharmaceutical companies and clinicians has focused on this vital system. Over 
the last decade a number of small molecule inhibitors of the UPS have been tested in 
experimental settings. However, pleiotropic functions of the UPS implicated toxic adverse 
effects of its inhibitors in preclinical studies, which limited their clinical use. As a 
consequence, only two small molecule inhibitors of the 20S proteolytic core particle were 
developed and entered clinical trials in cancer and stroke patients. Rapid progress in 
combinatorial chemistry, structure-based design and high-throughput screening of 
pharmaceutical companies' small molecule libraries have accelerated developments in the 
identification of new classes of proteasome inhibitors that are cautiously awaited to become 
therapeutic agents. Furthermore, better understanding of the function of the UPS has opened 
another new avenue of pharmacological intervention into the ubiquitin protein-conjugating 
system that allows (i) enhanced ubiquitination and degradation of selected tumor-promoting 
proteins [17], and (ii) prevention of the ubiquitination and subsequent degradation of tumor 
suppressor proteins [15], as well as IκBα [105], an inhibitor of NF-κB transcriptional factor, 
stimulating the expression of specific cellular genes, whose products contribute to the 
pathogenesis of some human cancers and inflammatory diseases [reviewed in 107 and 111] 
(Figure 7). In fact, the inhibition of NF-κB pathway by the 20S proteasome inhibitors (i.e. 
PS-341 and MLN-519 is though to be a major mechanism of their anti-neoplastic and anti-
inflammatory effects, especially in tumors resistant to conventional therapy and in stroke or 
myocardial infarction, respectively.  

All in all, it is truly fascinating to witness how rapidly the advances in basic research are 
translated into innovative and promising therapies designed to combat diseases that have so 
far been incurable. 
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ABSTRACT 
 

The ubiquitin-proteasome system (UPS), aside from a major degradation pathway of 
intracellular proteins, involves the modulation of key proteins that control cellular 
physiology through cell cycle regulation, immune response, and activation of gene 
expression. The core enzymatic molecule of the UPS is the 20S proteasome. Alterations 
in the proteasome proteolytic pathway have been contributed to protein alterations 
associated with aging and, in fact, dysregulation of the UPS has been linked to several 
disease states including neurodegenerative diseases (i.e. Parkinson’s, Alzheimer’s, and 
Huntington’s disease), malignancies, and inflammatory-related diseases. As such, strong 
preclinical data now exist supporting the use of reversible proteasome inhibitors to treat a 
variety of disease states including cancer, rheumatoid arthritis, asthma, psoriasis, 
autoimmune encephalomyelitis, myocardial infarction, and ischemic brain injury. 
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Currently, the proteasome inhibitor Velcade® is approved for treatment of multiple 
myeloma. Phase I safety trials have also been completed with the proteasome inhibitor 
MLN-519, at doses capable of reducing blood proteasome activity by 80%. Experimental 
studies with MLN-519 have indicated significant neuroprotective treatment effects in 
animal models of ischemia/reperfusion injury at doses that reduce blood 20S proteasome 
activity by 40-80%. Following focal ischemic brain injury in rats, treatment with MLN-
519 has been associated with a significant reduction of brain infarction along with 
improved neurological outcome and electrophysiological brain activity as evaluated up to 
two weeks post-injury. Importantly, MLN-519 exhibited a wide therapeutic treatment 
window with a delayed initial treatment of up to 6-10 h post-injury. The therapeutic 
efficacy has been linked to an attenuation of aberrant gene expression; in particular, 
studies with MLN-519 have indicated that treatment of ischemic brain injury in rats is 
associated with a reduction of the nuclear factor (NF)-κB mediated neuro-inflammatory 
response, where, following injury, MLN-519 treatment has been shown to reduce 
activated NF-κB immunoreactivity and attenuate the increase in both cytokine (TNF-α, 
IL-1β, and IL-6) and cellular adhesion molecule (ICAM-1 and E-selectin) expression. 
MLN-519 also provided dramatic reductions of both neutrophil and macrophage 
infiltration into the injured rat brain. Similar anti-inflammatory effects of proteasome 
inhibition have been observed in other experimental inflammatory disease models as 
well. The aim of this chapter is to review the experimental and clinical data relating to 
the role of the proteasome in CNS disorders and to evaluate the potential use of 
proteasome inhibitors to treat CNS disease. 
 

Keywords: MLN-519, brain injury, ischemia, NF-κB, neuroprotection, proteasome inhibitor. 
 
 

ABBREVIATIONS 
 
AD, Alzheimer’s Disease; ALS, Amyotrophic Lateral Sclerosis; CNS, Central Nervous 

System; GFAP glial fibrillary acidic protein; HD, Huntington’s Disease; ICAM intercellular 
adhesion molecole; IL, interleukin; I-κB, Inhibitory κB; MCAo, Middle Cerebral Artery 
Occlusion; NF-κB, Nuclear Factor κB; PD, Parkinson’s Disease; UPS, Ubiquitin-Proteasome 
System. 

 
 

INTRODUCTION 
 
The proteasome is an enzymatic complex present in all central nervous system (CNS) 

cells. The barrel shaped core of the proteasome, i.e. the 20S proteasome, and its numerous β 
subunits are responsible for the proteolytic activity of the UPS. Proteasome function plays an 
essential role in maintaining cellular homeostasis through influencing the balance of 
intracellular protein turnover in order to address specific proteolytic needs of a cell’s given 
condition [3-7]. For the many roles of the proteasome, the reader is referred to Chapters 6 and 
7. Although a major role of the UPS is the proteolysis of misfolded or damaged proteins, one 
of the most important physiological roles of the proteasome involves the degradation of 
several short-lived regulatory proteins that control the expression of multiple genes. In 
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disease, a shift from the normal homeostatic role of the proteasome to a neurodegenerative 
state induced by a loss of normal proteasomal function or through activation of aberrant gene 
expression cascades has been proposed to aggravate the underlying condition. In fact, recent 
reports have implicated altered proteasome function in the progression of neurodegenerative 
diseases, malignancies, and inflammatory-related disorders [3,8-16]. A flurry of active 
research is now focused on evaluation of novel treatment strategies targeting the proteasome 
in order to help improve recovery from these types of disorders. It is the focus of this chapter 
to review the preclinical evidence supporting the use of proteasome inhibitors to treat acute 
CNS disorders with a focus on cerebral ischemia. 

 
 

THE PROTEASOME AND CNS DISEASE 
 
It is well established that physiological and pathological stressors such as inflammatory 

stimuli can influence proteasome activity within cells. While relatively little is known about 
the expression of the various proteasome and proteasome-related moieties in the brain (see 
Chapter 16), immunohistochemical studies have confirmed that the 20S proteasome is 
localized throughout the CNS [17] in neurons, glia, and synapses [18] with the majority of 
CNS proteasome activity residing in the cytosol [13]. Alteration of proteasomal function in 
any of these cellular compartments can lead to eventual cellular dysfunction. Two distinct 
and contrasting roles of the proteasome in disease progression have been described: (i) ‘loss 
of function’ due to decreased proteasomal activity and intracellular protein aggregation 
within the cell or (ii) ‘gain of function’ due to proteasome-mediated activation of the aberrant 
gene expression associated with disease. In the case of loss of proteasomal function, disease 
progression may benefit from strategies to re-activate homeostatic levels of proteasome 
function within the cell, while in the latter case, transient inhibition of the proteasome aimed 
at reducing pathological gene expression may be beneficial. 

Loss of normal levels of proteasome activity can occur with aging but has also been 
linked to a variety of neurodegenerative diseases including Alzheimer’s disease (AD) [14], 
Parkinson’s disease (PD) [16], Huntington’s disease (HD) [15], and amyotrophic lateral 
sclerosis (ALS) [19,20]. Most post-mitotic cells continually produce new proteins and a 
delicate balance in overall protein level is maintained through active degradation of old or 
damaged proteins. As such, loss of function of the proteasome or UPS appears to be involved 
in the eventual accumulation of unwanted protein aggregates. The underlying causes of 
proteasomal dysfunction within the cell can be multi-factorial involving alteration of one or 
more specific enzymes of the UPS or other entities that affect the normal function of the 
proteasome. In particular, mutations in proteins associated with neurodegenerative disease 
progression have the ability to directly inhibit proteasome activity leading to a feed-forward 
process of proteasome inactivation and increased intracellular protein aggregation linked to 
the promotion of cell death [14]. A common theme among several neurodegenerative 
disorders is the presence of protein aggregates including the presence of ubiquitin and 
ubiquitin-conjugated proteins, suggesting an overall loss of proteasomal activity within these 
cells. Several types and classifications of protein aggregates have been characterized in a 
variety of disease states (i.e. AD, PD, HD, and ALS) and are implicated in disease 
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progression. In addition, loss of proteasomal activity has been linked to the activation of 
programmed axon death, loss of synaptic function [21] and induction of oxidative or nitrative 
stress on the brain [15]. For the many roles of the UPS in aging and neurodegenerative 
diseases, the reader is referred to Chapters 22 through and 33. 

Aside from a loss of function of proteasome activity, the proteasome can also play a 
direct role in disease progression through active participation in the expression of disease-
related genes and promotion of cellular disability/death. As such, modulation of proteasome 
activity with the use of proteasome inhibitors has been studied as a therapeutic target due to 
the role of the proteasome in regulating gene expression. One such regulatory system under 
control of the UPS, that has received considerable recent attention, is the NF-κB pathway. 
NF-κB activation can promote the expression of a variety of target genes including those 
involved in apoptosis and inflammation. In particular, an increase in the activity of NF-κB 
has been associated with refractory tumorigenesis in certain types of cancer cells [8,22] and 
in the upregulation of pro-inflammatory genes involved in the several inflammatory 
conditions including the neuronal degeneration associated with ischemic brain injury [11]. 

 
 

PROTEASOME INHIBITION: A THERAPEUTIC PERSPECTIVE 
 
Proteasome inhibitors are currently being evaluated for the treatment of a variety of 

disease states including cancer, asthma, psoriasis, multiple sclerosis, myocardial infarction, 
and stroke [8-11]. Several distinct classes of natural and synthetic compounds have been 
discovered that exhibit proteasome inhibitory activity including aldehyde derivatives (CEP-
1612, MG-132) [9,11], dipeptide benzamide derivatives (CVT-634) [9], dipeptide boronic 
acid substitutes (PS-341, MLN-273, NVP-AFB340, NVP-AFD314) [23], vinyl sulfone 
tripeptides [24], HIV-1 protease inhibitors (ritonavir) [25], lactacystin derivatives (MLN-519) 
[26,27], epoxyketones (epoxomicin) [28], 2-aminobenzylstatines [11], and the porcine 
polypeptide PR-39 [29] (see Chapter 40). These compounds have provided a valuable 
research tool for studying the role of the proteasome in cellular function and disease. Among 
CNS related disorders, proteasome inhibition has also shown promise for the treatment of 
ischemia-induced brain injury.  

Extensive basic research studies within the past decade have provided a wealth of 
information concerning the complex interaction of the cell death mechanisms that underlie 
the evolution of neurodegenerative brain injury [30,31]. The effects of proteasome inhibition 
on CNS cells can be multiple; including neuroprotection against injury and inflammation, 
stimulation of neurite outgrowth, enhancement of synaptic transmission, as well as 
neurotoxicity at higher concentrations and long exposure periods [9]. Proteasome inhibition 
has also been shown to prevent degradation of heat shock protein inducible factor 1α and can 
stimulate angiogenesis in vitro [32]. For acute CNS disorders such as stroke or traumatic 
brain injury, research has focused on defining the delayed cell death pathways involved in the 
progression of injury including the contributions of inflammation and apoptotic-like cell 
death [33]. In fact, treatment with neuroprotective agents that target these delayed injury 
cascades have shown promise in preclinical studies. In particular, anti-inflammatory 
compounds such as proteasome inhibitors, that target UPS-mediated gene expression, have 
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shown excellent pre-clinical efficacy for the treatment of acute ischemic brain injury with a 
wide therapeutic window of opportunity for initiation of treatment following injury onset [9]. 
Of these compounds, the lactacystin derivative MLN-519 has been most extensively 
evaluated in in vivo animal models as a potential treatment of cerebral ischemia.  

 
 

CEREBRAL ISCHEMIA 
 
Ischemic brain injury due to insults such as stroke is a leading cause of death in the 

United States, as well as being a crucial player in brain damage due to blunt head trauma. A 
host of therapeutic interventions against ischemic brain injury have been tested clinically, 
most of which involved targeting ionic homeostasis with the use of voltage- or ligand-gated 
ion channel blockers [34]. Despite aggressive research into developing neuroprotection 
treatments for brain injury, clinical trials have met with limited success. Administration of 
tissue plasminogen activator to relieve thrombo-embolic vascular occlusions is the only 
approved therapy but treatment is limited to the first 3 hours post-injury [33,35]. 
Unfortunately, most stroke victims do not receive medical care within 3 hours indicating the 
continued need for development of novel compounds for the treatment of ischemic brain 
injury. 

Several concomitant factors have likely contributed to the failure of clinical 
neuroprotection trials in acute brain injury including poor pre-clinical pharmacodynamic 
evaluation. One critical limitation of several experimental neuroprotection agents has been 
their narrow therapeutic treatment window allowing only limited time from injury to offer 
any therapeutic relief. Inclusion of a surrogate marker of drug activity, evaluation of long-
term recovery in injury models more closely resembling the clinical situation, improved 
patient selection criteria and trial design based on the pre-clinical modeling, and targeting an 
adequate clinical dose have also been suggested to enhance the probability of success in 
future clinical trials [36]. Clearly, the development of pre-clinical (i.e. animal) testing must 
focus on these factors in order to improve opportunities for successful transitions from pre-
clinical to clinical studies where secondary cell death mechanisms are the necessary target of 
delayed treatment effects. Thus, a search for novel pharmacological agents has been initiated 
targeting downstream or delayed injury processes [37]. Such targets include inhibition of the 
acute inflammatory response induced following injury to the brain [38,39].  

Cerebral ischemia is a pathological process caused by a loss of blood flow to the brain 
that involves a complex interaction between various molecular perpetrators of cell death. A 
sustained decrease in cerebral blood flow can lead to inhibition of oxidative phosphorylation 
and result in a maelstrom of cytotoxic activity. At the cellular level, once ionic homeostasis is 
lost, proteases, phospholipases, and free radical formation all participate in the eventual 
demise of the cell. The end result is cell death defined by either abrupt necrotic cell damage 
due to excitotoxic overload or activation of delayed apoptotic cascades [30,40]. Initially only 
a small area, the core infarct, is irreversibly damaged following an ischemic attack. The 
surrounding tissue, known as the peri-infarct or penumbral region, is subject to further 
damage through secondary cell death cascades. As such, these secondary mechanisms of 
injury represent a viable opportunity for pharmacological treatment strategies. 
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Similar to other neurodegenerative disorders, loss of function of the UPS following 
ischemic injury has been shown to occur and may be related to a variety of factors including 
changes in intracellular pH, Ca2+, or presence of reactive oxygen species (see Chapter 39). In 
ischemic brain tissues the 26S proteasome appears to be more sensitive to ischemia, most 
likely due to disassociation into PA700 end caps and 20S proteasomes, whereas the ATP 
independent and ubiquitin-independent degradation mediated by 20S proteasome proceeds 
without obstacles [9]. The proteasome also plays a critical role in the activation of 
transcription factors such as NF-κB that promote a neuro-inflammatory response following 
ischemic injury. In fact, several recent experimental studies have indicated that the acute 
neuro-inflammatory response may be a principal mediator of secondary cell death responses 
[41]. Thus, proteasome inhibitors offer the potential for neuroprotective mediation of 
ischemic brain injury through anti-inflammatory effects. A general reduction of injury-
induced protein degradation may also occur with proteasome inhibition, including the 
preservation of pro-survival molecules such as heat shock proteins [42]. Proteasome 
inhibitors have also been shown to prevent Wallerian degeneration induced by axonal 
transection through stabilization of axonal microtubules [43]. The preclinical studies 
supporting the use of proteasome inhibitors to treat cerebral ischemia and the accumulating 
evidence of an anti-inflammatory mechanism of action are addressed below. 

 
 

TREATMENT OF CEREBRAL ISCHEMIA WITH THE  
PROTEASOME INHIBITOR MLN-519 

 
MLN-519 (Millennium Pharmaceuticals Inc., Cambridge, MA, USA) is a synthetic 

analog of clasto-lactacystin β-lactone, derived from the bacterial metabolite lactacystin and 
developed as a small molecule therapeutic agent and potent inhibitor of 20S proteasome 
activity [26]. Several pre-clinical reports have indicated that proteasome inhibitors are 
protective against ischemia/reperfusion-type injuries to organ systems including the heart and 
brain [11,27]. Specifically, recent studies have indicated that MLN-519 is effective in the 
treatment of myocardial reperfusion injury in pigs [44]. The protective effects of proteasome 
inhibition have also been reported in models of focal ischemic brain injury in rodents (Table 
1). Two standard models of experimental stroke are described in Table 1 induced either by 
advancing an intraluminal filament into the brain via the internal carotid artery to induce 
either a transient or permanent middle cerebral artery occlusion (MCAo) [45] or by using an 
embolic occlusion model [46]. Following 90 min of focal cerebral ischemia the proteasome 
inhibitor CVT-634 resulted in significantly smaller brain infarct volumes as assessed 1 and 7 
days post-injury [45] while studies with MLN-519 have indicated the effects of proteasome 
inhibition to extend the treatment window of tissue plasminogen activator in an embolic clot 
model of ischemia/reperfusion brain injury in rats. Several recent studies have also indicated 
the potent neuroprotective effect of MLN-519 in the intraluminal filament model of focal 
ischemic brain injury in rats with a wide therapeutic treatment window of up to 10 hours 
post-injury [1,45,48,49]. Overall, the preclinical neuroprotection profile for treatment of 
ischemic brain injury has been well established with similar results across several 
laboratories. 
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Table 1. Summary of published reports evaluating the neuroprotection efficacy of 
treatment with proteasome inhibitors in rodent models of focal cerebral ischemia 

[middle cerebral artery occlusion (MCAo) 
 

Study Year Drug (mean dose) Model Summary of Treatment Effects 
Buchan et 
al. [45] 

2000 CVT-634  
(50 mg/kg, i.p.) 

90 min MCAo 1 
& 7 day 
recovery 

Reduction of brain infarct volume 

Phillips et 
al. [46] 

2000 MLN-519 
(0.003-0.1 mg/kg, 
i.v.) 

2h MCAo  
24 & 72 h 
recovery 

Reduced brain infarction, improved 
neurological outcome, improved 
electroencephalographic activity, and 
reduction in brain leukocyte 
infiltration. 

Zhang et al. 
[49] 

2001 MLN-519 
(1.0 mg/kg, i.v.) 

embolic 
occlusion 
7 day recovery 

Reduced brain infarction, improved 
neurological outcome, 6 h therapeutic 
window, reduced hemorrhagic 
transformation associated with 
recombinant human tissue 
plasminogen activator treatment, and 
reduction in brain leukocyte 
infiltration. 

Berti et al. 
[71] 

2003 MLN-519 
(1.0 mg/kg, i.v.) 

2h MCAo 
3-72 h recovery 

Reduction in NF-κB reactivity. 
Reduction of ICAM-1 (3h), IL-1β (6-
12h), E-selectin (12-24h), and TNF-α 
(24h) gene expression. 

Williams et 
al. [47] 

2003 MLN-519 
(1.0 mg/kg, i.v.) 

2h MCAo  
24 h recovery 

Reduced brain infarction, improved 
neurological outcome, 6 h therapeutic 
window, 80-90% transient reduction 
of proteasome activity, reduction of 
NF-κB reactivity particularly in 
endothelial cells and leukocytes, 
reduced brain GFAP reactivity, and 
reduction in brain leukocyte 
infiltration. 

Williams et 
al. [1] 

2004 MLN-519 
(1.0 mg/kg, i.v.) 

2h MCAo 
72 h recovery 

Reduced brain infarction, improved 
neurological outcome, 10 h 
therapeutic window, reduction in E-
selectin, ICAM-1, TNF-α, and IL-6 
gene expression, and reduction in 
brain leukocyte infiltration. 

Williams et 
al. [48] 

2005 MLN-519 
(1.0 mg/kg, i.v.) 

2h MCAo 
14 day recovery 

Reduced mortality, reduced brain 
tissue loss, improved neurological 
outcome, and improved weight gain. 
 

ICAM indicates intercellular adhesion molecole; IL, interleukin; NF-κB, Nuclear Factor κB; GFAP 
glial fibrillary acidic protein. 
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MLN-519: Potency/Efficacy 
 
Dose response studies with MLN-519 (0.01-0.3 mg/kg, delivered i.v. at 2 h post-injury) 

indicated a significant treatment effect to reduce core brain infarction by up to 60% as 
evaluated 24 h following transient MCAo in rats [45]. The neuroprotective reduction in brain 
infarct volume was also associated with significant improvements in neurological outcome 
and increase in cortical electroencephalographic activity in the injured brain hemisphere [45]. 
In a subsequent study a higher dose of MLN-519 (1.0 mg/kg), which transiently reduced 
blood proteasome activity by 80-90%, was shown to significantly reduce cortical brain 
infarction and improve neurological outcome as evaluated out to 24 h post-injury even when 
the initial injection was delayed to 6 h post-occlusion [48]. In a study by Zhang et al. [46] 
MLN-519 treatment of embolic stoke in rats was shown to significantly reduce infarct 
volume and improve neurological recovery alone and in combination with the ‘clot-buster’ 
recombinant human tissue plasminogen factor with a therapeutic window also out to at least 6 
h post-injury without inducing hemorrhagic transformation of the infarct (a primary concern 
with the use of clot-dissolving drugs). Based on these pre-clinical reports, the neuroprotective 
effects of MLN-519 were shown to be both dose and time dependent with transient 
reductions in blood proteasome activity to levels shown to be safe in phase I clinical safety 
trials [50]. Additionally, the ability to monitor a patient’s blood proteasome activity level 
provides a surrogate measure of drug activity allowing direct correlation of treatment to 
outcome, which will be a distinct advantage in clinical brain injury trials [36]. 

 
 

MLN-519: Therapeutic Treatment Window 
 
One critical facet of preclinical neuroprotection drug development is the assessment of 

the full therapeutic treatment window of a given neuroprotection compound. Specifically, it 
is important to evaluate the amount of time that can elapse post-injury, in which treatment 
can be delayed, and still significantly improve outcome measures [36]. The optimal 
therapeutic treatment window of MLN-519 (1.0 mg/kg) has been shown to occur with 
delayed injections up to 6-10 h post-injury to improve outcome in brain injured rats out to 3 
days or even up to 2 weeks following MCAo [1,49]. Specifically, core brain infarct volume 
following MCAo was significantly reduced with delayed treatments of MLN-519 beginning 
6, 8, or 10 h after onset of injury and was associated with reductions in neuronal and axonal 
degeneration in the injured brain hemisphere [1]. Following 2 weeks recovery, MLN-519 
treatment (1.0 mg/kg, delivered i.v. at 10, 24, and 48 h post-occlusion) reduced both 
mortality and the volume of brain tissue loss, improved body weight gain, and was associated 
with a superior overall neurological outcome compared to vehicle control animals [49]. 
Overall, MLN-519 has been shown to possess potent neuroprotective properties related to a 
reduction of histopathological brain injury and improved neurological and physiological 
outcome from ischemia/reperfusion brain injury with a wide therapeutic treatment window of 
up to 10 h post-injury. Critically, the 6-10 h therapeutic treatment window of MLN-519 
corresponded to an anti-inflammatory reduction of NF-κB mediated gene expression of 
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cytokines and cellular adhesion molecules, most of which showed peak increases in mRNA 
transcript levels during this acute period (Figure 1). 

 

 

Figure 1. Comparison of the neuroprotective efficacy of MLN-519 to time of peak inflammatory gene 
expression following focal ischemic brain injury in rats. The 6-10 h therapeutic window of MLN-519 
(A, data derived from [1]) corresponds to time period of peak inflammatory gene expression as 
determined by microarray analysis (B) following 2 h of transient middle cerebral artery occlusion in the 
rat (Data derived from [2]). 

 
MLN-519: Safety Profile 

 
The availability of clinical assays to measure blood proteasome activity offer the 

advantage of being able to monitor patients to within safe therapeutic levels of proteasome 
inhibition shown to be neuroprotective in animal models (i.e 40-80% reduction of blood 
proteasome activity) [50] while avoiding potential cellular toxicity associated with complete 
or extended periods of proteasome inhibition [9]. In MCAo injured rats, a single bolus dose 
of MLN-519 (1.0 mg/kg, i.v.) transiently reduces blood 20S proteasome activity by 87-89% 
(measured 1 h post-injection), which returned to control pre-injury levels by 24 h [48]. 
However, it has been established that high concentrations of proteasome inhibitors are toxic 
to cells including neurons [13]. A study by Taglialatela et al. [51] indicated that 
intracerebroventricular injection of a proteasome inhibitor directly into normal rat brain can 
induce DNA fragmentation. Safe therapeutic treatment with MLN-519 may be related to the 
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route of administration studied (i.v.) along with the poor blood brain barrier permeability of 
MLN-519 in normal or brain injured animals [11,45]. In animals, toxicity with proteasome 
inhibition generally results from an extended period of excessive proteasome inhibition (i.e. 
>95% for 24 h or more) [50]. Toxicity following MLN-519 administration does not occur 
until doses reach 8 mg/kg or higher in rats. 

Specific side effects at this dose include gastrointestinal problems and lowering of blood 
pressure [50]. In brain-injured animals, the neuroprotective effects of MLN-519 (1.0 mg/kg) 
did not significantly alter physiological parameters (i.e. blood pressure, heart rate, blood 
gases, or body temperature) following MCAo injury. Overall, the timing of drug 
administration, cell-type affected and dose used may all be important factors in assessing 
effective therapy with proteasome inhibitors. Based on neuroprotective efficacy of MLN-519, 
with effective doses ranging from 0.03-1.0 mg/kg, a safety index (toxic/neuroprotective dose) 
can be estimated to at least 8 or higher. Overall, patients may benefit from transient 
proteasome inhibition protocols shown to be safe and effective in clinical trials. However, 
care providers may want to consider the presence of an active neurodegenerative disease in a 
patient as preclusion to the therapeutic use of proteasome inhibitors due to the potential 
exacerbation of an already dysfunctional UPS-related disease. 

 
 

MLN-519: Clinical Trials 
 
Phase I clinical trials with MLN-519 in normal human volunteers have indicated that 20S 

proteasome activity can be safely reduced by 70-80% (1.6 mg/m2) following a single bolus 
injection [50]. The effects of proteasome inhibition with MLN-519 on blood proteasome 
activity were transient and up to 2 additional doses could be administered at 24 h intervals 
following initial dosing without treatment-emergent symptoms or abnormality of laboratory 
tests [50]. Minor adverse events included a transient altered taste sensation, discomfort in 
injection arm, headache, or flu-like symptoms but were not dose-related and were observed in 
both MLN-519 (28%) and placebo (41%) treated subjects [50]. These clinical data indicate 
that proteasome inhibition is achievable to levels that have been associated with significant 
neuroprotective effects in animal models of brain injury. Given the safety profile of MLN-
519, treatment could potentially be delivered as early as possible during the acute post-injury 
period (i.e. in the home or ambulance by trained medical staff). Thereafter, ‘clot-busters’ such 
as tissue plasminogen activator could be administered, if appropriate, in the hospital. This 
pharmaceutical ‘cocktail’ approach to the treatment of acute brain injury has been proposed 
as a strategy to optimize therapy due to the multitude of physiological factors and molecular 
perpetrators that act in concert towards progression of injury to the brain. In addition, 
therapies that target the more advanced phase of the injury could be used to induce 
regeneration of damaged neural tissue (e.g. growth factors or stem cell therapy) to help 
promote the overall functional recovery of the brain-injured patient. 
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THE PROTEASOME AND NF-ΚB MEDIATED INFLAMMATION 
 
The proteasome plays a key role in the NF-κB-mediated inflammatory response (Figure 

2). The transcription factor NF-κB is constitutively expressed within the cytosol but is 
normally bound to an inhibiting molecule IκB. A variety of inflammatory signals can induce 
the phosphorylation of IκB, targeting it for degradation through the UPS. The release and 
translocation of NF-κB into the nucleus can then stimulate inflammatory gene expression. As 
such, proteasome inhibition represents one method of inhibiting the activation of the NF-κB-
meditated inflammatory response [8,9].  
 

 

Figure 2. Proteasome and the NF-�B pathway. Stimulation of the NF-κB pathway by activation 
signals, such as inflammatory cytokines and reactive oxygen species, activate intracellular IκB kinases. 
IκB kinases induce the phosphorylation and subsequent ubiquitination of the IκB molecule. 
Ubiquinated IκB is then targeted for degradation by the proteasome. Release of constitutively expressed 
NF-κB from its inhibitory molecule, IκB, allows activation and translocation of NF-κB to the nucleus. 
Nuclear NF-κB is responsible for expression of numerous pro-inflammatory genes. 

The activation of NF-κB within the brain has been reported to occur in a variety of CNS 
injury models including spinal cord injury [52], traumatic brain injury [53], and both global 
[54] and focal brain ischemia [55-58]. Following MCAo injury in rats, the activation of NF-
κB has been reported as early as 3 h post-injury and was sustained out to at least 72 h in the 
ipsilateral cerebral cortex and striatum [59]. Based on cellular morphology, early activation 
of NF-κB appears in large multipolar neurons and astrocytes (3 h) while at 12-24 h activated 
NF-κB appears in small round or rod-shaped cells suggestive of infiltrating leukocytes or 
microglia [59]. The activation, nuclear translocation, and DNA binding of NF-κB following 
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experimental ischemic brain injury has been reported in several other studies as well and has 
been implicated in the promotion of brain injury [56,60].  

The inhibition of NF-κB activity has shown therapeutic efficacy in several experimental 
inflammatory disease models including neuronal injury [61]. Mice lacking the p50 subunit of 
NF-κB (p50 knockout) have been reported to have reduced brain injury following focal brain 
ischemia as compared to wild type controls [55]. Inhibition of NF-κB expression with 
pyrrolidine dithiocarbamate reduces the injury associated with focal or global ischemia with a 
post-injury therapeutic window of up to 6 h [58,60]. However, depending on the drug and 
dose used, inhibition of NF-κB can be toxic to the normal [51] or ischemic brain [57]. The 
inhibition of NF-κB in specific cell types may have contrasting effects on outcome due to the 
complex array of molecular events involved in NF-κB signaling and the role of NF-κB 
activation in different cell types [62]. NF-κB activation has also been linked to cerebral 
remodelling and may promote neuroplasticity during the advanced stages of recovery from 
brain injury [63]. A critical factor in assessing the inhibition of NF-κB as a therapeutic 
treatment is to evaluate the toxic versus therapeutic dose range and assessment of cell-
specific activity. Progress towards understanding the role of NF-κB regulation on cell 
physiology is an active area of research and is elegantly reviewed in a series of recent review 
articles [62,64-68]. 

 
 

TREATMENT OF CEREBRAL ISCHEMIA  
WITH MLN-519: MECHANISM OF ACTION 

 
In ischemia/reperfusion injury, such as that encountered during stroke, there are delayed 

biochemical events leading to ‘abnormal’ de novo gene expression and protein synthesis. 
These changes in cellular pathology are marked by increases in activated microglia and 
leukocyte infiltration of neutrophils and macrophages initiated by intra-luminal adhesion 
molecule attachment and diapedesis across the blood brain barrier. As a neuro-inflammation 
causality promoting secondary brain damage in peri-infarct zones this process, which has 
been relatively well defined in both experimental and clinical studies of ischemic brain 
injury, represents a ‘delayed cellular target’ for achieving neuroprotection [69]. Inflammatory 
mediators, including cytokines, adhesion molecules and infiltrating leukocytes all play a 
major role coordinating the pro-inflammatory response to an ischemic event. As such, site-
specific targeting of anti-inflammatory mechanisms through regulation of these inflammatory 
proteins represents an exciting and promising research platform for explorations in 
neuroprotection strategies against cerebral ischemic episodes. In this regard, specific, non-
toxic inhibitors of the 20S proteasome and proteasome-related systems (i.e. NF-κB) with 
compounds such as MLN-519 indeed represent viable opportunities as a stroke therapy [9]. 
Based on pre-clinical evidence, the neuroprotective effect of MLN-519 is strongly associated 
with an anti-inflammatory mechanism of action although other potential mechanisms of 
action have not been ruled out including the direct inhibition of injury-induced protein 
degradation [9]. 
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Inhibition of NF-κB Activity 
 
Proteasome inhibition has been associated with a concomitant reduction in activation of 

the transcription factor NF-κB. For example, MLN-519 has been reported to inhibit the 
formation of NF-κB-DNA complexes in activated T-cells in vitro and a significant dose-
dependent reduction of super antigen mediated T-cell proliferation [70]. Treatment of focal 
cerebral ischemia with MLN-519 has also been directly associated with an attenuation of 
activated NF-κB. A single injection of MLN-519 (1.0 mg/kg, i.v.) given 2 h following a 
MCAo in rats was associated with a significant reduction in immunoreactivity for the 
activated form of NF-κB from 3-72 h following ischemic brain injury as compared to vehicle 
treatment, particularly in endothelial cells [71]. Similarly, in a subsequent study, a 6 h 
delayed injection of MLN-519 reduced optical density of activated NF-κB immunoreactivity 
predominately noted in endothelial cells (47% reduction) and leukocytes (45% reduction) as 
compared to neurons and glial cells (34% reduction) [48]. Two interesting aspects of these 
studies were apparent: (i) NF-κB activation was not completely inhibited with MLN-519 and 
(ii) the inhibitory effect favored vascular cells and peripheral leukocytes over resident brain 
cells (i.e. neurons/glia). This cell-specific effect of MLN-519 is most likely related to the 
poor brain penetrability of MLN-519 [11,46]. 

 
 

Inflammatory Gene Expression 
 
Microarray gene studies of the injured rat brain following transient focal brain ischemia 

have mapped the post-injury expression profile of multiple inflammatory genes post-injury. 
In particular, a host of pro-inflammatory cytokines, chemokines and cellular adhesion 
molecules are upregulated with the peak expression levels between 4-24 h post-injury [2,59]. 
Direct evidence has indicated that several of these pro-inflammatory markers are toxic to 
cells and can promote cell death although the role of inflammation in brain injury is still 
controversial [41,72]. However, several preclinical studies have indicated the therapeutic 
efficacy of treatment of brain injury with anti-inflammatory agents [31,41]. 

A wide selection of anti-inflammatory drugs are currently available that target one or 
more mediators of the inflammatory cascade. However, treatment of brain-injured subjects 
with anti-inflammatory agents aimed at reducing injury severity may not be optimal. One 
potential complication is related to the redundancy in function of the multitude of mediators 
involved in inflammation [41]. In response, recent approaches have focused on modulation of 
transcriptional factors, such as NF-κB, that control the gene expression of multiple pro-
inflammatory molecules [55]. The use of compounds such as proteasome inhibitors is one 
method to block the activation of NF-κB and reduce expression of a host of inflammatory 
genes, representing a novel approach to treatment of ischemic brain injury [8-10,22].  

MLN-519 treatment of MCAo injury in rats has been associated with an attenuation of 
the increase in both cytokine and cell adhesion molecule expression (Figure 3). MLN-519, 
delivered 2 h post-MCAo, reduced IL-1β expression from 6-24 h (33-43% decrease) but 
appeared to have little effect on the expression of TNF-α and IL-6 although a slight but 
significant reduction of TNF-α was measured at 24 h [71]. Immunohistochemical staining for 
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each of these cytokines revealed a strong presence in perivascular cells [71]. Interestingly, by 
delaying the initial injection of MLN-519 to 6 h post-injury, significant reductions were 
measured in both TNF-α (46%) and IL-6 (58%) at 24 h post-injury [1]. It appears that 
delaying the initial post-injury injection of MLN-519 corresponds to a differential effect on 
cytokine expression as compared to injections initiated at the time of reperfusion (2 h). 
Importantly, however, a 6 h delayed injection of MLN-519, which corresponds to the time of 
peak cytokine expression, was still able to significantly reduce inflammatory gene mRNA 
levels and was associated with a neuroprotective outcome. Other models of inflammatory 
disorders have also indicated the therapeutic efficacy of proteasome inhibitors to reduce 
inflammatory gene expression [11]. In particular, in a model of streptococcal induced 
polyarthiritis in rats, significantly lower serum levels of the pro-inflammatory factors IL-1 
and IL-6 were measured in PS-341 treated rats as compared to the increase in these factors 
measured following vehicle treatment [73]. 
 

 

Figure 3. Reduction of inflammatory gene expression with MLN-519. Effect of MLN-519 treatment 
(1.0 mg/kg, delivered i.v. starting 6 h post-occlusion) on cytokine and cell adhesion molecule mRNA 
expression after 2 h of transient middle cerebral artery occlusion in the rat. (Data derived from report by 
[1]). 

Similar to the effects on cytokine expression, a 2 h delayed injection of MLN-519 was 
associated with dramatic decreases in the cellular adhesion molecule mRNA expression of 
ICAM-1 at 3 h post-injury, while E-selectin was decreased at 12 and 24 h as compared to 
vehicle treated animals [71]. Reductions in ICAM-1 (58%) and E-selectin (72%) were also 
verified at 24 h post-injury with a 6 h delayed injection of MLN-519 [1]. 
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Immunohistochemical staining of these cellular adhesion molecules indicated expression was 
predominately within infiltrating leukocytes and endothelial cells [71]. 

 
 

Inflammatory Cell Infiltration 
 
The upregulation of pro-inflammatory cytokines, chemokines, and cellular adhesion 

molecules following brain injury has been linked to formation of cerebral edema and 
infiltration of inflammatory cells into the injured brain [74-76]. The resulting diapedesis of 
inflammatory cells involves the interaction of several cell surface molecules under control of 
NF-κB including integrins, selectins, and members of the immunoglobulin superfamily 
(IgCAM). Cell permeable inflammatory messengers such as chemokines are released from 
the injured brain and attract circulating peripheral leukocytes to the injured endothelium 
where they bind newly expressed P- and E-selectin. The interaction between cell surface 
integrins and IgCAMs then promote the diapedesis of peripheral leukocytes across the blood 
brain barrier and into injured brain regions where they participate in the neuro-inflammatory 
process [74,75].  

Neuronal injury following an ischemic attack can evolve over several hours to days post-
injury [77,78]. Strong evidence now exists indicating that active, delayed injury processes are 
involved in, and ultimately determine, the eventual degree of cell survival following injury 
[39]. The injury-induced inflammatory response is a complex and multi-step process 
involving inflammatory gene upregulation, release of chemotaxic agents into the blood 
stream, and eventual activation/recruitment of peripheral leukocytes to the site of injury. 
Diapedesis of inflammatory cells into the injured brain begins with an initial phase of 
neutrophil infiltration, which peaks at 24 h post-injury, followed by macrophage infiltration 
at 72 h post-injury [78]. Inflammatory cells not only dispose of cellular debris but also are a 
major source of post-injury toxins including reactive oxygen species and pro-inflammatory 
cytokines [41]. Microvascular occlusion may also occur due to the intravascular collection of 
inflammatory cells around the site of injury [75]. Although inflammatory cell-mediated 
phagocytosis is inherent to the natural healing process, pro-inflammatory molecules can 
promote further injury to the vulnerable penumbral regions that surround an ischemic lesion 
in a ‘feed-forward’ process of inflammatory cell-mediated injury [41,54].  

Proteasome inhibitors have shown efficacy in reducing inflammatory cell infiltration in a 
variety of inflammatory-related disorders. Reduction of inflammatory infiltrate has been 
observed following streptococcal induced polyarthiritis in rats when the proteasome inhibitor 
PS-341 was administered after onset of the disease and was associated with minimal 
degradation of articular cartilage of the joints [73]. In an animal model of pulmonary 
eosinophilia induced by allergen exposure, intratracheal administration of MLN-519 induced 
a significant dose-dependent reduction of leukocytes in lung lavage fluid [79]. MLN-519 has 
also been shown to decrease CNS infiltration of T-cells in a mouse model of autoimmune 
encephalomylelitis (an experimental model of multiple sclerosis) and was associated with an 
improvement in clinical disease score with fewer relapses [80]. Additionally, MLN-519 has 
been reported to significantly reduce the inflammatory infiltrate of lesional human plaque-
stage psoriasis skin grafts in mice [70]. 



Anthony J. Williams, Jitendra R. Dave, Peter Elliott et al. 1006 

Treatment of ischemic brain injury with proteasome inhibitors has also been shown to 
affect the diapedesis of cells into the injured brain. An interesting aspect of treatment with 
proteasome inhibitors is that different cell types may react differently to proteasome 
inhibition particularly following injury [81]. For example, the sensitivity of human 
endothelial cells to proteasome inhibition increases 10-fold following exposure to hypoxic 
conditions [82]. Studies evaluating the treatment effects of MLN-519 following rat MCAo 
injury have repeatedly indicated the neuroprotective reduction in brain infarction is 
associated with a reduction in both neutrophil and macrophage infiltration in both cortical 
and subcortical brain regions with up to a 10 h delayed injection of MLN-519 [1,45,83]. 
Overall, MLN-519 treatment reduced neutrophil infiltration by 36-60% as evaluated 24 h 
post-injury [45,48] and reduced both neutrophil (32-79%) and macrophage (up to 32-80%) 
infiltration as evaluated at 72 h post-injury [1,45]. Similarly, following embolic stroke in rats, 
significant reductions in inflammatory cells were also observed with delayed injections of 
MLN-519 (initiated 2, 4, or 6 h post-injury) [46]. This dramatic effect of MLN-519 treatment 
on inflammatory cell infiltration may be directly related to reducing endothelial cell-induced 
attraction of peripheral leukocytes, providing a key anti-inflammatory mechanism of action 
related to the improved outcome following experimental cerebral ischemia.  

 
 

CONCLUSION 
 
Based on experimental data, the proteasome appears to play a crucial role in the 

progression of several different disease states including CNS disorders. In many cases, 
neurodegenerative disorders are associated with a loss of function of proteasome activity or 
the UPS in general. These types of disorders may benefit from strategies to reestablish normal 
levels of proteasomal activity. However, the proteasome is also a therapeutic target in several 
types of disease due to the role it plays in promotion of the aberrant gene expression 
associated with disease progression. Pre-clinical data supports the use of proteasome 
inhibitors to treat inflammatory related disorders such as injury to the CNS due to cerebral 
ischemia. In fact, the proteasome inhibitor MLN-519 appears to provide an excellent 
therapeutic window for the treatment of ischemia/reperfusion brain injury in rats. The 
neuroprotective effects of MLN-519 have been associated with an improvement in 
histopathological and functional recovery with a 6-10 h therapeutic treatment window with 
no significant detrimental changes observed in physiological parameters between vehicle and 
drug-treated animals. MLN-519 treatment also correlated to a reduction in blood proteasome 
activity by 80-90% with a dosing schedule shown to be safe in normal, healthy human 
volunteers.  

The mechanism of action of proteasome inhibition to treat ischemic brain injury appears 
to involve an anti-inflammatory effect via reduction of NF-κB mediated inflammatory gene 
expression. MLN-519 treatment has been shown to reduce activated NF-κB 
immunoreactivity, attenuate inflammatory gene expression, and reduce infiltration of 
inflammatory neutrophils and macrophages in the injured rat brain. Additionally, the 6-10 h 
therapeutic window of MLN-519 correlates well to peak increases in cytokine and cellular 
adhesion molecule mRNA upregulation. As such, one of the primary mechanisms of action of 
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MLN-519 in ischemic brain injury may involve the inhibition of cellular adhesion molecule-
mediated infiltration of peripheral inflammatory cells into the brain, which represents a 
potentially ‘non-neuronal’ mechanism of neuroprotective activity. Overall, pre-clinical brain 
injury studies support the therapeutic use of proteasome inhibitors, which represent a new 
approach for the treatment of CNS disorders such as clinical stroke through attenuation of the 
inflammatory-mediated neuropathology associated with ischemia/reperfusion injury to the 
brain. The superior neuroprotective treatment profile of novel compounds such as MLN-519 
to treat brain injury may ultimately play a key role, alone or in conjunction with other drug 
therapies, as part of an overall therapeutic regiment to promote recovery of the brain-injured 
patient. 
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ABSTRACT 
 

The proteasome is an enzyme, which is present within all cells, from yeast to 
humans. It has a central role in the proteolytic degradation of the vast majority of 
intracellular proteins. Among the key proteins modulated by the proteasome are those 
involved in controlling inflammatory processes, cell cycle regulation, and gene 
expression. Agents that inhibit the proteasome have been shown to be active in numerous 
animal models of inflammation and cancer. Two proteasome inhibitors are under clinical 
evaluation. MLN-519 is being studied for the treatment of reperfusion injury that occurs 
following cerebral ischemia and myocardial infarction. The other, Bortezomib 
(Velcade®), has recently been licensed for the clinical treatment of multiple myeloma. It 
is also undergoing further evaluation for the treatment of chronic lymphocytic leukemia 
and a variety of solid tumors. The proteasome may also have an important role in the 
evolution of HIV-related disorders including AIDS and inflammatory disorders. 
Therapeutic strategies using proteasome inhibitors for the treatment of these conditions 
have now entered preclinical development. MLN-519 is a small-molecular-weight 
lactacystin analogue developed by Millenium (LeukoSite) for the potential treatment of 
inflammatory disease and stroke using a novel ubiquitin proteasome enzyme inhibitor 
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approach. The reperfusion that follows an ischemic event provides both positive and 
negative factors that affect the overall outcome of the cerebral tissue. The ischemic 
endothelium upregulates the expression of cell adhesion molecules, which then attract the 
circulating leukocytes. Once bound to the endothelium, these cells diapedese into the 
tissue and are responsible for the destruction and much of the subsequent tissue damage. 
MLN-519 attenuates the expression of these cellular proteins, reduces the invasion of 
leukocytes and hence limits tissue damage. MLN-519 has demonstrated a 
neuroprotective effect in rat models of middle cerebral artery temporary occlusion. 
MLN-519 reduces infarct volume, brain edema and increases neurological recovery with 
a reported therapeutic window of at least 6-hours. These effects are associated with a 
temporary reduction of circulanting 20S proteasome activity (70-80%), with a reduced 
leukocyte infiltration and decreased nuclear factor-κB activation. Similar protective 
results have also been reported in experimental myocardial infarction models in rats and 
pigs: MLN-519 protects cardiac tissue from ischemia and maintains its functionality as 
demonstrated by preserved left ventricular developed pressure and contractile function. 
These data demonstrate substantial clinical value, since many patients are admitted to the 
hospital hours after the stroke or heart attack has occurred and reperfusion has begun. 
That inhibition of the proteasome can be of benefit under these clinically-relevant 
conditions demonstrates their potential in these common life-threatening diseases. An 
explorative phase I trial has demonstrated that MLN-519 is well tolerated by healthy 
subjects at levels that are maximally neuroprotective in experimental conditions. It is 
currently undergoing further evaluation for clinical trials in acute stroke and myocardial 
infarction. 
 

Keywords: Proteasome inhibitors, NF-κB, Neuroinflammation, Stroke. 
 
 

ABBREVIATIONS 
 
6-OHDA, 6-hydroxyl dopamine; AD, Alzheimer’s disease; AMC, 7-amino-4-methyl-

coumarin; BBB, blood-brain barrier; ChTL, chymotrypsin-like; EEG, electroencephalogram; 
eNOS, endothelial nitric oxide synthase; ER, endoplasmic reticulum, ERAD, ER-associate 
degradation; hsp, heat shock proteins; HD, Huntington´s disease; HIV, human 
immunodeficiency virus; IAP, inhibitor of apoptosis proteins; ICAM, intracellular adhesion 
molecule; IκB, inhibitory-κB; IKK, IκB kinase; IL, interleukin; MCAo, middle cerebral 
artery occlusion; MM, multiple myeloma; NF-κB, nuclear factor κB; PD, Parkinson’s 
disease; PGPH, peptidylglutamyl peptide-hydrolyzing; PSI, Cbz-Ile-Glu (O-t-Bu)-Ala-
leucinal; RT-PCR, real time polymerase chain reaction; TAT, tyrosine amino transferase; TL, 
trypsin-like; TNF –α, Tumour Necrosis Factor–α, UPS, ubiquitin proteasome system; 
VCAM-1, Vascular Cell Adhesion Molecole-1.  

 
 

INTRODUCTION 
 
Protein homeostasis is critical to several biological processes and the ubiquitin 

proteasome system (UPS), which processes more than 80% of all cellular proteins, is the 
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principal mechanism for degradation of proteins. It plays an essential role in regulating the 
intracellular concentration of specific proteins, thereby maintaining homeostasis within the 
cells. The UPS controls global protein degradation rates and the precisely timed degradation 
of regulatory proteins, such as cyclins, transcription factors and oncogene products (which 
are important in cancer and inflammatory disorders) [1-3]. Therefore, targeting the regulation 
of protein production and destruction has been a major focus of drug research [4-6]. 
Accordingly, the proteasome has emerged as an attractive target for drug discovery. The 26S 
proteasome is a large multi-catalytic protease, which has a major role in intracellular 
proteolysis [7]. It is present within all eukaryotic cells and its function has now been 
recognised as being crucial for cellular function. The proteasome protects the cell against 
oxidative stress, and prevents the accumulation of redundant and damaged proteins. 
Dysfunction of the proteasome has been implicated in the pathogenesis of neurodegenerative 
conditions like Parkinson’s (PD) and Alzheimer’s Disease (AD) [8]. However, inhibition of 
the proteasome has also been shown to be beneficial in the treatment of certain cancers and 
inflammatory conditions [9,10]. Inhibition of the 26S proteasome prevents this targeted 
proteolysis, which can affect multiple signalling cascades within the cell. Manipulating both 
the global proteolysis rates and the degradation of particular substrates are both attractive 
goals for drug design [4,5]. This chapter will review the expanding role of the presently 
available proteasome inhibitors and their potential clinical uses in the treatment of nervous 
system diseases. 

 
 

THE UBIQUITIN-PROTEASOME SYSTEM 
 
Current research has focused on the UPS and its role in the pathophysiology of disease 

processes [11]. Significant advances have been made in the scientific understanding of the 
fundamental importance of the UPS in processes beyond the proteolytic degradation of 
damaged, oxidised, or misfolded proteins. In nonclinical studies, targeted degradation of key 
regulatory proteins by the 26S proteasome has been shown to be involved in controlling the 
cell cycle, transcription, apoptosis, angiogenesis, cell migration, and metastasis. Several in 
vitro studies have shown that inhibition of the proteasome affects the temporal stability of 
various cell-cycle regulatory proteins, especially those that are short lived. Cyclins, cyclin-
dependent kinase inhibitors, and tumour suppressors have all been shown to be substrates for 
the UPS (Table 1). Inhibiting the degradation of regulators such as p27, p21, and p53 has 
been implicated as a mechanism by which proteasome inhibition impairs tumour cell growth 
and survival. The role of the proteasome in cell cycle regulation has provided the opportunity 
for exploring the therapeutic potential of proteasome inhibition. 

The UPS regulates the action of transcription factor Nuclear Factor–κB (NF-κB) and this 
has been an important target for therapeutic drug research [10]. NF-κB is an inducible 
transcription factor of the Rel family, sequestered in the cytoplasm by the IκB family of 
proteins. NF-κB exists in several dimeric forms, but the p50/p65 heterodimer is the 
predominant one [12]. NF-κB, in its inactive form, is normally complexed to the inhibitory 
protein, inhibitory-κB (IκB) and the complex is sequestered in the cytoplasm, preventing NF-
κB mediated gene transcription. Phosphorylation of IκB by IκB kinase (IKK) leads to 
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activation of NF-κB [13]. Phosphorylated IκB is then ubiquitinated, and subsequently 
undergoes degradation by the proteasome [14]. In response to stimuli, IκB is phosphorylated, 
resulting in its ubiquitination and subsequent degradation by the proteasome. NF-κB is 
thereby released and is rapidly translocated to the nucleus, where it promotes transcription of 
genes encoding cytokines [e.g. tumour necrosis factor (TNF-α), interleukin-1 (IL-1), IL-6], 
stress response factors (e.g. cyclooxygenase-2, nitric oxide, 5-lipoxygenase), cell cycle 
regulators, and cell adhesion molecules (e.g. ICAM-l, VCAM-l, E-selectin). Activation of 
NF-κB also increases expression of anti-apoptotic proteins such as IAP-l and IAP-2 and the 
Bcl-2 family [15]. Proteasome inhibition has therefore been an attractive target for drug 
research in an attempt to reduce NF-κB activation by preventing IκB degradation, thus 
resulting in a dampening of the inflammatory response [16,17]. Activation of the 
transcription factor NF-κB can occur when cells are stimulated by cytokines, antigens, 
oxidative triggers, and cell-cell contact. The role of NF-κB in stimulated cells is to promote 
transcription of proinflamamtory genes, including cytokines, cell adhesion molecules, and 
pro-angiogenic molecules. It also suppresses apoptosis in favour of cell growth and 
migration. 
 
Table 1. Proteins targeted by the ubiquitin-proteasome pathway in non-clinical studies 

 
Class of Proteins Protein Protein function 
Cyclins and related 
proteins 

Cyclins A, B, D, E  Cell-cycle progression 

 Cyclin-dependent (CDK) 
inhibitors (p27, p21) 

Regulation of cyclin kinase 
activity 

Tumour suppressor p53 Transcription factor 
Oncogenes c-fos c-jun These are two different 

transcription factors which 
form a complex; they are also 
proto-oncogenes 

 c-myc Transcription factor 
 N-myc Transcription factor 
Inhibitory proteins IκB Inhibitor of NF-κB 
 p130 Inhibitor of E2F-l 
Enzymes cdc25 phosphatase  Phosphatase 
 Tyrosine amino transferase 

(TAT) 
Tyrosine metabolism 

 
Aberrant NF-κB signalling is an important feature of several neurological disorders like 

stroke, epilepsy, amyotrophic lateral sclerosis, AD, PD, and Huntington´s diseases (HD). 
Traumatic brain and spinal cord injuries can also be classified as neurodegenerative. Insult to 
the brain or spinal cord in these disorders induces a cascade of signalling events that 
stimulate NF-κB activation in neurons, and injury responsive glial cells [12]. In ischemic 
brain injury (lack of oxygen in brain leading to neuronal death), which can result in a stroke, 
the activity of NF-κB is found to be very high. For example, NF-κB (p50) activation has been 
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reported to enhance ischemic neuronal death [17]. In the case of epileptic seizures, NF-κB 
activity has been found to be rapidly increased in hippocampal neurons within 4-16 hours 
following kainite-induced seizures [18,19]. In rat models of traumatic injury, levels of NF-κB 
activity are increased in cerebral cortex within hours of the insult [20]. NF-κB activity has 
been shown to be increased in certain chronic neurodegenerative disorders like AD, PD, HD, 
and multiple sclerosis [20]. By inducing the production and release of inflammatory 
cytokines, reactive oxygen molecules and excitotoxins, activation of NF-κB in microglia and 
astrocytes may contribute to neuronal degeneration. However, activation of NF-κB in 
neurons can also promote their survival by inducing the expression of genes encoding anti-
apoptotic proteins such as Bcl-2 and the antioxidant enzyme Mn-superoxide dismutase. 

From the above information, it is clear that NF-κB is an important transcription factor 
involved in a range of neurological disorders. Its activation and regulation in different disease 
states is variable, in a sense that it may be important in the generation of pathogenesis, or it 
may itself be activated by disease specific proteins. Hence, if the regulation of NF-κB can be 
selectively controlled, most of these disease processes can be dealt with at a very early stage, 
when they are more dependent upon cellular factors induced by NF-κB. The degradation of 
IκB after its phosphorylation is an important event in the activation of NF-κB. Thus, with the 
knowledge of the molecular mechanisms involving ubiquitination and proteasome dependent 
degradation, mentioned above, some proteasome inhibitors have been developed in an 
attempt to modify the NF-κB – proteasome pathway. 

 
 

THE PROTEASOME AS A THERAPEUTIC DRUG TARGET 
 
The proteasome is an abundant multi-enzyme complex that is involved in the degradation 

of intracellular proteins (see Chapters 6 and 7). Intracellular levels of a vast number of 
different proteins are regulated by polyubiquitination and subsequent turnover mediated by 
the proteasome. Interference with proteasome function therefore leads to disturbances in a 
variety of cellular activities. The 26S proteasome is formed by a core 20S barrel-shaped 
structure [21]. This is made up of 7 different α and 7 different β sub-units, which are 
arranged into four stacked heptameric rings. The two outer α rings sandwich the inner core 
composed of two β rings. The α-subunits provide stability to the proteasome, while the 
proteolytic sites of the proteasome are located within the individual β-subunits. Each 
enzymatic site is directed towards the centre of the 20S complex. The regulatory 19S 
complex (or PA700) caps each end of the 20S core and controls substrate entry into the 
proteasome. Substrates enter through narrow openings of the outer rings of the 20S 
proteasome, and must be inserted within the central chamber formed by the β inner core in 
order to be degraded [7]. This view may be oversimplified, since there are now emerging 
examples of regulation at the level of proteasome and specific substrate recognition mediated 
by ubiquitin- and proteasome-binding adaptor proteins such as Rad23 [22]. 

The substrate protein is initially targeted by the enzyme ubiquitin ligase E3, which 
ubiquitinates the protein (see Chapter 3 and [23]). Further ubiquitin molecules are 
subsequently added to create a polyubiquitin chain. The 19S complex contains the ubiquitin 
recognition sites and this regulates protein entry into the 20S core. The polyubiquitinated 
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protein binds to the 19S sub-unit, which cleaves the ubiqutin chain using ATPases, and sends 
the unfolded protein into the proteasome core for processing. The β-rings have three active 
sites having chymotrypsin-like (ChTL), trypsin-like (TL), and peptidylglutamyl peptide-
hydrolyzing (PGPH like or caspase–like) activities. These proteolytic sites degrade the 
substrate protein into smaller peptide chains. Cleavage of the protein occurs by nucleophilic 
attack by an N-terminal threonine residue from the β sub-units [24].  

Proteasome inhibitors have been designed to target these enzymatic sites, and most 
interfere with the ChTL activity of the proteasome [25,26]. The proteasome inhibitors 
comprise five important classes of chemical agents: peptide aldehydes, peptide vinyl 
sulfones, peptide boronates, peptide epoxyketones, and β-lactones. The role of these drugs 
have been investigated for potential clinical treatments [10,27]. Several drugs targeting the 
proteasome are currently in preclinical and clinical testing (Table 2) (see Chapter 40).  
 

Table 2. Drugs targeting the proteasome currently in preclinical and clinical testing 
 

Reagent Principle Company/Reference Experimental Effects Clinical Trial/Status 
Bortezomib 
(Velcade®, 
PS-341) 

Dipeptide 
boronic acid  

Millennium  Stabilization of cell-
cycle and 
proapoptotic proteins, 
inhibition of 
antiapoptotic proteins, 
effects on tumor 
microenvironment 

FDA approved for 
relapsed and 
refractory multiple 
myeloma, ongoing 
trials for several 
tumors 

MLN519 
(MLN-519) 

Lactacystin 
derivative 

Millennium Potent anti-
inflammatory and 
neuroprotective 
effects 

Phase 1, intended for 
acute stroke and 
myocardial infection 

Epoxomicin, 
Eponemycin 

Streptomyces 
epoxyketones 

Meng et al., 1999 
[28,29] 

Cytotoxic effects in 
various tumor cells 

Preclinical 

Nitrophenyl 
trileucine 
vinyl sulfone 

Trileucine 
vinyl sulfone  

Bogyo et al., 1997 
[30] 

Irreversible inhibition 
of trypsin- and 
chymotrypsin-like 
proteasome activities 

Preclinical  

Ritonavir Peptidomimeti
c protease 
inhibitor 

Abbott HIV protease 
inhibitor, also inhibits 
chymotrypsin-like 
activity of proteasome 

Approved for AIDS, 
phase 2 studies in 
tumor patients to be 
started 

Companies: Abbott Laboratories (www.abbott.com), Millennium Pharmaceuticals, Inc-
(www.mlnm.com). 

 
Due to the importance of the UPS one can foresee that a proteasomal inhibitor would be 

a toxic agent not suitable for drug development; however different in vitro cell lineages 
display an astounding variation in the degree of sensitivity to proteasome inhibitors. 
Moreover, the potent proteasome inhibitor bortezomib (Velcade®) manufactured by 
Millennium Pharmaceuticals is relatively well tolerated by human patients while it is an 
effective killer of different cancer cells [31,32] The main focus of research in neurological 
disease has been on the treatment of neuroinflammation associated with cerebrovascular 
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disease [33]. However, targeting the proteasome may not be sufficient to inactivate the NF-
κB pathway and more specific inhibitors targeting the ubiquitin ligases [E3] are currently 
being researched [34]. The great advantage of such drugs is their enormous specificity 
intrinsically related to the ubiquitination mechanism, which relies on the enormous variety of 
different E3s, many of them specialized only to ubiquitinate just a very limited subset of 
substrates. For example, MDM2 is the ubiquitin ligase which ubiquitinates itself and the 
crucial tumor suppressor p53 and therefore may be a target for cancer drug design [35] while 
inhibition of SCFβTRCP or other E3s which ubiquitinate IkBα may therefore be a suitable 
target for anti-inflammatory drugs [36]. The design of E3-specific inhibitors pose a great 
challenge and has not yet gone beyond early laboratory work [34]. 

 
 

NF-ΚB AND CEREBROVASCULAR DISEASE 
 
Neuroinflammation has been recognised as an important component in the 

pathophysiology of acute cerebrovascular disease [37]. Acute stroke results in the activation 
of an inflammatory cascade, which can lead to increased cerebral infarct size and worsen 
clinical outcome [38,39]. Various inflammatory mediators have been implicated in this 
inflammatory process and therapeutic agents are being researched in an attempt to modify 
this damaging response. Animal models of acute ischemic stroke have shown increased NF-
κB activity and this has been identified as an important common pathway in 
neuroinflammation [17,40]. NF-κB triggers the release of interleukins (IL-1, IL-6), TNF-α 
and cell adhesion molecules (CAM’s) [41]. The formation of reactive oxygen species and 
TNF-α itself results in further activation of NF-κB [42]. This leads to neutrophil infiltration 
and these inflammatory mediators are important in the progression of acute stroke [43].  

Levels of IL-1 rapidly rise during the acute phase of stroke, and can remain elevated for 
several days [44]. Studies using IL-1 receptor antagonists have shown a reduction in infarct 
size in rat models of stroke [45]. TNF-α levels also rise after stroke and can persist for up to 
5 days [46]. Overexpression of TNF-α receptors also occurs during acute ischemic stroke 
[47]. Intracerebral administration of TNF-α prior to middle cerebral artery occlusion (MCAo) 
significantly enlarges infarct size [48]. However, TNF-α may have beneficial effects during 
the recovery phase of stroke in cerebral re-modelling. IL-6 levels also rise during the acute 
period of stroke and again correlate with larger infarct size and poor clinical outcome [39]. 
IL-6 and TNF-α further trigger the activation of iNOS and COX-2 enzymes which are also 
implicated in neuronal damage [49]. Leucocyte infiltration of the cerebral tissue also occurs 
as part of the neuroinflammatory response [50]. This requires the interaction of CAM’s and 
chemokines. This allows the leucocytes to roll along the endothelium which then undergo 
diapedesis [51]. Animal models of stroke have shown a strong correlation between CAM’s 
and cerebral infarct size [52]. Anti-ICAM treatment, so far, has been unsuccessful in patients 
with acute ischemic stroke. The Enlimomab study used a monoclonal antibody against 
ICAM-1, which was administered within 6 hours of ischemic stroke onset [53]. The 3-month 
outcome mortality data and adverse events were worse in the enlimomab group and it 
appeared that there may have been a pro-inflammatory response. 
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In an attempt to modify release of all these inflammatory mediators a central upstream 
target has been extensively researched. NF-κB inactivation is an attractive therapeutic option 
and proteasome inhibitors are being tested in the treatment of acute stroke. However, NF-κB 
action may be beneficial during the recovery phase of stroke and in cerebral re-modelling 
[12]. Therefore detailed evaluation of any drug would be required. 

 
 

PRE-CLINICAL STUDIES 
 
Most pre-clinical stroke studies have been performed on MLN-519, an analogue of 

lactacystin [54]. Lactacystin is a bacterial metabolite, which was the initial lead compound 
found to have proteasomal inhibition activity (a) (Figure 1). Lactacystin acts via a β-lactone 
ring intermediate called clasto-lactacystin-β-lactone (b). The β-lactone ring reacts with the 
active site of the proteasome and it mainly inhibits the chymotrypsin-like activity [55]. The 
β-lactone intermediate irreversibly reacts with the threonine hydroxyl group of the active site 
[56]. The proteasome inhibitor MLN-519 is also based around the clasto-lactacystin-β-
lactone strucure; (1R – [1S, 4R, 5S] – 1 – (1 – hydroxy – 2 – methylpropyl) – 4 – propyl – 6 – 
oxa – 2 – azabicyclo [3.2.1] heptane – 3, 7 – dione) (c). Again, the β-lactone ring is the active 
part of MLN-519, which forms a covalent bond with the threonine hydroxyl group of the 
proteasome enzymatic site [26]. 
 

 

Figure 1. Structures of (a)-lactacystin, (b) clasto-lactacystin-β-lactone , and (c) MLN-519. 

Pre-clinical studies in rat models of acute ischemic stroke have shown a reduction in 
cerebral infarct volume after treatment with MLN-519. MCAo rat models were treated with 
an intravenous infusion of MLN-519, 2 hours after the onset of acute ischemia. MLN-519 
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doses ranging from 0.01mg/kg to 0.3 mg/kg were shown to significantly reduce cerebral 
infarct volumes from 183±42 mm3 to 138±30mm3, respectively. Dose response analysis of 
infarct volume at 24hrs showed that neuroprotection approached 50-60% with the highest 
doses (0.1mg/kg to 0.3mg/kg). Evaluation of the rats using electroencephalogram (EEG) and 
assessment of neurological function showed significant improvements after treatment with 
MLN-519. Neutrophil infiltration was also significantly decreased in infarcted tissue by up to 
70%. Further studies have shown that MLN-519 significantly reduces neutrophil infiltration 
via inhibition of the NF-κB – proteasome pathway [54]. Analysis of inflammatory mediators 
showed significant reductions in ICAM and E-selectin levels. Immunohistochemical analysis 
showed that the drug was most active within the endothelial cells and leucocytes [57]. 

The use of thrombolytic therapy in the treatment of acute ischemic stroke is being 
increasingly used in acute stroke units [58]. Patients presenting within three hours of 
symptom onset, and with no contraindications to treatment, can be treated with recombinant 
tissue-plasminogen activator (rt-PA). The use of neuroprotective agents in combination with 
rt-PA is an attractive option in an attempt to minimise cerebral tissue damage. MLN-519 in 
combination with rt-PA showed significant reductions in cerebral infarct volumes in rat 
models of MCAo [59]. Combination treatment given up to 6 hours post-ischemia 
significantly improved neurological recovery and reduced infarct volume. There was no 
increased incidence of hemorrhagic transformation in the combined treatment groups, 
compared with controls and MLN-519 alone. 

This may therefore be an attractive treatment combination to consider for future clinical 
trials [60]. Rat models of stroke have also shown that NF-κB plays an important role in peri-
lesional inflammation associated with intracerebral hemorrhage [61]. Therefore proteasome 
inhibition treatment may be beneficial in both acute ischemic and hemorrhagic stroke. The 
promising results of MLN-519 in pre-clinical stroke animal models has led to clinical trials of 
this drug. 

 
 

CLINICAL STUDIES 
 
The Phase I study of MLN-519 was performed on healthy male volunteers [62]. This 

study was a randomised double-blind placebo-controlled trial. It was designed to provide 
initial safety, tolerability and pharmacodynamic data on MLN-519 in humans. The initial 
study looked at ascending single bolus doses of MLN-519, in order to establish a therapeutic 
dose range. This was followed by a multi-dose study, when single bolus doses of MLN-519 
were administered over three consecutive days at 24-hour intervals. The primary end-points 
were the effects of MLN-519 on blood 20S proteasome inhibition and drug toxicity. The aim 
was to achieve maximal dosing at 80% proteasome inhibition.  

In pre-clinical drug safety studies MLN-519 toxicity was seen in doses above 8 mg/kg. 
Gastro-intestinal side effects, weight loss and possible blood pressure lowering was observed 
in rat studies. These effects were noted when proteasome inhibition was > 95% for extended 
periods of time (>24hrs). In vitro studies of MLN-519 showed the development of 
neurotoxicity in spinal neurons after 24hr incubation [63]. Little toxicity was observed at 
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80% proteasome inhibition and therefore this level was the target for maximal dosing with 
MLN-519 [62].  

The maximal pharmacodynamic effect of MLN-519 in this phase I study was observed at 
approximately 1 hour post-dosing. The single dose study investigated doses ranging from 
0.012 mg/m2 to 1.6 mg/m2. The maximal dose tested (1.6 mg/m2, ~0.267 mg/kg) reduced the 
proteasome activity in circulating whole blood cells from 1.31 to 0.60 nmol/AMC/s/mg 
protein (~54%) [62,64]. The triple-dosing study used doses between 0.5 mg/m2 to 1.6 mg/m2. 
Male subjects in 17 groups of four were randomly assigned to receive a bolus dose of MLN-
519 or placebo. Within each group three subjects received the drug and one placebo. Up to 
80% blood 20S proteasome inhibition was achieved with the maximal dose of MLN-519, at 
1.6 mg/m2 (Figure 2). There were no significant changes in biochemical or hematological 
parameters observed. ECG and hemodynamic monitoring were normal. There were no drug 
dose related side effects. Minor side effects were transient and noted only on drug 
administration – altered test sensation and discomfort in the injection arm. There were no 
significant differences noted between the treatment and placebo groups, suggesting the 
symptoms were associated with the diluent and not the drug. 
 

 

Figure 2. Single dose MLN-519 and 20S proteasome activity with incremental dosing. Maximum 
proteasome inhibition was achieved at 1-hour post-dosing. Approximately 80% proteasome inhibition 
was achieved with the highest dosing of 1.6 mg/m2. Proteasome activity returned to within normal 
limits at 24 hours post-dosing. (Copyright permission: Shah IM et al.: Br J Clin Pharmacol 2002, 
54,269-276) [62]. 

It was not possible to obtain pharmacokinetic data on MLN-519, due to its rapid plasma 
clearance. Pre-clinical radio-labelled studies of MLN-519 have shown rapid clearance of the 
drug, within the first 10 minutes of administration. It is mainly taken up by endothelial cells 
and leukocytes and does not cross the blood brain barrier [54]. The pharmacodynamic data 
was therefore more important as this provides us with details of proteasomal and drug activity 
[65]. 
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Maximal proteasome inhibition was seen at 1-hour post-dosing and activity returned to 
basal levels within 24 hours. This was also observed in the triple dosing study (Figure 3). 
Neuroinflammation associated with acute ischemic stroke has been shown to persist for up to 
72 hours post-stroke [39]. Hence, the rationale for the triple dosing study in an attempt to 
mimic a potential neuroprotective treatment regime in acute stroke patients. There was no 
evidence of accumulation of the pharmacodynamic effect of MLN-519 with repeated dosing. 
The short action of MLN-519 would be beneficial in acute stroke patients, as NF-κB activity 
has been associated with cerebral re-modelling [12]. Prolonged treatment may be detrimental 
in stroke recovery and rehabilitation. Proteasome function has also been shown to decline 
with ageing [66]. As elderly patients will be the main treatment population, then safety and 
tolerability data must also be studied in this group. More clinical trials are being planned to 
further evaluate proteasome inhibitors in the treatment of acute stroke [33,64,67]. 
 

 

Figure 3. Triple dose MLN-519 and 20S proteasome activity (Dose: 1.6 mg/m2). Three consecutive 
doses of MLN-519 were administered 24 hours apart (arrows). Proteasome activity returned to within 
normal limits at 24 hours post-dosing and there was no cumulative effect of consecutive 
dosing.(Copyright permission: Shah IM et al.: Br J Clin Pharmacol 2002, 54:269-76) [62]. 

 
BORTEZOMIB 

 
The ubiquitin-proteasome pathway plays a significant role in the degradation of 

regulatory proteins required for cell cycle progression and mitosis [68]. A disruption in the 
regulation of these cell cycle proteins results in abnormal cell division and tumorogenesis 
[69]. Proteasome inhibitors selectively target and induce apoptosis in proliferating cancer 
cells. Therefore these drugs have been an important area of therapeutic research in cancer 
treatment [70]. 

Bortezomib (Velcade®; PS-341), a dipeptidyl boronic acid proteasome blocker developed 
by Millennium Pharmaceuticals (Cambridge, MA) in cooperation with Johnson and Johnson 
(New Brunswick, NJ), was tested against a panel of 60 tumor cell lines and displayed 
promising anticancer properties. Bortezomib is the first proteasome inhibitor to be licensed 
for clinical use [71,72]. It was approved by the FDA in May 2003 for the treatment of 
patients who have received at least two prior therapies for multiple myeloma (MM), and have 



Imtiaz M. Shah and Mario Di Napoli 1024 

demonstrated disease progression on the last therapy. Phase 2 studies demonstrated a 
response to bortezomib in 27% of patients irrespective of prior treatments [72]. It is currently 
being used in the treatment of the hematological malignancy, MM. It is given as an 
intravenous injection. Inhibition of NF–κB and reduction in IL-6 levels are postulated 
mechanisms of action [73]. Bortezomib is cleared rapidly from the circulation and only 
pharmacodynamic data has been available. Maximal 20S proteasome inhibition with 
bortezomib has been observed at 1-hour post dosing but its duration of action is longer 
compared to MLN-519 [32]. Proteasome inhibition returned to baseline at 72 hours post-
dosing. Early pre-clinical studies showed toxicity with bortezomib was dose dependent and 
reversible. Bortezomib has also been shown to be effective in drug resistant MM cells and 
this important property is being further investigated [74]. This is consistent with preclinical 
findings that the response of MM cells to the drug is independent of their sensitivity to other 
chemotherapeutics. Nontoxic doses of bortezomib also sensitize several other cancer cells to 
chemotherapy in vitro and in animal models. It was suggested that the proapoptotic effect of 
proteasome inhibitors might be due to the observed stabilization of IκB resulting in NF-κB 
inhibition and the down-regulation of antiapoptotic NF-κB target genes [75]. Another 
observation was the down-regulation of Bcl-2 in pancreatic cancer cells treated with 
bortezomib, which would in itself probably be sufficient to induce apoptosis by misbalancing 
pro- and antiapoptotic proteins [76]. Accumulation of cell cycle inhibitors such as p21 and 
concomitant cell cycle arrest and apoptosis might also play a role [77]. Bortezomib like other 
proteasome inhibitors, e.g., lactacystin, also induce p53 accumulation, even though p53 does 
not seem to be crucial for sensitization of tumor cells [78]. Further clinical trials of 
bortezomib are ongoing for treatment of other cancers and in combination with other 
chemotherapeutic agents [79,80]. Peripheral neuropathy, thrombocytopenia and gastro-
intestinal disturbance have been the most common side effects associated with treatment (see 
Chapter 43). However, proteasome inhibition of up to 80% was well tolerated and maximal 
clinical dosing has been aimed to achieve this level of inhibition. 

There are only few recent preliminary experimental studies on the utility of bortezomib 
in ischemic stroke and cerebral ischemia (see Chapter 39). A single dose of bortezomib given 
1 hr post-MCAo, resulted in a 40% decrease in infarct volume and a 38% decrease in 
neurological deficit in a rat permanent MCAo model [81]. The functional and histopathologic 
protection was accompanied by a 67% inhibition of whole blood proteasome activity, a level 
of inhibition which is commonly achieved in cancer patients in the clinic [81]. The potential 
neuroprotective effects of bortezomib were also evident in an embolic model of MCAo [82] 
and in combination with delayed thrombolytic therapy on a rat model of embolic focal 
cerebral ischemia [83]. Treatment with bortezomib reduced adverse cerebrovascular events 
including secondary thrombosis, inflammatory responses, and blood-brain barrier (BBB) 
disruption, and hence reduces infarct volume and neurological functional deficit when 
administrated within 4 h after stroke onset [83] Combination of bortezomib and rtPA 
extended the thrombolytic window for stroke to 6 h, which is associated with the 
improvement of vascular patency and integrity. Real time RT-PCR of endothelial cells 
isolated by laser-capture microdissection from brain tissue and Western blot analysis showed 
that bortezomib upregulated endothelial nitric oxide synthase (eNOS) expression and blocks 
NF-κB activation [83]. 
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THE NF-ΚB-PROTEASOME PATHWAY AND OTHER 

INFLAMMATORY-MEDIATED CONDITIONS 
 
The effects of proteasome inhibition have also been investigated in other inflammatory 

conditions [84]. MLN-519 has been tested in an experimental mouse model of autoimmune 
encephalomyelitis [85]. This was shown to reduce relapses of the disease and a reduction in 
T-cell activation. This suggests that proteasome inhibitors may be beneficial in other 
neuroinflammatory conditions like multiple sclerosis. MLN-519 has also shown beneficial 
effects in a delayed-type hypersensitivity model of asthma [86]. Other common inflammatory 
conditions, in animal models of psoriasis and arthritis, have also shown significant 
improvement with proteasome inhibition [87,88]. 

MLN-519 has also been studied in animal models of myocardial injury and reperfusion 
[89]. Proteasome inhibition was shown to reduce polymorphonuclear leukocyte infiltration in 
a ischemia/reperfusion rat heart model. The study showed a reduction in the expression of 
CAM, P-selectin, and preservation of cardiac function. At 1 mg/kg, MLN-519 treated rats 
showed a final left ventricular developed pressure of 98±3% in an ischemia reperfusion 
model, compared to 52±8% in the control group. In a porcine model of myocardial 
reperfusion injury, MLN-519 was shown to inhibit the activation of NF-κB [90]. There was 
also a reduction in the release of the myocardial enzymes creatinine kinase MB and troponin 
I, and a significant reduction in myocardial infarct size. Myocardial function was also 
preserved. Proteasome inhibitors may therefore have a role in the treatment of vascular 
reperfusion injury and further research is ongoing [64,91]. The role of NF-κB in the 
pathophysiology of atherosclerosis is also being further researched [92]. 

 
 
THERAPEUTIC ASPECTS OF PROTEASOME INHIBITION IN 

NERVOUS SYSTEM DISEASES 
 
It is clear that the proteasome represents a central target for the processing and 

metabolism of multiple proteins whose critical roles in cellular function are being elucidated 
through the use of selective inhibitors.  To avoid eliciting the significant side effects 
associated with complete inhibition of the proteasome and the possible immunosuppressive 
effects (with increased risk of infection and cancer) from persistent suppression of NF-κB 
activation, it is critical that we understand how to partially and temporally attenuate 
proteasome function to elicit the desired therapeutic effect.  Taking into account the central 
role of the UPS in the biology of eukaryotic cells [2], proteasome inhibitors can be thought of 
as deadly toxins without any therapeutic value. Unexpectedly, they have been relatively well 
tolerated drugs because apparently most normal cells tolerate high levels of proteasome 
inhibition [5,93,94]. The availability of selective proteasome inhibitors such as MG-132 [95] 
and PSI [96] have boosted research of cellular effects of UPS inhibition. These effects 
included accumulation of ubiquitinated proteins within the cells [95,96], often in the form of 
an organized pericentrosomal aggregate called ‘aggresome’ [97,98], as well as blocking 
different stages of the cell cycle [98,99] and apoptosis [100,101]. While proteasome 
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inhibition easily induced apoptosis in various cancer cell lines, primary cells such as diploid 
human fibroblasts are relatively resistant to the action of proteasome inhibitors, requiring 
much higher concentrations and longer incubation times [102,103]. Moreover, in terminally 
differentiated, resting cells low doses of proteasome inhibitors were cytoprotective, e.g. 
preventing apoptosis induced by nerve growth factor (NGF) deprivation in sympathetic 
neurons [104], serum deprivation of cerebellar granule cells [105], dehamethasone treatment 
of thymocytes [106] and IFNγ treatment of lens-derived αTN4-1 cells [107]. Even in some 
cancer cell lines proteasome inhibition was shown to be cytoprotective [108]. Nevertheless, 
higher doses of proteasome inhibitors and prolonged treatment inevitably induced cell death 
[104,106] (see Chapter 21).  

The effects of proteasome inhibitors can be divided into general, substrate-independent 
effects and specific, substrate-dependent effects. Specific effects of proteasome inhibition 
depend on the inhibition of degradation of specific substrates such as cyclins, IκBα, p53 etc. 
and have been discussed in the previous chapters of this book (see Chapters 7 and 19). 
Specific effects may be very different depending on the cell type involved: they may be either 
neutral, beneficial or detrimental to the organism as a whole. General effects of proteasome 
inhibition do not depend on the cell type and the kind of substrate involved. They result from 
the accumulation of ubiquitinated proteins, which occurs even after moderate inhibition of 
the proteasome (see Chapter 12). However, the cell has developed mechanisms to defend 
against misfolded and aggregated proteins. The first line of defense involves the many 
molecular chaperones that aid in the normal folding and also refolding of abnormal 
conformations back into the native state. If this fails, abnormal proteins can be targeted for 
degradation by covalent attachment of polyubiquitin followed by targeting to the proteasome 
and degradation [109,110]. The presence of ubiquitin, chaperones and proteasome 
components in inclusions presumably represents cellular defenses overwhelmed by the 
excessive aggregation within cells. Even the inclusions themselves are the outcome of an 
active process by which the cell collects irreversibly aggregated protein, translocates it to an 
‘aggresome’ near the nucleus by active transport and attempts to eliminate it, probably by 
autophagic or other lysosomal-like processes [97,111]. Accumulation of unfolded proteins in 
the cytosol induces heat shock response characterized by overexpression of cytosolic 
chaperones such as the heat shock proteins (Hsp), Hsp70 or Hsp90, while accumulation of 
unfolded proteins in the endoplasmic reticulum secondary to the inhibition of ERAD (ER-
associate degradation) induces unfolded protein response [112,113] (see Chapters 11 and 13).  

Ubiquitinated proteins are not dispersed randomly in the cytosol and nucleus but instead 
tend to accumulate into discrete subcellular domains, which may correspond to regions of 
increased protein turnover or ‘proteolytic centers’ [98,115]. In the cytoplasm ubiquitinated 
proteins coalesce into a single aggregate around the centrosome by a centripete microtubule-
dependent transport [98]. This central aggregate, sometimes refered to as the ‘aggresome’ 
recruits proteasomes and other components of the UPS further impairing its function 
[97,116]. At the same time ubiquitinated proteins in the nuclei coalesce into discrete 
subnuclear domains called PML bodies [117,118]. It is a matter of debate whether the 
formation of these cytoplasmic and nuclear inclusions are deleterious to the cells or not 
[97,119]. However, it is possible to dissociate the proapoptotic effects of proteasome 
inhibitors from their effects on ‘aggresome’ formation suggesting that those aggregates are 
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cytoprotective, recruiting unfolded proteins which may have otherwise wreaked havoc within 
the cells [120,121]. Moreover, ‘aggresomes’ are often viewed as models of aggregates 
occurring in human neurons in several neurodegenerative disorders including AD and PD. It 
is often argued, that neurons which survive do have those aggregates which protected them 
from cell death, while cells which died probably failed to do so [97,119]. 

Potential adverse effects of proteasome inhibitors reported from the bedside may stem 
from either the specific or general effects. Increasing number of patients are receiving 
treatment with proteasome inhibitors without serious adverse reactions being reported. Most 
experience is coming from the use of Velcade®. The most frequent adverse effects occurring 
in ~30% of patients involved weakness, nausea, diarrhoea, decreased appetite, constipation, 
thrombocytopenia, peripheral neuropathy, pyrexia, vomiting and anemia. These effects were 
mostly reversible after discontinuation of therapy and/or manageable with secondary 
treatments. Two cases of death may have been possibly related to the use of proteasome 
inhibitors [32,122]. The Phase I trial of MLN-519, a different proteasome inhibitor also 
showed no major adverse effects at all at doses which corresponded to the desired therapeutic 
values. Minor effects included irritation at the site of injection, altered taste sensation, 
headache and flu-like syndrome [62]. Another set of clinical data comes from the use of the 
HIV protease inhibitor Ritonavir in AIDS patients, because Ritonavir is also a bona fide 
proteasome inhibitor [123]. Compared to Velcade® and MLN-519, Ritonavir is administered 
continuously over prolonged periods of time eliciting therefore effects of a chronic 
impairment of proteasome function. The most common adverse effects observed in almost 
30% of patients involved nausea and vomiting [124]. Hyperlipidemia induced by chronic 
Ritonavir administration has been linked to increased hepatic lipoprotein production, caused 
by the prevention of proteasome-mediated degradation of apoB and activated sterol 
regulatory element binding proteins in the liver [125]. It is likely that prolonged 
administration of either Velcade® or MLN-519 will lead to similar effects. All reported 
adverse effects seem to stem from the specific inhibition of degradation of particular proteins. 
Prolonged exposure of neural cells in culture to very low concentrations of proteasome 
inhibitors clearly affects the profile of gene expression therefore a similar situation is very 
likely to happen in vivo [126]. 

It is clear, that the current experience with proteasome inhibitors in clinical settings is 
very encouraging, since they seem to be well tolerated drugs with manageable side effects 
[127]. Does the accumulation of ubiquitinated proteins around the centrosomes and in the 
nuclei of cells throughout the entire body somehow affect the function of our cells? The most 
serious possible complication of inhibiting proteasomes may involve the central nervous 
system since ‘aggresome’ formation has been postulated as a model for neurodegenerative 
disorders [97,119]. Neither MLN-519 nor Velcade® efficiently penetrate the brain-blood 
bareer (BBB) [32,62]. 

Penetration of Ritonavir through the BBB is considerable, however its levels in the 
central nervous system are too low to efficiently control HIV infection in AIDS-related 
dementia [128,129]. Since patients treated with Ritonavir do often develop AIDS-related 
dementia it is difficult to assess whether the reported adverse neurological effects of 
Ritonavir are directly related to the drug or to the underlaying disease. However, Ritonavir 
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induces significantly more adverse reactions than other HIV protease inhibitors which do not 
inhibit the proteasome [124]. 

Other proteasome inhibitors that penetrate more efficiently the BBB − such as PSI or 
epoxomicin − cause the key features of PD after prolonged exposure [130] although showed 
protective effects on DA cell death in the rat PD model using 6-hydroxyl dopamine (6-
OHDA) [131]. This implies that the relationship between proteasome inhibitors, UPS and the 
pathogenesis of neurodegenerative disorders may be more complex than we thought. (For 
details, see Chapters 23, 25 and 28).  

Short courses of treatment with proteasome inhibitors such as the one pursued in stroke 
patients bears relatively few and mild adverse reactions versus a high possible benefit. Even 
prolonged treatments such as treatment of HIV and cancer patients is relatively safe, taking 
into account the seriousness of the primary disease and the life expectancy. The problems of 
long-term adverse reactions will certainly surface when a population of patients treated with 
proteasome inhibitors survive for several years. They will require monitoring to detect any 
possible sign of increased incidence of neurodegenerative disorders or any other effects 
which may have been caused by the widespread accumulation of ubiquitinated proteins 
within cells of different tissues. Perhaps focusing on specific aspects of the UPS may provide 
more promise for neuroprotective efficacy rather than the simpler and less specific 
proteasome inhibition. The interaction of these events is complex, and the outcome of 
therapeutic interventions aimed at these elements of cellular injury is uncertain without more 
rational and specific targeting of these mechanisms and knowledge of the underlying state of 
the organism with respect to these factors. 

 
 

CONCLUSION 
 
With the recent licensing of Bortezomib, the first proteasome inhibitor in clinical use, the 

ubiquitin–proteasome pathway has become an important target for therapeutic drug research. 
Important research areas include inflammatory conditions, vascular disease, HIV and cancer 
treatments.  

The main focus of therapeutic targeting in neurological disease has been in the 
neuroinflammation associated with acute stroke [8,33]. Both, Bortezomib and MLN-519 have 
shown encouraging results in rat models of acute ischemic stroke, with reduced infarct size 
and improved neurological outcome. Clinical evaluation of these proteasome inhibitors is 
ongoing and further safety data are required before these drugs can be licensed for the 
treatment of acute stroke.  

 In vitro studies of proteasome inhibitors have shown that disruption in the balance of 
this important regulatory pathway can lead to different pathophysiological disease processes. 
Chronic dysfunction of the UPS has been associated with neurodegenerative conditions like 
PD and AD. The UPS also plays an important role in regulation of cell growth and gene 
expression [26]. The action of NF-κB must also be taken into account as disruption of its 
function could be detrimental to the body’s immune response [132]. This broad function of 
the UPS must be thoroughly assessed before the licensing of proteasome inhibitors for 
clinical use.  
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The development of proteasome inhibitors has been an exciting new area of molecular 
and translational medicine. The elucidation of these molecular pathways has provided us with 
many new therapeutic drug targets, which will hopefully aid us in the development of 
specific drugs for the treatment of neurological disease associated with the UPS.  
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ABSTRACT 
 

Bortezomib (Velcade®) is a dipeptide boronic acid proteasome inhibitor that 
specifically targets the chymotryptic-like proteolytic activity of the 20S proteasome. It 
has shown great potential as a novel anti-cancer agent and has been approved for the 
treatment of multiple myeloma. Therapeutic development as a single agent or in 
combination with other agents is ongoing in hematological malignancies as well as in 
various solid tumor types. Furthermore, application of proteasome inhibition therapy in 
other areas of disease is being explored, such as prevention of reperfusion injury 
following acute ischemic stroke and management of chronic inflammatory diseases. 
Bortezomib is generally well tolerated. However, one of the most serious overall as well 
as dose limiting toxicities has been peripheral neuropathy. Bortezomib-induced 
peripheral neuropathy constitutes a length-dependent, sensory rather than motor, axonal, 
small rather than large fiber, polyneuropathy. In agreement with its small fiber 
neuropathy characteristics, neuropathic pain and symptoms of autonomic dysfunction 
have also been frequently reported upon bortezomib treatment. Risk factors for 
bortezomib neurotoxicity include pre-existent neuropathy and prior treatment with 
neurotoxic (anti-cancer) agents. Additionally, individual susceptibility, and not only 
cumulative dose, is of great importance. After discontinuing bortezomib therapy, 
neuropathy resolves in approximately half of the patients. Nevertheless, in severe cases, 
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pharmacologic management of (autonomic) neuropathy and neuropathic pain is required 
up to several months after discontinuation of bortezomib. The exact biological 
mechanism of peripheral neuropathy induced by systemic proteasome inhibition therapy 
still has to be elucidated. Detrimental effects of proteasome inhibition on nerve terminal 
protein homeostasis as well as myelin production by Schwann cells might explain the 
high incidence of neurotoxicity in bortezomib-treated patients.  
 

Keywords: bortezomib, neurotoxicity syndromes, peripheral nervous system diseases, 
proteasome endopeptidase complex, adverse effects, antineoplastic agents, 
 
 

ABBREVIATIONS 
 
APEX, assessment of proteasome inhibition for extending remissions; AUC, area under 

the curve; Cmax, maximum plasma concentration; CMAP, compound muscle action potential; 
CMTX1A, X-linked Charcot-Marie-Tooth disease 1A; CNS, central nervous system; 
CREST, clinical response and efficacy study of bortezomib in the treatment of relapsing 
multiple myeloma; CTCAE, common terminology criteria for adverse events; d, day; DLT, 
dose limiting toxicity; FDA, food and drug administration; GR, grade; IENF, intra-epidermal 
nerve fiber density; MM, multiple myeloma; MTD, maximum tolerated dose; n, number (of 
patients); NCS, nerve conduction studies; NF-κB, nuclear factor kappa B; PBMC, peripheral 
blood mononuclear cell; pegLD, pegylated liposomal doxorubicin; 20S PI, 20S proteasome 
inhibition; PK, pharmacokinetic; PMP22, peripheral myelin protein 22; PN, peripheral 
neuropathy; SNAP, sensory nerve action potential; q, every; SUMMIT, study of uncontrolled 
multiple myeloma managed with proteasome inhibition therapy; TNS, total neuropathy score; 
UPS, ubiquitin-proteasome system. 

 
 

INTRODUCTION 
 
Growing consciousness of the pivotal role of the proteasome in normal cell physiology as 

well as in human disease propelled the development of proteasome inhibitors for research and 
therapeutic applications [1-3].  

So far two proteasome inhibitors, MLN-519 and bortezomib, have been evaluated 
clinically [4]. Bortezomib (Velcade®, formerly known as PS-341, LDP-341 and MLN-341) 
has been dominating the field of proteasome inhibition therapy, with over a hundred clinical 
studies conducted or ongoing and currently approved for the treatment of multiple myeloma 
(MM) patients. So far, only one clinical study in healthy volunteers has been published with 
the lactacystin β-lactone-derived proteasome inhibitor MLN-519 [5]. Boronate proteasome 
inhibitors, such as bortezomib, are characterized by a pharmacophore containing a functional 
boronic acid group. They display remarkable selectivity towards the proteasome. Reversible 
binding to the chymotrypsin-like proteolytic activity, localized within the β5 subunit of the 
20S core of the proteasome, results in a temporary inhibition of intracellular proteasome 
activity [6]. In in vitro studies, bortezomib emerged as a promising novel anti-cancer agent, 
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demonstrating unique anti-tumor properties [7]. Bortezomib, and proteasome inhibitors in 
general, show a striking selectivity in cytotoxicity towards malignant cells compared to 
normal cells [8-11]. In early clinical experience, exceptional results were obtained in the 
treatment of patients with relapsing MM, who were refractory to conventional therapies [12]. 
The Clinical Response and Efficacy Study of Bortezomib in the Treatment of Relapsing 
Multiple Myeloma (CREST) study, a phase 2 study in heavily pretreated MM patients, 
showed response rates of 30% and 38% in patients treated with twice-weekly bortezomib 
dosed at 1.0 and 1.3 mg/m2 respectively [13]. In 2003, on the basis of this and another 
comparable, larger phase 2 study, the Study of Uncontrolled Multiple Myeloma Managed 
with Proteasome Inhibition Therapy (SUMMIT), bortezomib received fast-track FDA 
approval for treatment of patients with relapsed refractory MM [14]. Additional indications 
for treatment with bortezomib are likely to follow considering the observed efficacy in other 
hematological malignancies such as mantle cell lymphoma and Waldenström 
macroglobulinemia as well as in several solid tumor types [15-17].  

Preclinical studies attribute a critical part of bortezomib’s activity in hematological 
malignancies to the inhibitory effect of proteasome inhibition on activation of transcription 
factor nuclear factor kappa B (NF-κB) [8,18,19]. It is therefore not a surprising development 
that systemic proteasome inhibition therapy is expanding to other areas of disease 
characterized by pathologic activation of NF-κB mediated signaling, such as chronic 
inflammatory diseases and reperfusion injury following acute ischemic stroke [20-22].  

 
 

BORTEZOMIB PHARMACOLOGY 
 

Pharmacokinetic Profile 
 
Bortezomib is administered as a short intravenous injection. The bortezomib plasma 

profile is best described by a two-compartment pharmacokinetic (PK) model with a rapid 
initial distribution half-life (t1/2α: 0.22 to 0.46 hours), followed by a longer terminal 
elimination phase (t1/2β: > 10 days) [23].  

Though in general plasma PK profiles are consistent among patients, maximum plasma 
concentration (Cmax) values did not show an apparent relationship to dose and varied 
significantly among individuals [23]. Animal studies, using radioactively labeled bortezomib, 
showed rapid distribution into most tissues with the exception of brain, testis and some parts 
of eye and optic nerve [24]. In humans, over 30 metabolites, none pharmacologically active, 
were identified [25].  

 
 

Pharmacodynamic Profile 
 
As detection of bortezomib in serum proved to be difficult by its rapid removal from the 

vascular compartment, early-on in the clinical development of bortezomib a 
pharmacodynamic assay was developed to monitor the degree of 20S proteasome inhibition 
(20S PI) in peripheral blood mononuclear cells (PBMCs) [26]. It was demonstrated that 20S 
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PI in peripheral PBMCs was related both to the dose of bortezomib in milligrams per square 
meter, and to the total dose of bortezomib in milligrams. However, at higher doses of 
bortezomib, 20S PI is not an ideal surrogate for the bortezomib serum level as it reaches a 
plateau at around 60-75% [23]. Peak proteasome inhibition is reached one hour post 
injection, and proteasome activity in PBMCs typically restores to baseline levels 72 hours 
after injection of bortezomib. Administration of bortezomib is therefore bound to a maximum 
frequency of twice per week, allowing proteasome activity to restore before the next dose is 
administered [12].  

It must be noted that proteasome expression levels and subtype distribution differ among 
cell types, and even within single cells the relative proportion of proteasome-subtypes, such 
as immunoproteasomes, is subject to change [27,28]. Furthermore, proteasome activity is 
different in normal cells compared to malignant cells [11]. Thus far comparative analysis of 
the level of proteasome inhibition in PBMCs and simultaneously obtained tumor samples 
were conducted in only a handful of patients. A comparable outcome for the degree of 20S PI 
in PBMCs and tumor samples was found [23,29]. However, 20S PI in the bone marrow was 
shown to be around half of that observed in the matched whole blood sample. There are no 
indications that tolerance or tachyphylaxis develop upon repeated doses of bortezomib 
[23,29]. 

 
 

INCIDENCE OF BORTEZOMIB-INDUCED NEUROPATHY 
 

Phase 1 Studies 
 
Four different dosing schedules of bortezomib were assessed in seven phase 1 studies, 

which served to determine safety, and the maximum tolerated dose of bortezomib in each 
schedule. Six studies were conducted in adult patients and one in pediatric patients (see Table 
1). 

The first study in humans evaluated a weekly schedule of bortezomib on days 1, 8, 15, 
and 22 of a 35-day cycle. In following phase 1 studies, more dose-intense twice-weekly 
schedules were assessed: days 1 and 4 of a 14 day cycle; days 1, 4, 8 and 11 of a 21 day 
cycle; days 1, 4, 8, 11, 15, 18, 22 and 25 of a 42 day cycle [12,30-33]. Patients receiving 
twice-weekly bortezomib had their therapy most commonly interrupted during the third week 
of treatment, the major toxicity being malaise and fatigue [12,32]. Therefore twice-weekly 
bortezomib for two weeks followed by the third week off, days 1, 4, 8 and 11 of a 21-day 
cycle, became the standard regimen.  

Sensory neuropathy was among the most commonly observed dose limiting toxicities, 
next to thrombocytopenia, diarrhea, fatigue and (orthostatic) hypotension. Occurrence of 
severe peripheral neuropathy did not allow further dose-escalation of bortezomib in three out 
of seven dose finding studies [29,30,32].  
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Table 1. Incidence of peripheral neuropathy in  
phase 1 dose finding studies with bortezomib 

 
Studies No. Malignancy Schema MTD 

(mg/m2) 
DLT (mg/m2) Neurotoxicity  

Papandreou 
(2004) 

53 advanced solid 
tumors 

d1, 8, 15, 
22 
q35d 

1.60 2.0 
diarrhea 
hypotension 

Overall, any grade 
GR3: 0.13-1.8 mg/m2 
2.0 mg/m2 

8% 
0% 
20% 

Hamilton 
(2005) 

40 advanced solid 
tumors/ 
lymphomas 

d1, 4  
q14d 

1.75 1.75 + 1.90 
sensory 
neuropathy 
fatigue 
diarrhea 

Overall, any grade: 
GR3: 0.25-1.45 mg/m2 
 1.75 mg/m2 
 1.90 mg/m2 

28% 
0% 
8% 
29% 

Aghajanian 
(2002) 

42 advanced solid 
tumors 

d1, 4, 8, 
11 
q21d 

1.56 
 
 
 

1.56 
sensory 
neuropathy 
diarrhea 

Overall, any grade:  
GR3: 0.13-1.08 mg/m2 
1.30 mg/m2                   
 1.56 mg/m2 

12% 
0% 
33% 
17% 

Dy (2005)  I:28 
 
 

advanced solid 
tumors/ 
lymphomas/ 
multiple 
myeloma 

I: d1, 4, 8, 
11, 15,  
18, 22, 25 
q42d 
 

I: 1.50 
 

I: 1.50 + 1.70 
trombocytopenia 
sensory 
neuropathy 

I: Overall, any grade 
GR3: 0.50-1.25 mg/m2 
1.50-1.70 mg/m2 

18% 
0% 
6% 
 

 
 
 
Orlowski 
(2002) 

II:16 
 
 
 
27 

 
 
 
refractory 
hematologic 
malignancies 
 

II: d1, 4, 
8, 11 
q21d 
d1, 4, 8, 
11, 15,  
18, 22, 25 
q42d 

II:1.50 
 
 
1.04 

I: 1.60 
trombocytopenia 
 
1.20 + 1.38 
trombocytopenia 
fatigue and 
malaise 
hyponatriemia 
hypokalemia 

II: Overall, any grade:  
GR3: 
 
Overall, any grade: 
GR3: 

19% 
0% 
 
19% 
0% 

Cortes 
(2004) 

 
15 

refractory/ 
relapsed acute 
leukemias 

d1, 4, 8, 
11, 15,  
18, 22, 25 
q42d 

1.25 1.50 
orth. 
hypotension 
nausea 
diarrhea 
hypokalemia 
fluid retention 

Overall, any grade:  
GR3: 

13% 
0% 

Blaney 
(2004) 

15 recurrent/ 
refractory solid 
tumors 
(pediatric 
patients) 

d1, 4, 8, 
11 
q21d 

1.20 1.60 
trombocytopenia 

Grade 1  
>GR1 

7% 
0% 

n indicates  number of patients; d, day; q, every; MTD, maximum tolerated dose; DLT, dose limiting 
toxicity; GR, grade. 

 
In clinical studies, sensory or motor neuropathy is graded according to the Common 

Terminology Criteria for Adverse Events (CTCAE) (see Table 2) [34]. Grade 3 neuropathy, 
which is generally regarded as dose limiting, implies function is affected, e.g. of the hand or 
foot, however there is no interference with ‘activities of daily living’ (self-care). Overall 
incidence of drug-related neuropathy, all grades, in phase 1 studies in adult patients varied 
from 8% to 28% with a clear rise in incidence and severity at higher dose and higher dose-
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intensity of bortezomib [12,23,29,30,32,33]. In the weekly schedule overall incidence of 
peripheral neuropathy was relatively low at 8% compared to 12 to 28% in the more dose-
intense twice-weekly schedules of bortezomib. It was furthermore observed pre-existing 
neuropathy and prior neurotoxic treatment predisposes to bortezomib-induced neurotoxicity 
[30]. In a phase 1 study in pediatric patients a twice-weekly schedule of bortezomib was 
evaluated, at 1.2 or 1.6 mg/m2 per dose [31]. Levels of 20S PI were comparable to those 
found in adults. No dose-limiting peripheral neuropathy was observed in pediatric patients 
and hardly any neurotoxicity was observed in this small study: only 1 out of 15 patients 
experienced a grade 1 neuropathy. An explanation for this could be that more than 80% of 
patients received just one cycle of therapy. Furthermore 10 out of 15 patients were treated at 
1.2 mg/m2, which is lower than the adult MTD. Age-related differences in proteasome 
activity in children compared to adults might also play a role [35,36].  
 

Table 2. Grading of neuropathy and neuropathic pain according to the Common 
Terminology Criteria for Adverse Events (CTCAE) 

 
Grade 

Adverse Event 0 1 2 3 4 
NEUROLOGY 

neuropathy- 
motor 

normal asymptomatic,  
weakness on exam/ 
testing only 

symptomatic 
weakness 
interfering with 
function, but not 
interfering with 
activities of daily 
living 

weakness 
interfering with 
activities of daily 
living; bracing or 
assistance to walk 

life-threatening; 
disabling 
e.g. paralysis 

neuropathy-
sensory 

normal asymptomatic; loss 
of deep tendon 
reflexes or 
paresthesia 
(including tingling) 
but not interfering 
with function 

sensory loss 
alteration or 
paresthesia 
(including tingling), 
interfering with 
function, but not 
interfering with 
activities of daily 
living 

sensory alteration 
or paresthesia 
interfering with 
activities of daily 
living 

disabling 

PAIN 
neuropathic pain  
 

none mild pain not 
interfering with 
function 

moderate pain: pain 
or analgesics 
interfering with 
function, but not 
interfering with 
activities of daily 
living 

severe pain: pain or 
analgesics severely 
interfering with 
activities of daily 
living 

disabling 

 
 

Phase 2 and 3 Studies 
 
In phase 2 and 3 studies, which served to assess efficacy of bortezomib treatment in MM 

patients as well as several other hematological malignancies and solid tumor types, peripheral 
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neuropathy was among the most frequently observed toxicities necessitating dose reductions 
or discontinuation of treatment. 

In the previously mentioned SUMMIT and CREST phase 2 studies, a total number of 256 
patients with relapsed and/ or refractory MM were treated with 1.0 or 1.3 mg/m2 bortezomib 
twice-weekly. Peripheral neuropathy was reported in 35% of patients whereby the number of 
events per 100 patient doses steadily increased through the first 5 cycles, peaking at 5.3% at 
cycle 5, and steadily decreased thereafter. In the SUMMIT study (202 patients), cumulative 
dose-related peripheral neuropathy was considered ‘the most clinically significant adverse 
event’. Dose reductions for peripheral neuropathy were necessary in 12% of patients and 5% 
of patients discontinued treatment due to peripheral neuropathy.  

Especially patients with pre-existent neuropathy and/ or prior exposure to neurotoxic 
anti-cancer agents, such as taxanes and platinum compounds, are more prone to develop 
high-grade neuropathy [35]. The incidence of treatment-emergent grade 3 neuropathy was 
16% in patients who had peripheral neuropathy prior to bortezomib treatment compared to 
3% in patients without prior peripheral neuropathy [13,14,37]. 

In the largest study with bortezomib conducted to date, the Assessment of Proteasome 
Inhibition for Extending Remissions (APEX) phase 3 study, 669 patients with relapsed MM 
were randomized to receive either high-dose dexamethasone (336 patients) or twice-weekly 
bortezomib (333 patients) at 1.3 mg/m2 [38]. Regarding neurotoxicity, incidence was 
comparable to that observed in the SUMMIT and CREST studies. In the bortezomib arm, 
overall incidence of peripheral neuropathy was 36%. Peripheral neuropathy necessitated early 
discontinuation of treatment in 8% of patients, making it the predominant reason for 
treatment discontinuation. Incidence of grade 3 and 4 neuropathy was 7% and 1% 
respectively. In the dexamethasone arm overall incidence of peripheral neuropathy was 9%, 
grade 3 and 4 incidence was below 1%. Furthermore, in the bortezomib arm paresthesias 
were reported in 21% of patients, grade 3 in 2% of patients, compared to 8% and 0% 
respectively in the dexamethasone arm.  

In an extension study of the SUMMIT and CREST studies, allowing patients who 
benefited from the treatment to continue bortezomib treatment beyond the initial eight three-
week cycles, only in 14% of patients new or worsening of peripheral neuropathy was 
observed, compared to 30% when these same patients participated in the original SUMMIT 
or CREST studies [39]. An important consequence of this observation could be that 
maintenance therapy with bortezomib might be possible in certain patients not susceptible for 
its neurotoxic side effects. It is important to realize in this regard that bortezomib is not only 
being developed for treatment of malignant neoplastic diseases but also in chronic 
inflammatory diseases [20]. 

In phase 1 studies, a higher maximum tolerated dose was established in solid tumor 
patients compared to patients with hematological malignancies, 1.5 mg/m2 and 1.3 mg/m2 
respectively. In part this was due to a greater bone marrow reserve in solid tumor patients, 
resulting in less pronounced bortezomib-induced thrombocytopenia. So far, the sizes of 
published studies in solid tumor patients were relatively small, varying from 16 to 37 
patients.  

Striking is the great variability in incidence of peripheral neuropathy between different 
studies in solid tumor patients. A study in patients with metastatic neuro-endocrine tumors 
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who did not have any prior chemotherapy, showed the highest overall and grade 3 incidence 
at 63% and 37% respectively. Other studies with a similar or higher dose-intensity report 
overall incidences of 21% to 48% and grade 3 incidences of 3% to 15% [40-46]. 

Larger studies in solid tumor patients will have to show whether or not overall and 
treatment-emergent neurotoxicity is comparable to what has been observed in the large 
studies conducted in MM patients. A comparison will remain difficult, as most hematological 
patients included in published studies with bortezomib were generally more exposed to prior 
neurotoxic treatments than solid tumor patients. 

 
 

Combination Studies 
 
As inhibition of proteasome activity is increasingly considered as a rational target for 

chemosensitization, bortezomib is being combined with other chemotherapeutic agents in 
many studies [47]. However, an undesirable effect of combining proteasome inhibition and 
chemotherapy could be potentiation of neurotoxicity, especially when bortezomib is 
combined with other neurotoxic agents. 

A randomized phase 2 study in advanced non-small cell lung cancer patients, who had 
received one prior chemotherapy regimen, compared bortezomib alone to the combination of 
docetaxel and bortezomib. More grade 3 neuropathy was observed in the bortezomib alone 
arm than in the combination arm, 15% vs. 5% respectively. It must be noted that bortezomib 
was dosed higher at 1.5 mg/m2 in the bortezomib-alone arm vs. 1.3 mg/m2 in the combination 
arm [48].  

In a dose finding study combining bortezomib with pegylated liposomal doxorubicin 
(pegLD) in 42 patients with hematological malignancies, the overall incidence of neuropathy 
was 55% [49]. Grade 3 incidence was 6%, 17% and 33% at doses of 1.30 mg/m2, 1.40 mg/m2 

and 1.50 mg/m2, respectively. The dose of pegLD was kept constant at 30 mg/m2 in all 
cohorts. Neuropathy as observed in this study was related only to bortezomib dose and 
comparable to, or slightly higher than incidences in single agent bortezomib studies at similar 
dose-intensity. It must be noted that patients in this study were heavily pretreated with a 
median number of five prior, often neurotoxic, chemotherapy regimens, which is a 
predisposing factor for bortezomib-induced neuropathy.  

In another small dose finding study bortezomib was combined with a fixed dose of 
carboplatin (area under the curve [AUC] 5). Fifteen patients with recurrent ovarian or 
primary peritoneal cancer refractory to at least one platinum-based chemotherapeutic 
regimen, were treated. Even though patients had received prior neurotoxic treatment and 
bortezomib was combined with a relatively neurotoxic chemotherapy, overall incidence of 
sensory neuropathy remained rather low at 27%. Grade 3 dose limiting sensory neuropathy 
was observed only in one patient treated at the highest dose level of 1.5 mg/m2 bortezomib 
[50]. 

Preliminary results of a dose finding study combining bortezomib with gemcitabine and 
cisplatin in 34 chemonaive patients with advanced solid tumors indicate there was no 
potentiation of neurotoxicity [51]. Furthermore, a patient has been described who developed 
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grade 3 peripheral neuropathy following bortezomib treatment, which improved to grade 1 
despite subsequent treatment with cisplatin-based chemotherapy [43]. 

Overall, preliminary results indicate that when bortezomib is administered concurrently 
with other chemotherapeutic drugs such as pegylated liposomal doxorubicin, somewhat 
neurotoxic drugs such as docetaxel and carboplatin and a known neurotoxic 
chemotherapeutic agent such as cisplatin, no potentiation of neurotoxicity occurs. Future and 
currently running combination studies will have to show whether or not neurotoxicity is 
manageable, especially in combination with other reputedly neurotoxic agents such as 
thalidomide, paclitaxel and vincristine. It might be that prior damage to peripheral nerves due 
to prior neurotoxic treatment or other illnesses predisposes more to bortezomib-induced 
neurotoxicity than concurrent combinations of bortezomib and other (neurotoxic) agents in 
chemonaive or second line treated patients.  

 
 

CLINICAL MANIFESTATIONS 
 

Peripheral Neuropathy 
 
In animal studies with bortezomib, the nervous system had already been determined as a 

target organ of toxicity. Neurotoxicity of repeat dose bortezomib in animals included axonal 
swelling and degeneration in peripheral nerves, dorsal spinal roots, and tracts of the spinal 
cord as well as multifocal hemorrhage and necrosis in the brain [24,52]. 

Clinical signs of bortezomib-induced neuropathy in patients included tingling, pain, 
diminished pinprick, vibratory and temperature sense. Motor symptoms are uncommon. 
Typically paresthesias were more intense in the distal lower limbs compared to the hands, 
increasing in severity with every dose of bortezomib. Neuropathic pain was also mainly 
confined to the legs and feet [30,43,50,53]. Nerve conduction studies (NCS) showed reduced 
or absent sensory nerve action potential (SNAP) amplitude and reduced peroneal compound 
muscle action potential (CMAP) amplitude and which is consistent with an axonal 
polyneuropathy. Skin-biopsies showed decreased intra-epidermal nerve fiber (IENF) density, 
which is typical for ‘dying back’ axonopathy [54]. A strong correlation was found between 
Total Neuropathy Score (TNS), a validated measure of peripheral nerve function, SNAP 
amplitude values and cumulative bortezomib dose [53,55]. Bortezomib-induced neuropathy 
has been characterized by NCS and quantitative sensory testing as a length-dependent, 
sensory, axonal polyneuropathy with predominantly small fiber (A-δ myelinated afferent; 
nociceptive C unmyelinated afferent) involvement [43,53,37].  

Small fiber neuropathies are generally characterized by peripheral pain [57]. 
Concordantly, bortezomib-induced neuropathy can also be extremely painful, occasionally 
requiring narcotic analgesia and other drugs such as gabapentin and amitriptyline for pain 
management. This can be necessary for many months following discontinuation of 
bortezomib [23,30,50]. Apart from several described cases of severe neuropathic pain 
associated with bortezomib treatment, overall incidence of neuropathic pain is somewhat 
unclear when reviewing the published studies. In one study, all patients with neuropathy were 
reported to experience neuropathic pain and this was clearly specified in the adverse events 
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listing, in other studies, a pain component has not been specified [43]. Though not clearly 
designated as neuropathic pain, ‘pain in limb’ was reported in the SUMMIT study in 13% of 
patients, grade 3 in 7% of patients. In the APEX study pain in limb was reported in 15% of 
patients in the bortezomib arm vs. 7% in the dexamethasone treated arm. Grade 3 pain in 
limb was solely observed in the bortezomib arm with an incidence of 2% [38]. In the phase 1 
dose finding study evaluating weekly bortezomib, pain in limb was seen in 3% of patients at 
the lower seven dose levels, compared to 30% of patients at the highest three dose levels of 
bortezomib (1.6 - 2.0 mg/m2) [23]. It is therefore likely the frequently reported ‘pain in limb’ 
reported in studies with bortezomib, is related to a small fiber like neuropathy induced by 
bortezomib.  

In the SUMMIT study complete resolution or improvement of PN was observed ‘in the 
majority of patients’ [13,14,37,39]. In the APEX study patients treated with bortezomib who 
developed grade 2 or higher peripheral neuropathy had in 46% complete resolution (return to 
baseline) and in 5% improvement of symptoms at last assessment. Median time to resolution 
was 3.5 months [38]. De facto in 49% of patients with grade 2 or higher peripheral 
neuropathy, symptoms did not improve after discontinuation of bortezomib. Furthermore, 
worsening or onset of neuropathy after discontinuation of bortezomib has been described in a 
few patients [43]. 

Generally speaking, bortezomib-induced neuropathy is dose-dependent. However, it can 
manifest itself after a single dose of bortezomib while some patients will not develop 
neuropathy, even upon prolonged exposure. The median cumulative dose at the onset of 
neuropathy was determined in one 16-patient study at 13.3 mg/m2 ranging from 1.5 to 28.5 
mg/m2 [43]. This suggests individual susceptibility varies greatly.  

 
 

Autonomic Instability 
 
Proposed as a small fiber neuropathy based on clinical findings and diagnostic testing, it 

is expected that autonomic functions be affected as well. Small A-δ fibers and C fibers carry 
autonomic functions such as bowel movements and blood pressure in addition to temperature 
and pain sensation [56]. 

In phase 1 studies, a dose-dependent increase in incidence of hypotension was observed 
and in two studies (orthostatic) hypotension was one of the dose-limiting toxicities [23,33]. 
Hypotension did not appear to be related to cardiac failure nor adrenal dysfunction. At higher 
dose levels, ‘autonomic instability’, characterized by postural hypotension and syncope were 
partly attributed to bortezomib therapy and reported to resolve upon discontinuation of 
bortezomib treatment [12,23].  

In a phase 2 study evaluating bortezomib treatment in sixteen patients, six out of ten 
patients with grade 2 to 3 peripheral neuropathy also showed grade 2 to 3 symptoms 
‘possibly related to autonomic neuropathy’ such as orthostatic hypotension, syncope, 
dizziness, ileus and abdominal cramps. With the exception of abdominal cramps, symptoms 
indicative for autonomic dysfunction occurred at cumulative doses equal or greater to those at 
onset of peripheral sensory neuropathy. Only in one patient symptoms ‘possibly related to 
autonomic neuropathy’ (grade 3 ileus) were observed without symptoms of peripheral 
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sensory neuropathy. In contrast, in four out of ten patients with peripheral sensory 
neuropathy, there were no symptoms indicating autonomic neuropathy [43]. In the APEX 
phase 3 study, adverse events implicated in autonomic dysfunction such as constipation, 
abdominal pain and headache were reported more also frequently in the bortezomib arm 
compared to the dexamethasone arm with overall incidences of 42% vs. 15%, 16% vs. 4% 
and 26% vs. 13% respectively [38].  

It is likely autonomic neuropathy represents a later event in bortezomib-induced 
neurotoxicity, following or coinciding with, but generally not preceding peripheral sensory 
neuropathy. 

 
 

Ototoxicity 
 
In one case report severe irreversible bilateral hearing loss after bortezomib therapy has 

been described in a MM patient with a minor prior hearing impairment [57]. Typical about 
this case was that not only medium and high frequencies were affected, as in cisplatin-
induced ototoxicity, but all frequencies. Furthermore deterioration of hearing loss in the low 
frequency range continued for twelve months. This may have been an idiosyncratic effect in 
this one patient, as no other reports of bortezomib-induced ototoxicity have been published, 
even though many patients treated with bortezomib had been exposed to known ototoxic 
agents such as cisplatin. Nevertheless, for the time being, caution is warranted for ototoxic 
effects of bortezomib treatment, especially in patients with prior hearing loss, or when 
combining bortezomib with ototoxic drugs such as cisplatin.  

 
 

Central Nervous System Effects 
 
So far there are no indications that bortezomib therapy is associated with effects on the 

CNS. In 6% of patients of the extended phase 2 CREST/ SUMMIT studies, with treatment 
durations up to eleven months, several CNS events, such as memory impairment and mental 
state changes, were reported. However, they were not clearly attributed to bortezomib, but 
rather to disease progression and confounding illnesses [39].  

 
 

BORTEZOMIB-INDUCED PERIPHERAL NEUROPATHY 
 

Pathogenesis 
 
Pathologic states associated with the ubiquitin-proteasome system (UPS) can be the 

result of either a loss of function or a gain of function of this system. In the first scenario, 
proteins are stabilized, in the latter proteins are degraded in an abnormal or accelerated 
fashion. In the case of blunt and abrupt inhibition of proteasome function by a chemical 
inhibitor such as bortezomib, loss of function of the UPS occurs resulting in stabilization of 
proteasome-degraded proteins.  
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Ubiquitination plays a role among others in neuronal survival, synaptogenesis and axon 
function [58-60; and Chapters 15-18]. The marked neurotoxicity occurring upon systemic 
proteasome inhibition is therefore not surprising. Furthermore, neurodegenerative disorders 
are strongly associated with aberrations in the UPS, either as a primary cause or as a 
secondary consequence [61]. 

Nerve conduction studies and quantitative sensory testing indicate that bortezomib 
causes a length dependent axonal sensory neuropathy with predominantly small fiber 
involvement [37]. 

Considering the role of the UPS in the peripheral nerve system, it is very important to 
distinguish differences in effects of proteasome inhibition on the neuron cell body compared 
to the distal axon. Neuronal differentiation and neurite outgrowth is known to be promoted 
by proteasome inhibition [62-64]. In fact the first proteasome inhibitor, lactacystin, was 
discovered using a neurite outgrowth assay [65]. 

In contrast to these neuritogenic effects on the neuron cell body, proteasome inhibition 
has been shown to have detrimental effects on growth and long-term maintenance of mature 
axons. In sympathetic and sensory explant cultures from mice, proteasome inhibition led to 
‘dying-back’ degeneration of nerve terminals [66]. A proposed explanation for this finding 
was the intense and continuous anterograde and retrograde protein transport occurring in the 
axon terminal. Proteins delivered to the axon terminals by anterograde axonal transport must 
either be transported back to the cell body by retrograde axonal transport, or be degraded in 
situ. Inhibition of proteasomal degradation could simply disturb the balance between delivery 
and degradation of axonal proteins, causing them to accumulate to toxic levels in nerve 
terminals resulting in degenerative axonopathy [66].  

In addition to generally reported degenerative axonopathy, demyelinating neuropathy has 
also been associated with bortezomib treatment [23,67]. The role of the UPS in 
demyelinating neuropathies such as X-linked Charcot-Marie-Tooth disease 1A (CMTX1A) 
has been studied quite extensively (see Chapters 17 and 26). Peripheral myelin protein 22 
(PMP22) is a 22-kDa glycoprotein mainly expressed by Schwann cells. Correct expression 
levels of PMP22 are essential for normal peripheral nerve function. Duplication of the gene 
and concomitant high expression levels are associated with peripheral demyelinating and 
axonal neuropathies [68,69]. Levels of PMP22, a protein with a very short half-life, are 
regulated by the UPS. Preclinical studies have shown that, when the proteasome is inhibited, 
PMP22 accumulates in perinuclear aggresomes. The exact mechanism by which PMP22 
accumulation and aggresome formation might contribute to cellular alterations and 
demyelination needs yet to be elucidated. A possible mechanism is that intracellular retention 
will reduce the amount of protein that is incorporated into myelin resulting in peripheral 
nerve demyelination and dysfunction of Schwann cells [70].  

CNS side effects have not been clearly associated with bortezomib treatment. Aside from 
headache, no marked increase in incidence of memory loss or altered motor function have 
been related to bortezomib treatment. This could be a result of a limited crossing of the blood 
brain barrier by bortezomib. Potentially, for CNS effects to occur, they might require a more 
sustained level of inhibition over a longer period of time. 
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CONCLUSIONS 
 
Peripheral sensory neuropathy has been reported as an important and common toxicity of 

bortezomib treatment, occurring in about one third of patients. Neuropathy induced by 
bortezomib is predominantly cumulative though individual susceptibility varies greatly. Risk 
factors for bortezomib-induced neurotoxicity are prior exposure to neurotoxic agents as well 
as pre-existent neuropathy. Features of bortezomib neuropathy are characteristic for a small 
fiber neuropathy, characterized by a more sensory than motor neuropathy, neuropathic pain 
and autonomic dysfunction. Treatment is symptomatic with analgesics in case of neuropathic 
pain. Symptoms resolve in over half of patients after discontinuation of bortezomib therapy. 

Detrimental effects of proteasome inhibition on nerve terminal protein homeostasis as 
well as myelin production by Schwann cells might explain the high incidence of 
neurotoxicity in bortezomib-treated patients. 
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BOOK GLOSSARY 
 

11 S cap See: PA28. 
19S cap Also known as PA700 (proteasome activator of 700 kDa). A 

subcomplex of the 26S proteasome that acts as a receptor of 
ubiquitinated proteins, deubiquitinates proteins, unfolds them, 
opens the entrance to the 20S proteasome and translocates the 
polypeptide chains into it. Subdivided into lid and base complexes 
linked by Rpn10 (S5a). Different nomenclatures of the subunits 
exist, but the most widely accepted is the Rpn/Rpt nomenclature, 
where Rpt designate proteasomal ATP-ases (Rpt1-6) and Rpn 
designate non-proteasomal subunits (Rpn1-3 and Rpn5-12). Few 
additional components lack the Rpn names (e.g. UCH37). 

20S proteasome Multisubunit proteolytic core of the 26S proteasome; formerly 
known as multicatalytic proteinase complex (MPC); is a member of 
the N-terminal nucleophile hydrolases family; is organized in four 
stacked 7-membered rings composed of 2 outer α and 2 inner β 
rings arranged in a cylinder-like shape, with a central catalytic 
chamber and two antechambers. The entrance to the antechambers 
is occluded in inactive (latent) 20S proteasomes by N-terminal 
extensions of several α subunits. Activation of the 20S proteasome 
can be achieved by physical or chemical means or by binding to 
activators such as PA28 and PA700. It is characterized by the 
presence of three main hydrolytic activities, referred to as 
chymotrypsin-like activity (ChTL), trypsin-like activity (TL) and 
post-glutamyl peptide-hydrolyzing (PGPH) activity (also known as 
caspase-like). 20S proteasomes can degrade only short peptides 
and some denatured proteins, they can not recognize or bind 
polyubiquitinated proteins. Different nomenclature of the 20S 
subunits exist, but the most widely accepted is the α/β 
nomenclature, which distinguishes 7 α subunits (α1-α7) and 10 β 
subunits (β1-β7 and β1i, β2i, β5i). 

26S proteasome Composed of the core 20S proteasome associated with one or two 
19S caps (PA700). The 26S proteasome are the active form of 
proteasomes, engaged in the degradation of ubiquitinated proteins. 
The 19S cap provides the capacity to bind polyubiquitinated 
proteins, deubiquitinate them, unfold them and translocate them to 
the central 20S proteasome, which provides the proteolytic sites. 
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AAA (atpases 
associated with 
various cellular 
activities) proteins 

A superfamily of enzymatic machines that posses a structurally 
conserved ATPase domain and diverse cellular functions. Includes 
the proteasomal ATP-ases (Rpt1-6) and VCP. 

Adhesion molecule Specialized cell surface molecules that are involved in interactions 
between different cells. Include different families of proteins such 
as cadherins, integrins, selectins, ICAM, etc. 

After eight A zebrafish homologue of the Drosophila delta gene. 
Aggresome Inclusion body, which is assembled around centrosomes in the area 

of the proteolytic center of the cell through centripete microtubule-
mediated transport; it is enriched in ubiquinated proteins, 
chaperones and proteasomes, and surrounded by a cage of 
intermediate filaments. Arise as a consequence of proteasome 
inhibition or/and massive overexpression of misfolded proteins. 
Aggresomes are often considers in vitro models of inclusion bodies 
found in neurodegenerative disorders.  

Akt/Protein kinase B A serine/threonine kinase that has a wide range of substrates; it acts 
downstream of PI3K to regulate many biological processes, such as 
proliferation, apoptosis and growth and is involved in 
tumorigenesis. 

Alfa(α)-synuclein One in a family of structurally related proteins that are prominently 
expressed in the central nervous system. Aggregated α-synuclein 
proteins form brain lesions that are hallmarks of some 
neurodegenerative diseases (synucleinopathies). The gene for α-
synuclein, which is called SNCA, is on chromosome 4q21. One 
form of hereditary Parkinson’s disease is due to mutations in 
SNCA. Another form of hereditary Parkinson disease is due to a 
triplication of SNCA. See also: Parkinson’s disease. 

Algogen: A substance that produces pain e.g. capsaicin, mustard oil. 
Allodynia: The perception of normally innocuous stimuli such as light touch 

as painful. This is a frequent symptom of neuropathic pain. 
Allosteric effect Coupling of conformational change between two widely separated 

binding sites. 
Alzheimer’s disease 
(AD) 

A degenerative disease of the brain associated with the 
development of protein deposits in the cerebral cortex and 
characterized by confusion, disorientation, memory failure, speech 
disturbances.  

Ampa Alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acic. 
Agonist for AMPA receptor, mimics the effects of glutamate. 

Amygdale (Latin, corpus amygdaloideum) an almond-shaped set of neurons 
located deep in the brain's medial temporal lobe. Shown to play a 
key role in the processing of emotions, the amygdala is a part of the 
limbic system. 

Amyloid fibrils Structures formed by many disease-causing proteins when they 
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aggregate.Amyloid fibrils share common biochemical 
characteristics such as detergent insolubility, high β-sheet content 
and a cross β structure, protease resistance and the ability to bind 
lipophilic dyes, such as congo red. 

Amyotrophic lateral 
sclerosis / 
parkinsonism 
dementia complex of 
guam (als/pdc) 

ALS is a progressive neurodegenerative disorder involving 
primarily the motor neurons of the cerebral cortex (upper motor 
neurons, umn), brain stem and spinal cord (lower motor neurons, 
lmn). Guamanian als/pdc amyotrophic lateral 
sclerosis/parkinsonism dementia complex of Guam (als/pdc) is a 
chronic neurodegenerative disorder highly prevalent in the native 
chamorro population of guam island in the western pacific. The 
etiopathogenesis of this disorder is not yet elucidated, although it 
has been hypothesized that environmental factors such as 
aluminium or neurotoxins might be involved. Neuropathologically, 
guamanian als/pdc shows a severe cortical atrophy and neuronal 
loss. The neuropathological hallmark of als/pdc is the widespread 
nft formation, especially in the isocortex and hippocampal 
formation. 

Anaphase promoting 
complex (apc) 

A large multi-protein complex consisting of at least 11 subunits 
with E3 ubiquitin ligase activity, implicated in mediating 
proteolysis during cell-cycle progression. Recently, roles for the 
APC in neural development have been described. Also known as 
the cyclosome. 

Angiogenesis The formation of blood vessels, such as occurs during 
embryogenesis, tissue repair or tumorigenesis. 

Antigen A substance that stimulates an immune response, especially the 
production of antibodies. 

Anti-nuclear 
antibodies 

Autoantibodies to nuclear antigens found in different systemic 
autoimmune diseases, in particular systemic lupus erythematosus 
and diseases affecting the connective tissue. 

Antisense Oligonucleotides with a sequence that is complementary to the 
mRNA of a given molecule can be used to block its translation. 
The subsequent temporary elimination of the protein of interest 
often provides useful information on its biological function.  

Aplysia Sea slug that belongs to the family Aplysiidae and is a genus of sea 
hares. 

Apoptosis A process of programmed cell death which can be initiated 
(initiation phase) through an extrinsic (TNF, FAS ligand) or 
intrinsic pathway (DNA damage, oxidative stress), leading to 
activation of caspases, in particular caspase 3 (execution phase). 
Activation of caspases brings upon cleavage of multiple cellular 
proteins, including some proteasomal subunits. Subsequent 
activation of endonucleases induces internucleosomal DNA 
cleavage. Morphological features of apoptosis include loss of cell 
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adhesion, peripheral chromatin condensation, and cell blebbing, 
ultimately leading to the division of the cell into multiple apoptotic 
bodies, which ar ephagocytosed by surrounding cells. In distinction 
to necrosis, apoptosis does not elicit an inflammatory response. 

Arborisation The process by which an axonal or dendritic growth cone changes 
its morphology upon reaching its target by the extension and 
retraction of branch tips to form an elaborate stucture resembling a 
tree or arbor. 

Ariadne A Drosophila gene encoding a RING finger domain-containing 
protein. Null mutants are lethal and exibit a large number of 
abnormalities such as in neural development including axon 
pathfinding. 

Armadillo 
superfamily 

The armadillo repeat is an approximately 40 amino acids long 
tandemly repeated sequence motif first identified in the Drosophila 
segment polarity gene product armadillo, a protein that mediates 
cell adhesion. Similar repeats were later found in the mammalian 
armadillo homolog β-catenin, the junctional plaque protein 
plakoglobin, the adenomatous polyposis coli (APC) tumor 
suppressor protein, and a number of other proteins. These proteins 
exert several functions through interactions of their tandem 
armadillo repeats domain with diverse binding partners. The 
proteins combine structural roles as cell-contact and cytoskeleton-
associated proteins and signaling functions by generating and 
transducing signals affecting gene expression. 

Ataxia Impairment of the ability to perform smoothly coordinated 
voluntary movements. 

Ataxin Protein associated with spinocerebellar ataxia, e.g. ataxin-1 is the 
protein associated with SCA-1. The ataxin proteins contain a 
polyglutamine tract. 

Autophagy A process by which areas of cytoplasm including entire organelles 
are surrounded by membranes, likely derived from the endoplasmic 
reticulum. Once the entire area of cytoplasm is secluded it fuses 
with primary lysosomes, leading to the degradation of enclosed 
cytoplasmic structures. Autophagy is controlled by a complex 
cascade of enzymatic reactions including the covalent conjugation 
of two different ubiquitin-like proteins of the Atg family. 
Autophagy is triggered in situations of starvation providing to the 
cell a steady source of nutrients, however excessive autophagy 
leads to autophagic cell death. 

Axon Also called nerve fiber, is a long slender projection of a nerve cell, 
or neuron, that conducts electrical impulses away from the neuron's 
cell body or soma. 

Axonal dystrophy Generic term for mis-shapen axons in pathology, encompassing 
both larger spheroids and smaller varicosities. 
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Axonal pruning The cell-autonomous, programmed removal of superfluous axonal 
branches that arise during development 

Axonal spheroid Focal swelling of an axon, usually in the CNS, to many times its 
usual diameter, typically 10-50 µm. Spheroids are often filled with 
disorganised cytoskeleton and organelles, and many stain 
positively for APP. 

Axonal transport The flow of proteins, organelles and other axonal components 
along the axon. Axonal transport is bidirectional, with anterograde 
transport moving away from the cell body and retrograde transport 
moving towards it.  Components also move with different speeds, 
classified as slow and fast axonal transport. 

baculovirus inhibitor 
of apoptosis protein 
repeat (BIR) 

BIR is a domain of tandem repeats separated by a variable length 
linker that seems to confer cell death-preventing activity.  The BIR 
domains characterize the Inhibitor of Apoptosis (IAP) family of 
proteins (MEROPS proteinase inhibitor family I32, clan IV) that 
suppress apoptosis by interacting with and inhibiting the enzymatic 
activity of both initiator and effector caspases (MEROPS peptidase 
family C14). Several distinct mammalian IAPs including XIAP, c-
IAP1, c-IAP2, and ML-IAP, have been identified, and they all 
exhibit antiapoptotic activity in cell culture. The functional unit in 
each IAP protein is the baculoviral IAP repeat (BIR), which 
contains approximately 80 amino acids folded around a zinc atom. 
Most mammalian IAPs have more than one BIR domain, with the 
different BIR domains performing distinct functions. For example, 
in XIAP, the third BIR domain (BIR3) potently inhibits the 
catalytic activity of caspase-9, whereas the linker sequences 
immediately preceding the second BIR domain (BIR2) selectively 
targets caspase-3 or  -7. 

Bag-1 BAG-1 (also known as RAP46; BCL2-associated athanogene) is an 
anti-apoptotic protein, which has been shown previously to interact 
with molecular chaperones of the Hsp70/Hsc70 family, 
characterized by an N-terminal ubiquitin-like domain, which binds 
to the 26S proteasome, providing a link between molecular 
chaperones and the UPS. 

Bang-sensitive 
paralytic 

A class of fly mutant that exhibits hyperactive seizure behavior 
followed by temporary paralysis in response to mechanical 
stimulation, such as a “bang” of the culture vial. 

Base of the 19s cap 
(pa700) 

A subdivision of the 19S cap (PA700) formed by a hexameric ring 
of proteasomal ATP-ases (Rpt1-6) as well as two largest, non-
ATP-ase subunits of the PA700 (Rpn1 and 2).The base attaches to 
the α ring of the 20S proteasome on one side and to the lid of the 
PA700 on the other, through the Rpn10 subunit, which forms the 
hinge region. 

Basic helix-loop- A family of positive and negative regulators of transcription i.e. 
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helix (bhlh) transcription factors characterised by a basic (positively charged) 
helix-loop-helix motif mediating sequence specific DNA 
recognition. 

Basic helix–loop–
helix (bhlh) 

A structural motif present in many transcription factors that is 
characterized by two α-helices separated by a loop.The helices 
mediate dimerization, and the adjacent basic region is required for 
DNA binding. 

Bcl2 
 

A protein that promotes the survival of neurons by stabilizing 
mitochondrial membranes and decreasing oxidative stress. 

Bcl-2 family (b-cell 
lymphoma-2 
family). 

These are proteins with a structural similarity to Bcl-2, the 
prototypical inhibitor of apoptosis. The Bcl-2 family comprises 
proteins that both block and enhance apoptosis.  

Bendless A Drosophila gene which when mutated leads to defects in the 
giant fibre axon pathfiding and escape-jump response. Bendless 
encodes a ubiquitin-conjugating enzyme and was the first mutation 
in a component of the UPS which exhibited axon pathfinding 
defects. 

Beta (β)-Amyloid An amyloid derived from a larger precursor protein (APP: Amyloid 
precursor protein) and is a component of the neurofibrillary tangles 
and plaques characteristic of Alzheimer's disease. 

Beta (β)-Sheet 
structures 

The β sheet (also β-pleated sheet or β strand) is a commonly 
occurring form of regular secondary structure in proteins. It 
consists of a stretch of amino acids whose peptide backbones are 
almost fully extended, resulting in an elongated pleatlike structure 
in which the peptide carbonyls point in alternating directions 
relative to the plane of the sheet. A typical strand is about five to 
ten amino acids long. In the most common usage, β strand refers to 
a single continuous stretch of amino acids adopting an extended 
conformation and involved in hydrogen bonds; by contrast, a β 
sheet refers to an assembly of such strands that are hydrogen-
bonded to each other. However, the term ‘β sheet’ is also 
sometimes used as a synonym of ‘βstrand’, i.e., for a single 
segment of extended, hydrogen-bonded amino acids. 

Bir motif A ~70 amino-acid zinc-finger motif called the baculoviral inhibitor 
of apoptosis repeat. The number of BIR domains in a given IAP 
varies from one to three, but they are invariably present at the 
amino-terminus of the protein, and mediate the interaction with 
caspases.  

Blm3p Initially identified as an extragenic suppressor of the blm3-1 
mutation in a genetic screen to detect genes controlling sensitivity 
to bleomycin, a drug that induces DNA double strand breaks. Yeast 
ortholog of the mammalian 20S proteasome activator PA200. It is 
now designated as Blm10p. 

Bone morphogenetic Members of the transforming growth factor βfamily of molecules 
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protein (bmp) having multiple roles in development, including synaptogenesis. 
Bortezomib (a 
dipeptidyl boronic 
acid, ps-341) 

The first proteasome inhibitor that has progressed to clinical trails 
for the treatment of multiple myeloma (MM) and other cancers. 
Received the US Food and Drug Administration approval 
(VelcadeTM, Millenium Pharmaceuticals, Cambridge, MA) for the 
treatment of patients with relapsed and refractory MM. The mode 
of action depends largely on the inhibition of anti-apoptotic and 
anti-inflammatory NF-κB pathway both in the MM cells and in 
bone marrow stromal cells. 

Braap Proteasomal activity cleaving after branched-chain amino acids. 
Brain derived 
neurotrophic factor 

A neurotrophin playing roles in proliferation, differentiation and 
survival of neurons during development, as well as in the synaptic 
activity and plasticity in many groups of mature neurones. 

Brain stem The lower part of the brain, adjoining and structurally continuous 
with the spinal cord. 

Calcium/calmodulin 
protein kinase ii 
(camkii) 

Ca2+/Calmodulin-Dependent Protein Kinase II (CaMKII) is a 
serine/threonine kinase. It is a Ca2+ /calmodulin-dependent, 
truncated monomer (1-325 amino acid residues) of the subunit. 
Autophosphorylation of threonine 286 in the presence of Ca2+ and 
calmodulin activates CaMKII and produces substantial Ca2+ 

/calmodulin-independent activity. 
Calpain/calpastatin Calpain is a calcium-activated proteinase of eukaryotic cells that 

itself activates several cellular enzymes. In erythrocytes, it affects 
several proteins important for the determination of cellular shape 
and deformability. This protease is also involves in apoptosis, 
cytoskeletal reorganization and muscle protein degradation. 
Calpain exists as a heterodimer composed of a small regulatory 
subunit and one of three large catalytic subunits, designated 
calpain1, 2 and 3. Calpastatin regulates calpain by inhibiting both 
the proteolytic activity of calpain and its binding to membranes. 
Calpastatin exists in two types, tissue type (100-120 kDa) and 
erythrocyte type (70 kDa), resulting from both alternative splicing 
and proteolytic processing. 

Capsaicin Irritant chemical responsible for the burning sensation of chilli 
peppers, activates the ion channel TRPV1 (transient receptor 
potential V1). 

Carney syndrome  Multiple Neoplasia Syndrome characterized by spotty skin 
pigmentation, cardiac and soft tissue (skin, mucous membrane) 
myxomas, psammomatous melanotic schwannomas and endocrine 
tumors including Cushing’s syndrome from nodular adrenocortical 
hyperplasia, pituitary adenomas (acromegaly or prolactinoma), 
Sertoli cell tumors and Leydig cell tumors. 

Casein kinase i and 
ii (chi/ii) 

Casein Kinases (CKI and II) are serine/threonine protein kinases. 
Numerous isoforms have been described, most with monomeric 
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structure. 
Caspases Caspases are members of the cysteine-aspartic acid protease 

(caspase) family and are generated by a unique gene. They exist as 
inactive proenzymes which undergo proteolytic processing at 
conserved aspartic residues to produce two subunits, large and 
small, that dimerize to form the active enzyme Their sequential 
activation plays a central role in the execution-phase of cell 
apoptosis. Caspase 3 cleaves and activates caspases 6, 7 and 9 
(executor caspases), and the protein itself is processed by caspases 
4, 8, 9 and 10 (initiator caspases). 

Cbcvhl complex An SCF-related complex of elongin B, elongin C, cullin-2 and the 
RING-finger protein Rbx1/Roc-1.The substrate recognizing 
subunit pVHL binds to the elongin B/C complex through a motif 
known as the Socs box. It is believed that the von Hippel–Lindau 
cancer syndrome is a direct consequence of a loss of cellular 
CBCVHL-mediated ubiquitylation activity. 

Cdk inhibitor p21 It binds to and inhibits the activity of cyclin-CDK2 or -CDK4 
complexes, and thus functions as a regulator of cell cycle 
progression at G1. The expression of the coding gene is tightly 
controlled by the tumor suppressor protein p53, through which this 
protein mediates the p53-dependent cell cycle G1 phase arrest in 
response to a variety of stress stimuli. This protein can interact with 
proliferating cell nuclear antigen (PCNA), a DNA polymerase 
accessory factor, and plays a regulatory role in S phase DNA 
replication and DNA damage repair. 

Cdk inhibitor p27kip1 It binds to and prevents the activation of cyclin E-CDK2 or cyclin 
D-CDK4 complexes, and thus controls the cell cycle progression at 
G1. The degradation of this protein, which is triggered by its CDK 
dependent phosphorylation and subsequent ubiquitination by SCF 
complexes, is required for the cellular transition from quiescence to 
the proliferative state. 

Central sensitisation The phenomenon of synaptic facilitation in the dorsal horn of the 
spinal cord, which occurs following tissue damage or nerve injury, 
whereby activation of spinal cord neurons can be elicited by a 
weaker sensory signal than in normal animals. This sensitisation 
has some characteristics of synaptic plasticity associated with 
learning and memory (for example, hippocampal long-term 
potentiation). 

Centrosome A structure adjacent to the nucleus formed by a pair of centrioles 
surrounded by amorphous pericentriolar material, serving as a 
microtubule-organizing center. 

CFTR See: Cystic fibrosis transmembrane conductance regulator. 
Chaperones Proteins whose function is to assist other proteins in achieving 

proper folding. Many chaperones are heat shock proteins, that is, 
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proteins expressed in response to elevated temperatures or other 
cellular stresses. Other chaperones are involved in folding newly 
made proteins as they are extruded from the ribosome. Although 
most newly synthesized proteins can fold in absence of chaperones, 
a minority strictly requires them. 

Chaperonin A subclass of chaperones, forming cylindrical stacked complexes 
with an inner cavity, which assist the folding of nascent, non-native 
polypeptides into their native, functional state.  

Charcot-Marie-
Tooth disease 

A group of peripheral neuropathies either affecting primarily the 
axons (type II) or the Schwann cells (type I). 

Chemical synapse Specialized junction through which neurons signal to one another 
and to non-neuronal cells such as muscles or glands. 

Chemokines Class of pro-inflammatory cytokines that have the ability to attract 
and activate leukocytes. 

Chip (carboxyl 
terminus of hsp70-
interacting protein): 

A co-chaperone that negatively regulates the ATPase and 
chaperone activities of Hsc70. It has U box-dependent ubiquitin 
ligase activity that targets chaperone substrates for proteasome-
dependent degradation. 

Cht-l Chymotrypsin-like activity; proteasomal activity cleaving after 
hydrophobic residues and associated to the β5 subunit. 

Cks1 (cdc2-
associated protein) 

Cofactor for Skp2; induces allosteric alterations in Skp2 molecule, 
allowing it to bind phosphorylated substrate 

Clpap (clpxp) A major multicomponent protease of Escherichia coli, consists of a 
proteolytic component, ClpP, in association with an ATP-
hydrolyzing, chaperone component, ClpA(X). 

Cluster of 
differentiation (cd) 

Molecules are cell surface molecules recognized by specific sets of 
antibodies. The CD nomenclature is established during 
International Workshops and Conferences on Human Leukocyte 
Differentiation Antigens (HLDA). This system was meant to 
classify many monoclonal antibodies, generated by different 
laboratories, against various cell surface molecules on leukocytes. 
Around 300 CD molecules have been identified. 

Combinatorial 
chemistry 

A technology for synthesizing and characterizing collections of 
chemical compounds (libraries) and the screening of those libraries 
for compounds with useful properties; the modern approach to drug 
discovery. 

Conformational 
diseases 

Conformational diseases are diseases where cellular functions are 
compromised because of misfolded proteins. The conceptional 
framework of conformational diseases is found in the cellular 
protein quality control systems which in the normal and young cell 
eliminate misfolded proteins. Misfolding may occur in proteins 
with an intrinsic ability to aggregate and in oxidatively damaged 
proteins, which accumulate by ageing. If the protein quality control 
systems are not sufficiently efficient cell toxic protein complexes 
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may accumulate. This pathogenesis is a major contributing factor 
in the development of late onset neurodegenerative disorders. 

Consanguineous Related by blood, usually referring to marriage between close 
relatives. 

Constitutive 
proteasome 

20S proteasome whose active subunits are β1, β5 and β2, in 
contrast to the immunoproteasome. 

Corticobasal 
degeneration (cbd) 

A slowly progressive disorder characterized by neurodegenerative 
changes of certain brain regions, including the cerebral cortex 
(particularly the frontal and parietal lobes) and parts of the basal 
ganglia. Most patients initially develop symptoms in their 60s or 
70s. Primary findings may include stiffness (rigidity); slowness of 
movement (bradykinesia); loss of the ability to coordinate and 
execute certain purposeful movements of the arms or legs (limb 
apraxia); the sensation that a limb is not one's own (‘alien limb 
phenomenon’); and other sensory abnormalities. Affected 
individuals may also develop slurred, labored speech (dysarthria); 
dystonia; and irregular, involuntary, ‘shock-like’ contractions of 
certain muscle groups, particularly of the hands and forearms, that 
may be provoked or aggravated by voluntary movement and certain 
external stimuli (action and reflex myoclonus). 

Covalently bound 
inhibitors of the 20s 
proteasome 

Peptide or non-peptide – based small molecules bearing diverse 
functional groups that bind covalently to the hydroxyl group of the 
N-terminal threonine-1 residue of each catalytic β-subunit; inhibit 
the activity either reversibly or irreversibly; commonly used to 
explore the role for the proteasome in physiology and pathology; 
exhibit anti-cancer and anti-inflammatory activities. 

Cowden syndrome  A hereditary predisposition to tumors: hamartomas of the skin, 
mucous membranes, breast and thyroid that is caused by PTEN 
mutations 

Creb (camp response 
element-binding 
protein)  

CREB binds to cAMP-responsive gene promoters that have in 
common an 8-base enhancer known as the cAMP-response element 
(CRE). Cyclic AMP (cAMP) second messenger pathways provide 
a chief means by which cellular growth, differentiation, and 
function can be influenced by extracellular signals. 

Cyclins These function as positive regulatory subunits of cyclindependent 
kinases (CDKs). Cyclin–CDK complexes are usually activated at 
specific points during the cell cycle and have a specific set of 
substrates.  

Cystic fibrosis 
transmembrane 
conductance 
regulator (Cftr) 

A multispanning transmembrane chloride ion channel and regulator 
of other transporters; mutations cause cystic fibrosis. 

Cytokine Small proteins or biological factors that are released by cells and 
have specific effects on cell-cell interaction, communication, and 
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behavior of other cells. 
Deadly seven A zebrafish homologue of the Drosophila notch gene. 
Degradasome A coupled multiprotein system that physically links the 26S 

proteasome and one or more ubiquitin receptors with components 
of the ubiquitin conjugation system and other ancillary factors. 

Degron Amino acid sequence, conformational determinant or chemically 
modified protein structure that confers metabolic instability to 
proteins and acts as a degradation signal. Examples of degrons 
include the cyclin destruction box and destabilizing N-terminal 
amino acids. 

Deleted in colorectal 
carcinoma 

One of the receptors for the axon guidance cue Netrin-1 identified 
for its potential role as a tumour suppressor gene. 

Delta A neurogenic gene first indentified in Drosophila which when 
mutated leads to an excess of neurones differentiating. Delta is a 
transmembrane protein which interacts with the Notch protein 
medeating the process of lateral inhibition. 

Deltex Identified in Drosophila as a positive regulator of the Notch 
signalling pathway. Deltex contains a RING-H2 domain at the c-
terminus and two copies of a WWE protein-protein interaction 
domain indicating it may be an E3 ubiquitin ligase. 

Demyelinating 
neuropathy 

Peripheral nerve disease associated with the loss or destruction of 
myelin from Schwann cells. 

Demyelination Loss of the myelin sheath surrounding myelinated axons, which 
occurs as a result of disease or damage. 

Dendrites Projections of a neuron (usually branched) that act to conduct the 
electrical stimulation received from other cells to and from the cell 
body (from Greek dendron - tree). 

Dentatorubral 
Pallidoluysian 
Atrophy 

This is a rare neurodegenerative disease reported mostly in Japan. 
It is  characterised by epilepsy, chorea and ataxia. It is caused by 
the expansion of a CAG nucleotide repeat in a gene on 
chromosome 12. Like Huntington's disease the onset of the 
symptoms are earlier, and the disorder more severe, if the defective 
gene is inherited paternally. Early onset and severe symptoms are 
more marked the longer the CAG repeat. 

Deubiquitinating 
enzymes (dubs) 

Multiple cellular enzymes able to cleave the peptide and isopeptide 
(isopeptidases) bonds formed between ubiquitin molecules or 
between ubiquitin and the substrate protein. DUBs perform main 
three functions: 1) they are necessary components of the 26S 
proteasome, removing polyubiquitin chain before the substrate is 
degraded; 2) they are required for the generation of free ubiquitin 
from the products of the ubiquitin-fusion genes; 3) they edit and 
rescue ubiquitinated substrates, opposing the action of the E1-E2-
E3 cascade. 

Dislocation See: retrotranslocation. 
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Dlk-1 A mitogen activated kinase kinase kinase which in C. elegans is 
regulated via ubiquitination and regulates synaptogenesis 
downstream of RPM-1, the C elegans homologue of the Drosophila 
highwire gene. 

Dopamine: An endogenous catecholamine and major transmitter in the 
extrapyramidal system of the brain important in regulating 
movement. In the synthesis of catecholamines from tyrosine, it is 
the immediate precursor to norepinephrine and epinephrine. 

Dorsal horn The area of the spinal cord where the majority of sensory afferents 
terminate, comprising the laminae I-VI. 

Dysarthria Speech disorder resulting from the inability to properly control the 
muscles of the mouth. 

E1 Ubiquitin-activating enzyme (UBA); an enzyme that activates 
ubiquitin by forming a ubiquitin–E1 thiol ester bond, first step in 
the ubiquitination cascade. There are two isoforms of the E1 in 
humans, E1A and E1B. 

E2 Ubiquitin conjugating enzyme (UBC); an enzyme that conjugates 
ubiquitin by transferring the activated ubiquitin from an E1 and 
forming an ubiquitin–E2 thiol ester bond; it interacts with specific 
E3 enzymes. There are ~20 known E2s in the human genome. 

E3 Ubiquitin ligases; enzymes whcih bring upon specificity to the 
UPS, recognizing the substrate to be ubiquitinated. There are over 
700 different E3s in the human genome, which contain either the 
HECT (Homologous to the E6-AP Carboxyl Terminus) domain or 
the RING (really interesting new gene) domain (or the closely 
related U-box domain). Ubiquitination can occur in two ways: 
Directly from E2, catalysed by RING domain E3s and via a thiol 
linkage to the E3 enzyme, catalysed by HECT domain E3s. E3s 
containing the HECT domain are monomeric, while enzymes 
containing the RING domain form multisubunit complexes, such as 
the APC or the SCF. 

E4  Ubiquitin chain elongation factor; A specialized ubiquitin ligase 
that is capable of elongating oligoubiquitinated substartes. Known 
human E4s include Ufd2A and B.  

Ecm29 ~200-kDa HEAT-repeat protein that associates with the 26S 
proteasome. Many species are present in mouse brain ranging from 
55 kDa to greater than 250 kDa and are likely to arise by 
alternative splicing and/or proteolytic processing. Ecm29 has been 
proposed to function as an adaptor to link the 26S proteasome to 
endocytic, secretory, transport and protein quality control 
pathways. 

Ectopic neurite 
outgrowth 

A class of mutations identified in C. elegans with defects in the 
axon outgrowth of specific neurone types. 

Electroencephalogra A recording of the summated electrical potentials of neurons in the 
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m (eeg) cerebral cortex using scalp electrodes. 
Embolus A clot formed by platelets or leukocytes that blocks a blood vessel. 
Endbulbs Large swellings, up to 50 µm diameter, that develop terminally on 

both proximal and distal axon stumps after transection. 
Endocytosis The process by which eukaryotic cells take up material from the 

outside by invagination of the plasma membrane. 
Endothelium The layer of epithelial cells that lines the blood and lymph vessels 

of the body. 
Ephb2 A member of the erythropoietin producing hepatocellular family of 

tyrosine kinase receptors playing roles in tunourigenesis and axon 
guidance. 

Epigenetic 
inheritance 

Transmission of phenotypic changes without alteration of the 
genetic code; includes traits trasmited through the pattern of DNA 
methylation and through the pattern of posttranslational 
modification of histones. 

Epilepsy A brain disease characterized by the presence of recurrent and 
spontaneous, unprovoked seizures 

Erad (endoplasmic 
reticulum-associated 
degradation) 

The process by which lumenal and transmembrane proteins present 
in the endoplasmic reticulum are degraded; not all ERAD depends 
on the UPS, and not all ERAD involves retrotranslocation from the 
ER to the cytosol, however the term ERAD is often used to 
describe the retrotranslocation of substrates from the ER followed 
by their ubiquitination and UPS-dependent degradation. ERAD is a 
quality control mechanism, which prevents the accumulation of 
misfolded proteins in the ER or their secretion to the extracellular 
space, it therefore counteracts ER stress and complements the 
unfolded protein response. Depending on whether the misfolded 
domain is localized within the lumen, the membrane or the cytosol, 
the ERAD pathway can be subdivided into ERAD-L, ERAD-M 
and ERAD-C, with different sets of factors required for each 
pathway. All subdivisions of ERAD converge on the cytosolic site 
of the ER membrane, where substrates are delivered to the 26S 
proteasome, often with the assistance of the VCP-Ufd1-Npl4 
complex. 

Erythropoietin A renal hormone that is induced by anaemia and that activates 
haemoglobin synthesis by bone marrow red-cell precursors. 

Esrom The zebrafish homologue of the Drosophila highwire gene. Esrom 
functions as an E3 ubiquitin ligase and is required for the 
topographic mapping of zebrafish RGCs in the optic tectum. 

Etiology The cause or origin of disease. 
Familial 
cylindromatosis 

See. Turban tumor syndrome. 

familial An autosomal dominantly inherited dementia, histologically 
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encephalopathy with 
neuroserpin 
inclusion bodies 
(fenib), 

characterized by unique neuronal inclusion bodies, and 
biochemically by polymers of the neuron-specific serpin, 
neuroserpin. 

Fat facets A member of the Drosophila deubiquitinating enzyme family 
which may antagonize ubiquitin-dependent mechanisms. 

Frazzled The Drosophila homologue of the netrin receptor DCC. 
Frontotemporal 
dementia with 
parkinsonism linked 
to chromosome 17 
(ftdp-17) 

Hereditary Frontotemporal Dementia with Parkinsonism-17 
(FTDP-17) is a progressive dementia that can present with a variety 
of clinical features, including behavioral and cognitive changes, 
psychiatric symptoms, language disturbances, and/or motor 
dysfunction. Onset of these symptoms typically occurs between 40 
and 60 years of age. In all these diseases, the symptoms observed 
were related to mutation in the tau gene. 

Gamma γ-Interferon Immunomodulatory cytokine. 
Ganglion mother 
cell 

During neurogenesis in insects neuroblats undergo eight waves of 
mitosis giving rise to progeny known as the ganglion mother cell. 
Each ganglion mother cell performs one equal cell division 
yielding two neurones. 

Genomic imprinting A phenomenon of epigenetic inheritance in which a gene’s 
expression pattern is dependent on the parent-of-origin. 

Giant axonal 
neuropathy (GAN) 

GAN is a rare hereditary motor and sensory neuropathy (HSMN) 
that severely affects the central nervous system. The first symptoms 
appear in early childhood. This disorder is characterized by 
abnormalities in the peripheral and central nervous systems 
including low muscle tone (hypotonia), muscle weakness, 
decreased reflexes, impaired muscle coordination (ataxia), seizures 
and mental retardation. Pale, tightly curled hair is frequently seen 
in those affected. Giant axonal neuropathy follows autosomal 
recessive genetic inheritance. 

Gigaxonin Gigaxonin controls protein degradation, and is essential for 
neuronal function and survival. Gigaxonin is now known as a 
ubiquitin scaffolding protein that controls MAP1B-LC degradation. 
Mutations in the GAN gene, which encodes the ubiquitously 
expressed protein gigaxonin, results in a sensory and motor 
neuropathy called Giant Axonal Neuropathy (GAN). Features of 
GAN include axonal degeneration. See Giant axonal neuropathy.  

Glass bottomed boat The Drosophila homologue of bone morphogenetic protein. 
Glioblastoma It is the most frequent astrocytic gliomas and the most malignant of 

neuroepithelial tumors. It can be primary, arising as such since the 
beginning, or secondary by malignant transformation of a previous 
astrocytoma.  

Glucocorticoid A steroid hormone synthesized and secreted by specialized cells in 
the adrenal cortex that exerts wide-ranging effects on nearly every 
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tissue in the body including the brain. 
Glucocorticoid 
receptor 

The receptor for glucocorticoid hormones (e.g. cortisol) that is a 
member of the nuclear receptor superfamily. 

Growth cone The tip of a developing axon or dendrite with long thin filopodia 
and lamellipodia responsible for sensing the environment and 
guiding the axon or dendrite to its targeted during development or 
regeneration. 

Gsk3 α and β 
glycogen synthase 
kinase3 alpha and 
beta) 

GSK-3 is a serine/threonine kinase, which is involved in many cell 
functions, including, insulin pathway, growth factor and nutrient 
signaling, cell division, apoptosis, modulation of transcription 
factors AP-1 and CREB, and specification of cell fate1. 
Phosphorylation of GSK-3β on serine 9 results in its inactivation. 
GSK-3β has also been shown to phosphorylate tau, the major 
component of neurofibrillary lesions of Alzheimer’s disease 

Guidance cue A signal which guides the growth cones of axons or denrites to 
their correct target during neural development. Examples of 
guidance cues include the netrin and semaphorin families. 

Hcdc4/fbw/archipela
go/ago. 

F-box protein with 7 tandem tryptophan-aspartic acid repeats. It 
binds directly to cyclin E and is thought to target it for ubiquitin-
mediated degradation. 

Hdj-1/Hdj-2 Hdj-1 and Hdj-2 are members of the Hsp40 family of co-
chaperones that utilize a conserved J-domain to regulate the 
ATPase activity of Hsp70. 

HEAT repeat Named after huntingtin, eukaryotic elongation factor 3, the PR65/A 
subunit of protein phosphatase 2A, and the target of rapamycin 
(TOR) lipid kinase, HEAT repeats are α-helical domains composed 
of roughly 50 amino acid residues which pack together to form 
elongated superhelices or solenoids. Canonical HEAT repeats 
consist of two helices, which form helical hairpins that stack upon 
one another into a single domain with a continuous hydrophobic 
core. These domains are found in a wide variety of proteins of 
differing activities that function as scaffold, anchoring or adaptor 
proteins. 

Heat shock protein Heat shock proteins (Hsps) are a group of molecular chaperones, 
which are normally up-regulated when a cell undergoes various 
type of environmental stresses such as heat, cold or oxygen 
deprivation.  

Hect A protein domain homologous to the E6-assopciated protein 
(E6AP) C terminus characteristic of this family of ubiquitin ligases. 

Hereditary inclusion 
body myopathy (h-
IBM) associated 
with Paget disease 
of bone (PDB) and 

IBMPFD is a rare, complex and ultimately lethal, autosomal 
dominant disorder (MIM 605382). IBMPFD features adult-onset 
proximal and distal muscle weakness (clinically resembling limb 
girdle muscular dystrophy), early-onset PDB in most cases, and 
premature FTD. Mutations in the valosin-containing protein (VCP) 
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frontotemporal 
dementia (FTD) 
(IBMPFD) 

on chromosome 9p13-p12 were recently found to be associated 
with IBMPFD. 

High throughput 
screening (hts) 

The process in which thousands of compounds are screened against 
a known or unknown target and the ones exhibiting the biggest 
positive effect are taken on for more detailed analysis; can be 
performed using microwell-or cell array-based assays or using 
pooled libraries.  

Highwire A potential Drosophila RING-H2 E3 ubiquitin ligase which 
negatively regulates synaptogenesis. 

Hippocampus A part of the brain located inside the temporal lobe, forming a part 
of the limbic system and plays a part in memory and spatial 
navigation. The name derives from its curved shape in coronal 
sections of the brain, which to some resembles a seahorse (Greek: 
hippokampos). 

Hrs (hepatocyte 
growth factor-
regulated tyrosine 
kinase substrate) 

Hrs is localised to early endosomes in a manner that requires 
phosphoinositide 3-kinase (PI 3-kinase) activity. 

Hsp100 Heat shock protein 100 (Hsp100) chaperones are members of the 
AAA+ protein family (adenosine triphosphatases with diverse 
activities) that share a common ATPase domain and form large 
ring-shaped structures. In yeast, Hsp104, the best-characterized 
Hsp100, regulates protein aggregation, disaggregation and 
thermotolerance, but no mammalian homologue has been identified 
so far. 

Hsp40 
 

Hsp40 co-chaperones bind Hsp70 through a conserved J-domain 
and stimulate ATP hydrolysis, resulting in a conformational switch 
that closes the substrate-binding pocket of Hsp70 and facilitates the 
capture of non-native protein substrates. Hsp40s also bind protein 
substrates and target these substrates to Hsp70, enhancing the 
efficiency of the Hsp70/Hsp40 refolding cycle. Higher eukaryotes 
have many Hsp40 family members,whose differential expression or 
localization might regulate the substrate specificity of conserved 
Hsp70 family members. 

Hsp60 Hsp60 chaperones are heptameric complexes of identical subunits 
stacked back to back in a double-ring structure that contains a large 
central cavity in which protein folding is thought to occur. In 
eukaryotes, Hsp60 family members (also called Group I 
chaperonins) are found in the mitochondria, and cooperate with a 
cofactor of the Hsp10 family. A second class of chaperonins 
(Group II chaperonins) is found in the eukaryotic cytosol but has 
no HSP10 cofactor. The best-characterized Group II chaperonin is 
TRiC, which comprises eight subunits per ring encoded by 



Book Glossary 1073

different genes. TRiC is thought to be crucial for the folding of 
actin and tubulin in the eukaryotic cytosol. 

Hsp70 Hsp70 chaperones (with HSP40s, their co-chaperones) assist in the 
stabilization and folding of many substrates and are found in most 
cellular compartments. In humans, 11 genes that encode Hsp70 
family members have been identified, including the constitutive 
cytosolic member heat shock cognate 70 (HSC70), the stress-
induced cytosolic HSP70, the endoplasmic reticulum-localized 
glucose-regulated protein 78 (GRP78) and the mitochondrial 
GRP75. All Hsp70 proteins have a conserved amino-terminal 
ATPase domain that binds and hydrolyses ATP, and a carboxy (C)-
terminal substrate-binding domain. 

Hsp90 Hsp90 chaperones are an essential component of the eukaryotic 
cytosol, where they stabilize misfolded proteins and regulate the 
activity of various signalling proteins, including steroid hormone 
receptors, tyrosine kinases, nitric oxide synthase and calcineurin. 

Huntingtin (htt) The polyglutamine containing protein associated with Huntington’s 
disease. 

Huntington’s disease 
(hd) 

An autosomal, dominantly inherited disorder characterized by the 
onset of progressive chorea (involuntary, forcible, rapid, jerky 
movements), dementia, and ataxia. Huntington’s disease is a 
polyglutamine tract disorder. 

Hybrid proteasomes Proteasomes composed of a 20S proteasome capped on one end by 
a 19S cap (PA700) and on the other end by 11S cap (PA28). 

Hyperalgesia: Heightened sensitivity to noxious stimuli which can be a short-term 
effect following tissue damage, or can be chronic, as occurs in 
neuropathic pain. 

Hypothalamic-
Pituitary-Adrenal 
(HPA) axis 

The hierarchy of stress hormones that serve to ultimately regulate 
the synthesis and secretion of glucocorticoids from cells in the 
adrenal cortex. For example, neuropeptides (e.g. corticotrophin 
releasing factor or CRF) secreted from specialized neuroendocrine 
cells of the hypothalamus stimulate the secretion of hormones from 
specialized cells of the anterior pituitary (e.g. adrenocorticotropic 
hormone or ACTH), which ultimate regulate hormone (e.g. 
cortisol) synthesis and secretion from cells in the adrenal cortex. A 
negative feedback loop operates at all levels of this axis driven by 
the secreted hormones. 

Iap (inhibitor of 
apoptosis proteins) 

All contain one or more baculoviral IAP repeat motifs involved in 
mediating protein-protein interactions. Many IAPs also possess a 
RING domain which enables recruitment of ubiquuitin-conjugating 
enzymes and catalyses the transfer of ubiquitin onto target proteins. 
IAP protein levels can themselves be regulated by ubiquitin-
mediated proteolysis. 

Icer (inducible camp A splice variant of CREM (multiexonic gene that encodes both 
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early repressor)  activators and antagonists of cAMP-inducible transcription) that is 
induced by activation of the adenylyl cyclase signal transduction 
pathway. ICER serves as a dominant-negative repressor of cAMP-
induced transcription. 

Idiopathic epilepsy Epilepsy with no known cause. 
Immediate-early 
gene 

A gene that is transcribed rapidly and transiently in response to 
cellular stimulation. 

Immunoproteasome 20S proteasome assembling the three catalytically-active subunits 
β1i, β5i and β2i which replace their constitutive homologues under 
the influence of γ-interferon. 

Inclusion bodies 
 

Cellular structures found inside neurons that are composed of 
aggregated proteins, including amyloid fibrils, molecular 
chaperones and components of the UPS. Recent studies indicate 
that the formation of inclusion bodies correlates with neuronal 
survival and is a protective response. 

Infarct An area of tissue death due to a local lack of oxygen. 
Inflammation A localized protective reaction of tissues to irritation, injury or 

infection haracterized by heat, pain, redness, swelling and 
sometimes loss of function. 

Inflammatory pain: Pain arising from tissue damage, or release of inflammatory agents, 
which can be short-term or chronic. 

Interictal The interval between seizures. 
Intrathecal The fluid-filled space between the spinal cord and surrounding 

dural membrane. 
Ionophoresis, 
ionophoretic 

In electrophysiological studies, a method of drug application close 
to the recording site in nervous tissue. The process involves 
ejection of an ionised pharmacological agent from the tip of a glass 
electrode using a small electric current arranged in opposite 
polarity. 

Ischemia A low oxygen state usually due to obstruction of the arterial blood 
supply or inadequate blood flow leading to hypoxia in the tissue. 

Isoelectric focusing 
 

An immunoblotting technique used for the detection of 
immunoglobuline synthesis inside the central nervous system 
(intrathecal antibody synthesis). 

isopeptidases See: deubiquitinating enzymes. 
Iκb-kinase (ikk) The 700–900-kDa IκB-kinase (IKK) complex includes the catalytic 

subunits IKKα and IKKβ and the regulatory subunit IKKγNEMO. 
Both catalytic substrates are involved in the activation of NF-κB 
transcription factors, but they do so by distinct mechanisms and 
substrates.As shown by genetic studies, IKKβ is essential for 
inducible IκB phosphorylation and degradation.  

J2 prostaglandins A group of potent hormone-like lipid compounds that are derived 
from arachidonic acid, contain 20 carbon atoms including a five-
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carbon ring, and modulate inflammation. 
Jamm Jab1/MPN/Mov34 proteases are metallo-enzymes that have JAMM 

or MPN+ metal-binding domain for deubiquitinating activity. 
Jnk The c-Jun amino-terminal kinase belongs to the group of mitogen-

activated protein kinases (MAPKs) and is activated in mammalian 
cells by environmental stress, pro-inflammatory cytokines and 
mitogenic stimuli. JNK regulates the activities of many 
transcription factors, and is required for the regulation of 
inflammatory responses, cell proliferation and apoptosis. 

Josephin domain The Josephin domain is an eukaryotic protein module of about 180 
residues, which occurs in stand-alone form in Josephin-like 
proteins, and as an amino-terminal domain associated with two or 
three copies of the ubiquitin-interacting motif (UIM) in ataxin 3-
like proteins. It is a mainly α helical cysteine-protease domain 
predicted to be active against ubiquitin chains or related substrates. 
The Josephin domain contains two conserved histidines and one 
cysteine that is required for the ubiquitin protease activity.  

Kennedy Disease See: (X-linked) Spinal and Bulbar Muscular Atrophy. 
Ki antigen Old name for PA28γ 
Lactacystin Lactacystin is a microbial metabolite originally isolated from 

Streptomyces that is now widely used as a selective inhibitor of the 
20S proteasome 

Lateral inhibition The process during neurogenesis by which neuroblasts inhibit their 
neighbouring cells from becoming neurones. 

Leukocyte white corpuscles in the blood involved with host defenses. 
Leukodystrophy A disorder of the white matter of the brain, the part of the brain that 

contains myelinated nerve fibers. The white matter is white 
because it is the color of myelin, the insulation covering the nerve 
fibers. (The white matter is as opposed to the gray matter, the 
cortex of the brain which contains the nerve cell bodies). The white 
matter is involved in the conduction of nerve impulses in the brain 

Lewy bodies: intracytoplasmic, eosinophilic, round α Synuclein (αS)-positive 
inclusions found in neurons. The presence of Lewy bodies is a 
histological hallmark of Parkinson’s disease (PD). They are found 
typically in the substantia nigra and locus coeruleus but are also 
seen in the neocortex.  

Lid of the 19S cap 
(PA700) 

The lid is a subdivision of the 19S cap (PA700) distal to the 20S 
proteasome, which attaches to the base through a hinge formed by 
Rpn10 and is formed by all the subunits of the PA700 with the 
exception of proteasomal ATP-ases (Rpt1-6), Rpn1 and Rpn2. 

Ligand gated ion 
channel 

Transmembrane ion channel that will open and close to allow 
transport of ions in response to binding of neurotransmitter (or 
other chemical signal). For example, in neurons, calcium channels 
open in response to specific stimuli and this entry of ionic calcium 
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is important for regulation of many events in neurons. 
Ligand of numb-
protein X 

A Drosophila RING finger containing E3 ubiqitin ligase which 
ubiqutinates and targets numb for ubiqitin-mediated proteolysis 
regulating Notch signalling. 

Lipid peroxidation 
 

An autocatalytic process in which free radicals attack double bonds 
in membrane lipids, resulting in structural damage to membranes 
and the liberation of toxic aldehydes such as 4-hydroxynonenal. 

lipid rafts 
 

Membrane microdomains, formed by high  concentrations of 
sphingolipids and cholesterol immersed in a phospholipidrich 
environment, that are involved in specialized pathways of 
protein/lipid transport and signalling 

Liquid facets The Drosophila homologue of the vertebrate endocytic protein 
epsin and is a target of the deubiquitinating enzeme fat facets 

Long-term 
depression 

The theory that down-regulation of a post-synaptic receptor will 
lead to loss of responsiveness to neurotransmitter stimulation, 
resulting in a depressed response to stimuli in the future 

Long-term 
potentiation 
(ltp). 

An enduring increase in the amplitude of excitatory postsynaptic 
potentials as a result of high-frequencyb (tetanic) stimulation of 
afferent pathways. It is measured both as the amplitude of 
excitatory postsynaptic potentials and as the magnitude of the 
postsynaptic cell population spike. LTP is most frequently studied 
in the hippocampus and is often considered to be the cellular basis 
of learning and memory in vertebrates. 

Lysosome A membrane-bound organelle characterized by a low pH that 
contains high concentrations of hydrolytic enzymes including 
multiple proteases, mainly of the cathepsin family. 

Machado-Joseph 
Disease 

also called spinocerebellar ataxia type III, is a rare, inherited, ataxia 
(lack of muscular control) affecting the central nervous system and 
characterized by the slow degeneration of particular areas of the 
brain called the hindbrain. Patients with MJD may eventually 
become crippled and/or paralyzed but their intellect remains intact. 
The onset of symptoms of MJD varies from early teens to late 
adulthood. Three forms of Machado-Joseph Disease are 
recognized: Types MJD-I, MJD-II, and MJD-III. The differences in 
the types of MJD relate to the age of onset and severity. Earlier 
onset usually produces more severe symptoms. 

Macrophage phagocytic cell of mammalian tissues that become activated in 
response to foreign materials or tissue injury and play an important 
role in killing foreign cells, release of pro-inflammatory 
substances, and antigen presentation. 

Major 
histocompatibility 
molecules (MHC) 

are cell surface proteins found on most cells of the body. There are 
three classes of MHC molecules. Class I and II molecules 
participate in presentation of antigens to T cells. MHC class I 
molecules typically interact with the cell surface receptor of a type 
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of lymphocytes known as killer or cytotoxic T cells, while MHC 
class II molecules present antigens to helper T cells. 

Maps Microtubule associated proteins. Proteins involved in the 
polymerisation and the stability of microtubules.  

Mdm2 gene encodes for E3-like ubiquitin-protein ligase, a nuclear 
phosphoprotein that binds and inhibits transactivation by tumor 
protein p53, as part of an autoregulatory negative feedback loop. 
Overexpression of this gene can result in excessive inactivation of 
tumor protein p53, diminishing its tumor suppressor function. This 
protein has E3 ubiquitin ligase activity, which targets tumor protein 
p53 for proteasomal degradation. 

Medea A Drosophila SMAD mediating intracellular signalling 
downstream of BMP receptors. 

MEN-1 (multiple 
endocrine neoplasia 
type 1)  

autosomal dominant condition that describes the association of the 
occurrence of tumors involving two or more endocrine glands: 
parathyroid hyperplasia, pancreatic endocrine tumors, pituitary 
adenomas 

Mendelian disorder a disease that adheres to single gene inheritance patterns, such as 
autosomal dominant, autosomal recessive, X-linked dominant, and 
X-linked recessive 

Menin  gene located on 11q13 encodes menin, a tumor suppressor gene 
that is mutated in MEN-1. 

Mesencephalon (or midbrain) is the middle of three vesicles that arise from the 
neural tube of developing brain. 

Metabotropic 
glutamate receptors 

A group of cell surface receptors that bind the excitatory 
neurotransmitter glutamate ( while glutamate is also an amino acid 
used for making proteins it can also act as neurotransmitter in the 
nervous system. Generally, these receptors are seven-pass 
transmembrane G-protein coupled receptors, and the binding of 
ligand to the receptor results in activation of a biochemical 
signalling pathway inside the neuron. 

Microarray DNA Microarrays, commonly known as gene chips, are small, 
solid supports (glass slides or silicon chips) onto which the 
sequences from thousands of genes are immobilized at fixed 
locations. Microarrays may be used to assay the gene expression of 
thousand of genes simultaneously within a single sample or to 
compare gene expression in two different tissue samples or cell 
types.  

Microtubule binding 
domain of tau 
protein 

The Microtubule binding domain was given to the C-terminal part 
of tau protein. This side of the molecule is involved in the binding 
and the stability of microtubules. It will differ by the incorporation 
or not of the exon 10 of the tau gene. 

Microtubule-affinity 
regulating kinase 

kinase with an apparent molecular mass of 110 kDa that 
phosphorylates the neuronal MAPs tau and MAP2 and the 
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(mark) ubiquitous MAP4 on their homologous KXGS motifs. The kinase 
caused rapid detachment of all three MAPs from microtubules, 
resulting in high dynamic instability, and was therefore termed 
MARK (MAP/microtubule affinity-regulating kinase). 

Mind bomb A zebrafish RNG E3 ubiqutin ligase which regulates Notch-Delta 
signalling via promoting the ubiquitination and internalization of 
Delta. 

Mineralocorticoid 
receptor 

The receptor for mineralocorticoid hormones (e.g. aldosterone) that 
is a member of the nuclear receptor superfamily 

Mjd (Machado 
Joseph disease 
proteases) 

Machado Joseph disease proteases are cysteine proteases that have 
Josephin domain for deubiquitinating activity. 

Molecular 
chaperones 

See: chaperones. 

Morula The Drosophila orthologoue of the anaphase promoting complex 
subunit 2 gene. 

Mtoc (microtubule 
organizing center) 

Cellular structure from which the microtubular cytoskeleton 
radiates towards cell periphery; usually a synonym for the 
centrosome plus the associated pericentrosomal material, however 
e.g. in human oocytes MTOC are actually acentrosomal, made only 
of the pericentrosomal material. 

Mts (microtubules) A type of filamentous protein polymer found in the cytoplasm of 
eukaryotic cells, polymer of α and β tubulin arranged into a 13 
protofilaments forming an empty tubule of  ~24 nm of diamteter 
and varying length from several micrometers to possible 
millimeters in axons of nerve cells. MTs occurs singly or in pairs, 
triplets, or bundles. Microtubules is one of the main components of 
the cytoskeleton, they emanate from the MTOC located close to the 
nucleus and project to the periphery. In axons, MTs are involved in 
retrograde and anterograde transport.MTs also form the 
centrosomes, basal bodies, cilia and flagella as well as the spindle 
during mitosis and meiosis.  

Multivesicular 
bodies (mbvs) 

Late endosomal organelles that form by invagination of the 
endosomal membrane to form intraluminal vesicles with 
subsequent fusion of the MVBs with lysosomes. 

Mushroom body The olfactory learning and memory centre in insects. 
Myelin: Multilayed, lipid-rich membrane that wraps nerves to increase the 

efficiency of signal propagation along axons. 
Nedd8 (neddylation) Nedd8 is a ubiquitin-like small protein modifier. The Nedd8 

conjugation process, called neddylation, is similar to 
ubiquitination. Neddylation utilizes the E1 activating-enzyme 
complex composed of two subunits, APP-BP1 and UBA3, and the 
E2 conjugating-enzyme, UBC12. The only known substrates of 
neddylation are Cullin family proteins (Cul1, Cul2, Cul3, Cul4A, 
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Cul4B, and Cul5) which have been shown to be modified by 
Nedd8 in mammalian cells.  

N-end rule The rule which determines that protein stability depends on 
specific amino acids present at the N-terminus. While for example 
Met is characteristic of long lived proteins, N-terminal Arg induces 
quick ubiquitination and proteasomal degradation of proteins. 
Destabilizing amino acids at the N-terminus are the “degrons”.  

Neocortex a part of the brain of mammals (also birds and reptiles); the top 
layer of the cerebral hemispheres. Other names neopallium and 
isocortex. 

Nerve growth factor: 
(NGF) 

A naturally occurring molecule in the body which stimulates the 
growth and differentiation of the sympathetic and certain sensory 
nerves. NGF is a protein that consists of 3 types of polypeptide 
chains -- alpha, beta and gamma -- that interact to form the protein. 
The NGF β chain (NGF β) is solely responsible for the nerve 
growth stimulating activity of NGF. The NGF β gene is in 
chromosome band 1p22.  

Netrin-1 A secreted protein with homology to the extracellular matrix 
molecule laminin with attractive and repulsive effects on growing 
axons. 

Neuralized A Drosohila E3 ubiquitin ligase which regulates the Notch-Delta 
signalling pathway via the ubiqutination of Delta. 

Neuralized 
homology repeat 

A novel protein domain of unknown function identified in the 
neuralized gene. 

Neurodegeneration Progressive damage or death of neurons causing a gradual decline 
of bodily functions regulated by the affected parts of the nervous 
system 

Neurofibrillary 
degeneration (NFD) 

neurofibrillary degeneration is the formation of coarse, 
argentophilic, intracytoplasmic fibres, often in complex tangles 
within intracranial nerve cells that are undergoing aging. NFD 
corresponds to the intracellular accumulation of pathological fibrils 
in the cytosol of neurons. In Alzheimer’s disease, NFD may be 
caused by the abnormal aggregation of tau proteins. 

Neurofibrillary 
tangles (nfts) 

Accumulation of twisted protein fragments inside neurons. 
Neurofibrillary tangles are one of the characteristics structural 
abnormalities found in the brains of patients with Alzheimer's 
disease patients. Upon autopsy, the presence of amyloid plaques 
and neurofibrillary tangles is used to positively diagnose 
Alzheimer's disease. In Alzheimer’s disease and other tauopathies, 
tangles are mainly formed by abnormally modified tau protein. 

Neurofibromatosis Autosomal dominant disorders associated with deregulated 
Schwann cell proliferation and are classified as type 1 or type 2. 
The hallmark of NF1 is neurofibromas, while NF2 is associated 
with schwannomas. 
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Neurogenesis The stage of development during which neuronal precursors cells 
proliferate to generate neurones. 

Neuropathic pain Chronic pain arising from damage to the nervous system, either to 
the peripheral nerves or to the central nervous system. 

Neuropathy Any disorder affecting any segment of the peripheral nervous 
system. 

Neuroserpin In the central nervous system, neuroserpin (NSP) is a serpin 
thought to regulate t-PA enzymatic activity.  

Neutrophil a white blood cell with conspicuous cytoplasmic granules 
(granulocyte) involved in host defense. 
 

NF-κB nuclear factor-κB; a ubiquitous prosurvival and proinflammatory 
transcription factor composed of two different subunits of the Rel 
family. Inactive NF-κB is bound to an inhibitory protein IκB in the 
cytoplasm, which masks its nuclear localization signal. Upon 
activation of specific receptors (for example TNF R1), IκBα is 
phosphorylated, ubiquitinated and degraded by the proteasome 
releasing active NF-κB, which translocates to the nucleus and 
induces the expression of specific genes.  

NF-κb essential 
modulator (NEMO) 

is a regulatory subunit of the inhibitor of IκB kinase (IKK) 
complex. It contains multiple coiled-coil motifs and a zinc finger at 
the COOH-terminal end. NEMO is required for the assembly and 
activation of the IKK complex in response to a wide range of NF-
κB-stimulating signals, including tumor necrosis factor (TNF). 

Nissl’s bodies Chromophil substance in the form of granules found in the cell 
bodies and dendrites of neurons, but is absent from axons. They 
consist principally of the ribose type of nucleic acid and 
nucleoprotein and stain strongly with basic aniline dyes. They are 
concerned with protein synthesis and metabolism; their condition 
varies with physiological and pathological conditions. 

Nmda N-methyl-D-aspartic acid. Agonist for the NMDA receptor, mimics 
the effects of glutamate. A synthetic amino acid derivative that is 
useful in neurochemical research to distinguish between different 
glutamate receptor subtypes.  

Nob1p (Nin One 
Binding Protein) 

Nin One Binding Protein involved in the maturation of 20S 
proteasome by Ump1 

Nociception, 
nociceptive:  

The sensory detection of noxious stimuli, which may result in a 
sensation of pain. 

Noncovalent 
inhibitors of the 20S 
proteasome 

small molecules that bind reversibly to the substrate binding sites 
in the active sites located on the β-subunits without modifying the 
catalytic active N-terminal threonine; generated by combinatorial 
chemistry or identified by high throughput screening ; exhibit low 
cytotoxicity against normal cells. 

Nondisjunction failure of chromosomes to segregate during meiosis 
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Non-dopaminergic 
neurons: 

neurons that use neurotransmitters other than dopamine. Non-
dopaminergic neurons affected by PD include the noradrenergic 
neurons in the locus coeruleus, serotonergic cells in the dorsal 
raphe, cholinergic cells in the nucleus basalis of Meynert and 
pyramidal neurons in parts of the hippocampal formation 

Normoxic At or containing a normal level of oxygen. 
N-terminal 
nucleophile 
hydrolase (Ntn 
hydrolases) 

superfamily of three known enzymes that use the side chain of the 
amino-terminal residue as the nucleophile in the catalytic attack at 
the carbonyl carbon. The nucleophile (protor donor) is threonine in 
the 20S proteasome, serine in penicillin acylase and cysteine in 
glutamine PRPP amidotransferase. 

Ntn-hydrolases class of enzymes which perform their catalytic activities relaying 
on the N-terminal aminoacid residue as nucleophile 

Nuclear export 
signal (NE) 

is an amino acid sequence used to localize the protein to the cell 
nucleus through the nuclear pore complex. Usually, this signal 
consists of a few short sequences of positively charged lysines or 
arginines. 

nuclear factor-κb 
(nf-κb) 

A family of transcription factors important for pro-inflammatory 
and antiapoptotic responses. They are activated by the 
phosphorylation and subsequent ubiquitindependent proteolytic 
degradation of their respective inhibitors, known as inhibitor of κB 
(IκB). Phosphorylation of IκB occurs through tissuespecific 
kinases, IκB kinase 1 (IKK1) and IKK2. 

Nuclear receptor A specific family of hormone, vitamin or small metabolite 
receptors that share a common structural and functional 
organization including a zinc-finger DNA-binding domain and 
carboxyl-terminal ligand-binding domain. These receptors are 
generally localized predominantly in the nucleus but can also be 
found in the cytoplasm. 

Nucleation A process by which the addition of a small amount of 
preaggregated protein to a monomeric preparation of the same 
protein robustly accelerates the assembly of amyloid fibrils. 

NZB domain Also known as NZF. Putative zinc finger domain found at the C-
terminus of Npl4, a cofactor of valosin-containing protein, that 
binds polyubiquitylated substrates. Similar domains are also found 
in TAK1-binding protein (TAB2), Vps36 and RBCK2. NZB 
domains appear to bind both Lys-48- and Lys-63-linked ubiquitin 
chains. 

Oligoclonal bands Immunoglobulins visualized as discrete bands by isoelectric 
focusing. If the bands are present in the cerebrospinal fluid only 
and not in the corresponding serum, this is interpreted as a sign of 
intrathecal immunoglobuline synthesis. Oligoclonal bands in the 
cerebrospinal fluid are found in different inflammatory diseases 
affecting the central nervous system, in particular in multiple 
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sclerosis 
Omuralide the name for the highly selective proteasome inhibitor β-clasto-

lactacystin proposed by Corey group in honor of discovery of the 
lactacystin by Omura research group; its synthetic analog, MLN-
519, is currently under clinical evaluation for the treatment of acute 
stroke and myocardial infarction. 

Open gate 
proteasome 

The 20S core particle of the proteasome is characterized by a 
central axial channel, which is gated at both ends. Regulatory 
subunits, such as the 19S particle, or the presence of substrates can 
modify the size of the gates. The proteasome therefore can assume 
dynamically both an open and close gate conformation. Mutant 
proteasomes with deletion of the α3 N-terminal chain are open gate 
proteasomes, which are able to degrade substrates at a faster rate 
than the wilde type. 

Out (Ovarian tumor 
proteases) 

A Drosophila protein involved in oocyte morphogenesis. OUT are 
deubiquitinating enzymes that have homology to viral cysteine 
proteases in its catalytic domain sequence. As the putative catalytic 
cysteine is replaced by a serine it is not clear whether OTU is an 
active protease or in inactivated protease homologue. 

Oxidative stress A build-up of free radicals and H2O2 resulting in cell dmage and 
disease.  

P element a small segment of DNA called a transposable element that is 
capable of moving from one genomic location to another in 
Drosophila 

Pa200 The mammalian ortholog of blm3p (now called blm10p), a ~200-
kDa protein composed of numerous HEAT repeats, that binds 
either one or both ends of the 20S proteasome and activates peptide 
hydrolysis by the 20S particle in vitro. PA200 is a nuclear protein 
proposed to link proteasomes to repair mechanisms at DNA double 
strand breaks. 

Pa28 proteasome activator formed by different members of the family of 
small 28 kDa proteins termed α, β or γ that share significant 
sequence homology with one another and function as ATP-
independent homo- (α/α, γ/γ) or hetero- (α/β) heptameric rings that 
cap one or both ends of the 20S catalytic core particle. Binding of 
PA28 oligomers to the 20S proteasome causes gating and 
activation of the proteasome’s peptidase activity. Also known as 
11S cap. PA28 γ known formerly as Ki antigen. 

PAC1-PAC2 
complex 

associates with the α-subunits before α-rings are complete; functios 
as a scaffold for α-ring assembly 

Pael-R A putative G protein-coupled transmembrane polypeptide 
identified as an intracellular substrate of Parkin. 

Pam Protein associated with Myc, originally identified from a human 
cDNA library by its interaction with the transcriptional activating 
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domain of the c-terminus of Myc. PAM is the human homolgoue of 
the Drosophila highwire and C.elegans RPN-1 genes. 

PAN (proteasome-
activating 
nucleotidase) 

The ATPase complex from archaebacteria that is highly 
homologous to the ATPases of the eukaryotic 19S proteasome-
regulatory complex. Quality control: A system for ‘proof-reading’ 
that distinguishes native from non-native protein conformations. 

Paraneoplastic 
cerebellar 
degeneration 

Cerebellar dysfunction characterised by loss of balance and 
coordination, with a subacute onset, that occurs in association with 
cancer 

Paraneoplastic 
encephalomyelitis 

Encephalomyelitis, in particular affecting the brainstem and the 
limbic system, that is associated with different malignancies 

Parkin Parkin is an E3 ligase in the ubiquitin-proteasome system. Many 
mutations in parkin have been associated with a familial form of 
Parkinson's disease termed autosomal recessive juvenile 
parkinsonism. How loss of function of parkin leads to 
dopaminergic cell death in this disease is unclear. The prevailing 
hypothesis is that parkin helps degrade one or more proteins toxic 
to dopaminergic neurons. Putative substrates of parkin include 
synphilin-1, CDC-rel1, CDC-rel2, cyclinE, p38 tRNA synthase, 
Pael-R, synaptotagmin XI, synphilin-1, sp22 and parkin itself. See 
also Ubiquitin ligase. 

Parkinson’s disease 
(PD) 

is a neurodegenerative movement disorder, clinically characterized 
by a resting tremor, rigidity, hypokinesia and postural instability. 
The neuropathological hallmarks are intraneuronal Lewy bodies 
and dystrophic neurites (Lewy neurites), which both contain 
aggregated proteins, such as a-synuclein, ubiquitinated proteins, 
parkin and Pael-R (a parkin substrate). The loss of dopaminergic 
neurons in the substantia nigra pars compacta is the major cause of 
the clinical movement problems but it has been shown that more 
widespread neuropathology is present in the brains of PD patients, 
including degeneration of noradrenergic, serotonergic, peptidergic 
and cholinergic systems, before degeneration of the substantia 
nigra occurs. The autosomal dominant and recessive forms of PD 
are caused by mutations in the genes encoding a-synuclein, two 
ubiquitination enzymes (parkin and UCH-L1), the molecular 
chaperone DJ-1 and the signaling molecule leucine-rich repeat 
kinase 2. Moreover, overexpression of a-synuclein by duplication 
or triplication of the gene can also lead to PD. Similar to other 
neurodegenerative diseases, PD is primarily a sporadic disorder 
with a complex etiology. 

Parvalbumin 
immunoreactive 
neurons 

Parvalbumin is a calcium binding protein that belongs to the so 
called ‘EF-hand’ family of calcium binding proteins. Other notable 
members are calbindin-D28K and calretinin.These three proteins 
have been used as markers for distinct subpopulations of cortical 
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interneurons. 
Pathognomonic distinctively characteristic for a particular disease to the point of 

aiding diagnosis 
Paw withdrawal 
latency: 

Behavioural measurement – recording of the latency for an animal 
to withdraw its paw from a noxious thermal stimulus. 

Paw withdrawal 
threshold: : 

Behavioural measurement – recording of the mechanical force or 
pressure required for an animal to withdraw its paw. 

PC domain Repeat of 35-40 residues found in subunits S1 and S2 of the 26S 
proteasome and subunit Apc1 of the anaphase-promoting complex 
or cyclosome. The most highly conserved feature in these repeats is 
an alternating pattern of large aliphatic residues and glycine or 
alanine. The variable part of the repeats contains a pattern of 
hydrophobic and hydrophilic residues with a periodicity of 3.6 
typical of amphipathic helices. These repeats are proposed to fold 
into structures resembling α-helical toroids. 

Pelizaeus-
Merzbacher disease: 

A disorder of the central nervous system (CNS) in which there is 
loss of myelin, the sheath around the nerves. The disease is 
clinically characterized by nystagmus (rhythmical oscillation of the 
eyes), impaired motor development, tremor, progressive spasticity 
(increased muscle tone), ataxia (wobbliness), choreoathetotic 
movements, and dysartria (difficulty speaking). Pelizaeus-
Merzbacher disease (PMD) in its classical form manifests in 
infancy or early childhood and progresses to severe spasticity and 
ataxia. The lifespan may be shortened.PMD is due to mutation in 
the gene PLP1. This gene is located on the X chromosome in band 
Xq22. The disease describes an X-linked pattern of inheritance 
with boys who have the mutation affected with the disease while 
females with the mutation are carriers. The PLP1 gene encodes 
proteolipid protein (PLP), the most abundant protein of the myelin 
sheath in the CNS. The mutation in PLP1 in PMD results in loss of 
myelin and that, in turn, causes the neurological abnormalities. The 
severity of myelin loss is dependent on the particular PLP1 
mutation and can range from early lethal forms of PMD to a mild 
disorder known as spastic paraplegia type 2 (SPG2). Among the 
mutations in the PLP1 gene locus that can cause PMD is a 
duplication of PLP1 in which the duplicated region may be far 
away from the original PLP locus in chromosome region Xq22. 
The PLP1 duplication is almost always present in the mothers of 
affected boys and usually can be traced to the maternal grandfather. 

Penetrance the frequency of expression of a phenotype for a given genotype 
Pgph Peptidylglutamyl-peptide hydrolysing activity; proteasomal activity 

cleaving after acidic residues and associated to the β1 subunit Also 
called ‘caspase-like’ activity or “post-acidic” activity. 

Pharmacology the study of the drugs with respect to their origin, nature, 
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properties, and mechanisms of actions and their effects on living 
tissues and organisms. 

Phfs: Paired helical 
filaments 

Filaments found in degenerating neurons in Alzheimer’s disease. 
These filaments are mostly composed of abnormal tau proteins. 
These filaments are also characteristic of other neuropathological 
disorders called “tauopathies”. 

Phosphorylation / 
Hyperphosphorylati
on of tau protein 

The phosphorylation is the addition of a phosphate group to a 
compound by an enzyme (e.g., thymidine kinase, tyrosine 
kinase…). Phosphorylation is an essential step in many cellular 
processes. Phosphorylation may cause conformational changes in 
proteins or activate particular enzymes. Concerning tau proteins, its 
phosphorylation will change its activity in neurons and mostly its 
capacity to bind and polymerase Microtubules. The 
hyperphosphorylation of tau is an increase of its normal 
phosphorylation and an appearance of new phosphorylation sites 
on tau molecule. The hyperphosphorylation of tau is thought to be 
involved in its intraneuronal aggregation as described in 
Alzheimer’s disease and other tauopathies. 

Phr-1 The mouse homologue of the Drosophila highwire gene, a potential 
E3 ubiquitin ligase. 

PI3K 
(phosphatidylinosito
l-3-kinase)  

large family of enzymes that catalyse the phosphorylation of 
inositol-containing lipids, thus transmitting signals from tyrosine 
kinases and G-protein coupled receptors. PI3K pathway regulates 
proliferation, growth, apoptosis and cytoskeletal rearrangement. 

Pick's Disease (pid) Pick's disease is a dementing illness associated with deterioration 
of the frontal and temporal lobes of the brain. Symptoms may 
include a decline in social behavior (including disinhibition, 
tactlessness, and breaches of interpersonal etiquette), emotional 
blunting, apathy, changes in eating habits (including increased 
appetite, weight gain, and increased preference for sweets), 
attention problems, decreased insight, speech and language 
problems (including reduced speech ability, repetition of phrases 
heard, reduced use of nouns, difficulty naming objects, loss of 
word meaning, diminished writing ability, and mutism), and 
difficulty recognizing faces. Though Alzheimer's disease and other 
forms of dementia can sometimes cause similar symptoms, Pick's 
disease is more likely to cause certain deficits in behavior and 
speech (such as disinhibition or loss of nouns), while memory and 
visuospatial function (which are frequently affected by Alzheimer's 
Disease) tend to be relatively spared. Also, the onset of Pick's 
Disease (usually between the ages of 45 and 65) is earlier than is 
normally seen in Alzheimer's disease. 

Piriform cortex part of paleopallium that together with olfactory cortex relates to 
the perception of smells; present in amphibians, reptiles, birds and 
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mammals 
Polyglutamine 
(polyq) diseases 

Group of neurodegenerative diseases that includes Huntington’s, 
Spinal Bulbar Muscular Atrophy, Dentatorubral Pallidoluysian 
Atrophy and a number of Spinocerebellar Ataxias (1, 2, 3, 6, 7, 17). 
These diseases are caused by mutation within the coding regions of 
several unrelated proteins resulting in the expansion of 
polyglutamine tracts within these proteins. A primary hallmark of 
polyQ diseases is the presence of intracellular, often nuclear, polyQ 
inclusion bodies deposited within the diseased brains of polyQ 
patients. PolyQ inclusions contained the polyQ-expanded protein 
along with chaperones and components of the ubiquitin-
proteasome system. 

Polyglutamine tract A repeated sequence of glutamine residues within a protein. 
Postsynaptic density The intracellular area immediately beneath the postsynaptic 

membrane of a synapse, which contains a high density of 
specialised proteins, particularly receptor binding proteins 
associated with synaptic function. 

Preselenins Presenilins are essential components of γ-secretase, a protease 
complex catalyzing intramembrane proteolysis of various type I 
membrane proteins, including the amyloid precursor protein and 
the Notch receptor. Important in the pathogenesis of Alzheimer’s 
disease and in normal development and expressed in many tissues, 
presenilins (PS1 and PS2) are proteins with multiple 
transmembrane domains and are processed into N-terminal and C-
terminal fragments (NTF and CTF). Both proteins are 
predominantly located within the endoplasmic reticulum (ER) and 
early Golgi apparatus. The exact functions associated with PS 
proteins have not been fully characterized yet.  

Prevalence the total number of cases of a disease in a given population at a 
given time. 

Primary afferents: Peripheral sensory neurons, which are activated by stimuli to the 
periphery and synapse in the dorsal horn of the spinal cord. 

Prion This term is an abbreviation for “proteinaceous infectious particle”, 
the putative infectious agent of prion diseases according to the 
prion hypothesis. 

Prion diseases A group of neurodegenerative diseases that affect humans and 
animals, also known as transmissible spongiform encephalopathies. 
An example of a human prion disease is Creutzfeldt-Jakob disease, 
examples of animal prion diseases are scrapie in sheep and bovine 
spongiform encephalopathy in cattle. 

Prion protein A protein that plays a key role in prion diseases. The normal form 
of the prion protein is called PrPC (C: cellular). In diseased tissue 
PrPC has been post-translationally modified into a disease 
associated form, often called PrPSc (Sc: scrapie), which is thought 
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to be part of the infectious unit of prion diseases, the prion. 
PRKAR1A (protein 
kinase A regulatory 
subunit 1(α)  

381-amino acid protein. The holoenzyme of PKA, a tetramer 
consisting of 2 regulatory and 2 catalytic subunits, is inactive in the 
absence of cAMP. Activation occurs when 2 cAMP molecules bind 
to each regulatory subunit, eliciting a reversible conformational 
change that releases active catalytic subunits. Germline mutations 
in PRKAR1A, an apparent tumor-suppressor gene, are responsible 
for the Carney complex phenotype. 

Progressive 
supranuclear palsy 
(PSP) 

Progressive supranuclear palsy (PSP) (or the Steele-Richardson-
Olszewski syndrome, after the Canadian physicians who described 
it in 1963) is a rare degenerative disorder involving the gradual 
deterioration and death of selected neurons in the brain. Typical 
effects are problems with control of gait and balance, and an 
inability to aim the eyes properly, especially in the vertical 
directions (downward gaze palsy). Other symptoms may be 
alterations of mood and behavior, depression and apathy as well as 
mild dementia. There is currently no effective treatment for the 
disease. 

Projection domain of 
tau protein 

The projection domain was given to the N-terminal part of Tau 
proteins. 

Proline directed 
protein kinases 
(PDPK) 

The PDPK are kinases, which phosphorylate serine and threonine 
only if these amino acids are followed by a praline. 

Proteasome activator Group of molecules that include the 19S subunit of the 26S 
proteasome, PA28 and PA200 (blm10p) which bind one or both 
ends of the 20S proteasome and activate its catalytic activity in an 
ATP-dependent (19S subunit) or ATP-independent manner (PA28 
and PA200). 

Proteasome cleavage 
prediction algorithm 

Bioinformatics tools based on experimental data on proteasome 
degradation and on mathematical models. These algorithms are 
useful to predict the position of proteasome cleavage (also known 
as cleavage site) in a given amino acid sequence. These algorithms 
are used in immunology to predict intracellularly generated 
antigenic peptides presented on MHC class I molecules in the 
context of antigen presentation. 

Proteasome 
inhibitors 

These are classified into four groups: lactacystin and β-lactone 
derivates, vinyl sulfones, peptide aldehydes and peptide boronates. 
The aldehyde and boronate inhibitors are reversible and more 
amenable to clinical use. 

Proteasomes A term used to describe either 20S proteasomes (constitutive or 
immunoproteasomes ) or 26S proteasomes.  

Protein activator a binding protein that regulates positively another protein 
Protein aggregate An abnormal protein assembly that results from the cohesion of 

two or more misfolded monomeric proteins. Protein aggregates that 
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form amyloid fibrils are often resistant to solubilization with ionic 
detergents after boiling.  

Protein aggregation the clumping of proteins, in particular proteins which are misfolded 
or which contain multiple β-sheets. Protein aggregation depends 
mostly on hydrophobic interactions.  

Protein Kinase 
A,B,C and N 
(PKA/B/C and N) 

PKA: In cell biology, cAMP-dependent protein kinase (cAPK), 
also known as protein kinase A (PKA, EC 2.7.1.37), refers to a 
family of enzymes whose activity is dependent on the level of 
cyclic AMP (cAMP) in the cell. Each PKA is a holoenzyme that 
consists of two regulatory and two catalytic subunits. Under low 
levels of cAMP, the holoenzyme remains intact and is catalytically 
inactive. When the concentration of cAMP rises (e.g. activation of 
adenylate cyclases by certain G protein-coupled receptors, 
inhibition of phosphodiesterases which degrade cAMP), cAMP 
binds to the two binding sites on the regulatory subunits, which 
then undergo a conformational change that releases the catalytic 
subunits. The free catalytic subunits can then catalyze the transfer 
of ATP terminal phosphates to protein substrates at serine, or 
threonine residues. This phosphorylation usually results in a 
change in activity of the substrate. Since PKAs are present in a 
variety of cells and act on different substrates, PKA and cAMP 
regulation are involved in many different pathways. In addition, the 
effects of PKA phosphylation are generally transient because 
protein phosphatases quickly dephosphorylate PKA targets. PKB: 
Akt1, also known as "Akt" or protein kinase B (PKB) is an 
important molecule in mammalian cellular signaling. There are 
three genes in the "Akt family": Akt1, Akt2, and Akt3. Akt1 is 
involved in cellular survival pathways, by inhibiting apoptotic 
processes. Akt1 is also able to induce protein synthesis pathways, 
and is therefore a key signaling protein in the cellular pathways 
that lead to skeletal muscle hypertrophy, and general tissue growth. 
Since it can block apoptosis, and thereby promote cell survival, 
Akt1 has been implicated as a major factor in many types of 
cancer. Akt2 is an important signaling molecule in the Insulin 
signaling pathway. It's required to induce glucose transport. The 
role of Akt3 is less clear, though it appears to be predominantly 
expressed in brain. PKC: Protein kinase C ('PKC', EC 2.7.1.37) is 
actually a family of protein kinases consisting of ~10 isozymes. 
They are divided into three subfamilies: conventional (or classical), 
novel, and atypical based on their second messenger requirements. 
Conventional (c) PKCs contain the isoforms I, II, and III. These 
require Ca2+, diacylglycerol (DAG), and a phospholipid such as 
phosphatidylcholine for activation. Novel (n)PKCs isoforms 
require DAG, but do not require Ca2+ for activation. Thus, 
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conventional and novel PKCs are activated through the same signal 
transduction pathway as phospholipase C. On the other hand, 
Atypical (a)PKCs require neither Ca2+ nor diacylglycerol for 
activation. 

Protein Phosphatase 
1, 2A and 2B 
(PP1/2A and 2B) 

Protein phosphatases are enzymes that remove phosphate groups 
that have been attached to amino acid residues of proteins by 
protein kinases. Whereas a kinase enzymatically adds a phosphate 
to a protein, a phosphatase's purpose is phosphate removal. It 
should be noted that phosphate addition and removal do not 
necessarily correspond to enzyme activation or inhibition, and that 
several enzymes have separate phosphorylation sites for activating 
or inhibiting functional regulation. CDK, for example can be either 
activated or deactivated depending on the speicific amino acid 
residue being phosphorylated. The phosphates are important in 
signal transduction by regulating the proteins they are attached to. 
To reverse the regulatory effect, the phosphate has to be removed. 
This occurs on its own by hydrolysis or is mediated by protein 
phosphatases. Serine and threonine phosphates are stable under 
physiological conditions, so a phosphatase has to remove the 
phosphate to reverse the regulation. There are four known groups: 
PP1, PP2A, PP2B (AKA calcineurin) and PP2C. The first three 
have sequence homology in the catalytic domain, but differ in 
substrate specifity. Ser/Thr-specific protein phosphatases are 
regulated by their location within the cell and by specific inhibitor 
proteins. 

Proteolysis inducers small molecules designated to recruit a disease-promoting protein 
for ubiquitination and degradation by the 20S proteasome; include 
proteolysis-targeting chimeric molecules (protacs), and the small 
molecule proteolysis inducers (SMPI); currently being tested in 
preclinical settings for therapeutic potential in selected types of 
cancer. 

Proteolytic center of 
the cell 

An area around the centrosome, enriched in proteasomes and other 
components of the UPS; multiple substrates of the UPS arrive to 
the p.c. by microtubule mediated transport, where they are 
ubiquitinated and degraded. When the UPS is overwhelmed, its 
degradative capacity is diminished leading to the accumulation of 
proteins forming a structured aggregate, or aggresome. 

Proto-oncogene 
protein c-myc-
transcription factor 

is the product of v-myc myelocytomatosis viral oncogene homolog, 
and is a multifunctional, nuclear phosphoprotein that plays a role in 
cell cycle progression, apoptosis and cellular transformation. It 
functions as a transcription factor that regulates transcription of 
specific target genes. 

PTEN (protein and 
tensin homolog 

encodes a protein-and lipid phosphatase that controls PI3K 
(phosphatidylinositol-3-kinase) cascade and also intervenes in cell 
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deleted on 
chromosome 10)/ 
MMAC1 (mutated 
in multiple advanced 
cancers-1)  

cycle regulation, DNA repair, apoptosis, senescence, and inhibition 
of angiogenesis 

PTTG (pituitary 
tumor transforming 
gene)  

located on chromosome 5q33, encodes human securin that blocks 
sister chromatid separation until the beginning of anaphase. Its 
over-expression can cause aneuploidy. 

Purkinje cells Inhibitory neurons in the cerebellum that use GABA γ-
aminobutyric acid) as their neurotransmitter.Their cell bodies are 
situated beneath the molecular layer, and their dendrites branch 
extensively in this layer. Their axons project into the underlying 
white matter, and they provide the only output from the cerebellar 
cortex. 

Reactive oxygen 
species 
(ROS). 

Highly reactive oxygenbased molecules with an unpaired electron 
in their outer orbital that are capable of damaging proteins, lipids 
and nucleic acids. Examples include hydrogen peroxide and 
hydroxyl radicals. 

Reperfusion the restoration of blood flow to an organ or tissue. 
Retrotranslocation also called dislocation. A process by which proteins destined for 

degradation by cytoplasmic 26S proteasomes (ERAD) are extracted 
from the ER in a direction opposite to their insertion during protein 
synthesis (translocation). Retrotranslocation occurs either through 
the same Sec61 channel used for translocation, or through a 
specialized channel composed of derlins, Doa10 and other proteins. 

RING-FINGER The RING (really interesting new gene) consensus sequence is: 
CX2CX(9–39)CX(1–3)HX(2–3)C/HX2CX(4–8)CX2C. The 
cysteines and histidines represent metal binding sites. The first, 
second, fifth and sixth of these bind one zinc ion and the third, 
fourth, seventh and eighth bind the second zinc ion. 

Ring-finger proteins A family of proteins that are structurally defined by the presence of 
the zinc-binding RING-finger motif. Many RING-finger proteins 
are ubiquitin ligases or subunits thereof.  

RNA interference A process by which small interfering RNAs induce cleavage of 
specific mRNAs within cells inducing a functional konockdown of 
a specific gene product. While RNAi is an ancient mechanism 
which evolved as a response against certain viruses and 
retrotransposomes, it can be exploited for experimental purposes or 
for therapy.  

Roundabout A transmembrane receptor for the slit family of ligands involved in 
mediating axon guidance. 

Scf ubiquitin-ligase 
complex 

A multisubunit E3 ubiquitin ligase, which is composed of Skp1, 
cullin-1 protein, F-box protein, and Rbx1/Roc-1 RINGfinger 
protein. The F-box protein is the substrate recruiting factor.  
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Schwann cell: Glial cells of the peripheral nervous system, responsible for myelin 
formation and other supportive functions. 

Semaphorin 1A A transmembrane member of the semaphorin family of molecules 
which may have an attractive effect on growing axons during 
development. 

Semaphorin 3A A secreted member of the semaphorin family of molecules 
implicated in having attractive and repulsive effect on growing 
axons during development. 

Sequestosome 1 a protein with seven structural motifs: an SH2 domain that binds 
the tyrosine kinase p56lck, an acidic interaction domain (AID) that 
binds the atypical PKC ζ, a ZZ type ZINC finger that binds the 
receptor interactive protein (RIP) involved in TNFα-induced 
apoptosis, a binding site for the RING-finger protein tumor 
necrosis factor receptor-associated factor 6 (TRAF6), two PEST 
sequences and a UBA domain that binds polyubiquitin chains 

SKP2 (S-phase 
kinase interacting 
protein 2 / 
CDK2/Cyclin A-
associated protein 
p45)  

F box protein, gene located on chromosome 5p13, recognizes 
protein substrates (e.g.p27) for ubiquitination by SCF complex/ 
ubiquitin ligase. 

SMAD Small 
mothers against 
decapentaplegic 

Intracellular mediators of the BMP signalling pathway. 

Smad ubiquitin 
regulatory factor 

Regulate BMP singalling pathway by targeting SMADs for 
ubiquitin-mediated proteolysis. 

Small heat shock 
proteins 
 

sHsps have a molecular mass of less than 40 kDa and assemble into 
large, oligomeric structures that resemble a hollow ball.All sHSPs 
contain a conserved, C-terminal α-crystallin domain of about 100 
residues that mediates oligomeric assembly. Similar to HSP90 
chaperones, sHSPs transiently interact with and stabilize misfolded 
substrates, conceivably until the HSP70/HSP40 system can actively 
refold them. 

Small inhibitory rna 
 

A small RNA molecule that interferes with normal RNA 
processing, causing rapid degradation of the endogenous RNA and 
thereby precluding translation. This provides a simple way of 
studying the effects of the absence of a gene product in simple 
organisms and in cells.  

Snaap proteasomal activity cleaving after small neutral amino acids 
Somatosensory: The perception of sensory (such as mechanical, thermal and 

chemical) stimuli. 
Spherical and 
annular oligomers 

Metastable structures observed in many amyloid-forming proteins 
that might be on a pathway to fibril formation. These structures 
have been proposed to be the principal toxic entities that mediate 
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neuronal dysfunction. 
Spinobulbar 
muscular atrophy 
(SMBA): 
 

A polyglutamine tract disorder that manifests as a neuromuscular 
disease due to an expanded polyglutamine tract in the androgen 
receptor. 

spinocerebellar 
ataxia, type III 

See: Machado-Joseph Disease. 

Spinocerebellar 
Ataxias (scas): 

A group of dominantly inherited diseases linked by the presence of 
a polyglutamine repeat in the relevant protein. They are of 
predominantly late-onset and may be subdivided based on clinical 
features and genetic mapping. 

STAM (signal-
transducing adaptor 
molecule) 

STAM interacts with Hrs and may therefore be involved in 
endocytosis/vesicular transport. 

Straight filaments 
(sfs) 

straight filaments are found in Alzheimer’s disease and other 
tauopathies such as the corticobasal degeneration and the 
progressive supranuclear palsy. They correspond to a specific 
aggregation of tau protein (4R tau). 

Stress activated 
Protein Kinases 
(SAPK) 

Protein kinases are enzymes that modify other proteins by adding 
phosphate groups to them (phosphorylation), changing their 
function radically. About thirty percent of proteins can be modified 
by kinases. Disregulated kinase activity is the root cause of many 
diseases, especially cancers, as kinases regulate many aspects of 
cell growth, movement, and apoptosis. Kinase-inhibiting drugs are 
being developed to treat several diseases. Kinases are stress-
activated when specific events such as DNA damage or an 
overload of Ca2+ ions is detected. There are also kinases that are 
activated only by stress, referred to as c-Jun N-terminal kinases, or 
JNKs. These stress activated protein kinases respond to stress 
stimuli like cytokines, ultrafiolet radiation, heat schock, and 
osmotic shock. They're also involved in cell differentiation and 
apoptosis. 

Substantia nigra: a dark band of gray matter deep within the brain where pigmented 
cells manufacture the neurotransmitter dopamine for movement 
control. Degeneration of cells in this region lead to the neurologic 
movement disorder PD. 

Sumo (Sumoylation) Small Ubiquitin-related Modifier or SUMO proteins are a family of 
small proteins, most are around 100 amino acids in length and 12 
kDa in mass, that are covalently attached to and detached from 
other proteins in cells to modify their function, using a mechanism 
analogous to, but distinct from, ubiquitin. The exact length and 
mass varies between SUMO family members and depends on 
which organism the protein comes from. In contrast to ubiquitin, 
SUMO is not used to tag proteins for degradation. Mature SUMO 
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is produced when the last four amino acids of the C-terminus have 
been cleaved off. Sumoylation is a post-translational modification 
involved in various cellular processes, such as nuclear-cytosolic 
transport, transcriptional regulation, apoptosis, protein stability, 
response to stress, and progression through the cell cycle. 

Suppressor of deltex A Drosophila E3 ubiquitin ligase that regulates the Notch 
signalling pathway. 

Suppressors of 
cytokine signaling 
(SOCS) 

proteins comprise a family of cytoplasmic negative feedback 
regulators of cytokine signaling. These proteins inhibit JAK 
kinases activated by numerous cytokine receptors. 

Suspended paw 
elevation time: 

Behavioural measurement – test for cold allodynia in neuropathic 
animals – recording suspension of the injured paw from 4ºC water 
over several seconds following immersion of the paws. 

Symptomatic 
epilepsy 

epilepsy with an identifiable cause, such as a brain tumor, brain 
trauma, or some other neurological disorder. 

Synapse Region of contact between the axon of the pre-synaptic neuron and 
the dendrite of the post-synaptic neuron. Synapses are specialized 
structures that create a microdomain between cells. This allows for 
the localized release of neurotransmitter from the pre-synaptic 
axon, resulting in the interaction of neurotransmitter with the 
neurotransmitter receptors present on the surface of the dendrite. 

Tau tubulin kinase 
(ttk) 

TTK can phosphorylate serine, threonine and tyrosine 
hydroxyamino acids. This kinase is associated with cell 
proliferation and was shown to phosphorylate tau protein. 

Tauopathies Neurodegenerative disorders involving deposition of abnormal tau 
protein isoforms in neurons and glial cells in the brain. 
Pathological aggregations of tau proteins are sometimes associated 
with mutation of the tau gene on chromosome 17 in patients with 
FTDP-17. 

T-l (trypsin-like 
activity) 

Proteasomal activity cleaving after basic residues and associated to 
the β2 subunit 

Tnf-receptor family Members of this family function as trimers and multimers of 
trimers, and can trigger proliferation, survival, differentiation or 
death. A subfamily that comprises the death receptors Fas/CD95 
and 
TNF-R1, as well as some other members of this family, contains a 
cytoplasmic region — the death domain — which is essential for 
inducing apoptosis. However, at the same tiem TNF-R1 can also 
elicit a prosurvival and proinflammatory response, activating NF-
κB. 

Tnf-receptor-
associated factors 
(trafs) 

These are adaptor proteins for various cell-surface receptors.Most 
TRAFs encode a RING-finger motif at their amino-terminus; in the 
case of TRAF2 and TRAF5, the RING-finger is required for NF-
κB activation. 
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TPR 
(tetratricorepeat 
motif) 

The TPR domain is a 34-residue helix-turn-helix motif that 
facilitates protein–protein interactions. The TPRs of HOP, the 
cyclophillins and CHIP bind their cognate chaperones at the same 
C-terminal EEVD motif. Hip's TPRs enable it to bind the ATPase 
domain of Hsp70, but not the EEVD site. 

Trail (tnf-related 
apoptosis inducing 
ligand) 

This induces apoptosis preferentially in transformed cells. In 
contrast to other death-inducing ligands, TRAIL is expressed in a 
wide range of tissues. 

Transport 
mechanism of 
substrate 

Mechanisms responsible for the transport of substrate molecules 
within the 20S proteolytic chamber of the proteasome. Substrates 
enter the proteasome core particle in a partially unfolded or 
ubiquitinated state. The substrate composition influences the 
interaction with the external alpha ring of the 20S and/or with the 
regulatory caps subunits (19S, PA28). The rate at which substrates 
are degraded within the 20S can strongly be influenced by the 
transport mechanism. The forces defining the transport mechanism 
are complex and still largely unknown. 

Transporters 
associated with 
antigen processing 
(TAP proteins) 

are proteins of the endoplasmic reticulum responsible for the 
transport of cytosolic peptides to the lumen of ER. This process 
uses energy from ATP degradations and is necessary for the 
loading of peptide antigens into grooves of MHC class I molecules. 

Tric/CCT Group II chaperonins, such as TCP-1 ring complex in the 
eukaryote 

Tubulin is the protein which makes up microtubules. Microtubules are 
assembled from dimers of α- and β-tubulin. Each of these subunits 
has three domains. γ-tubulin is important in the nucleation and 
polar orientation of microtubule. Tubulin binds GTP and assembles 
onto the (+) ends of microtubules in the GTP-bound state. Once 
assembled into microtubules, it hydrolyzes GTP into GDP. The 
GDP-bound form of tubulin will disassemble from the tip of a 
microtubule, though it will not spontaneously fall out of the 
middle. This GTP cycle is essential for the dynamic instability of 
the microtubule. Tubulin was long thought to be specific to 
eukaryotes. Recently, however, the prokaryotic cell division 
protein FtsZ was shown to be evolutionarily related to tubulin. 
Delta and epsilon tubulin have been found to localize at centrioles 
and may play a role in forming the mitotic spindle during mitosis. 
Alpha and Beta Tubulins are proteins that have a molecular weight 
of approximately 55 kiloDaltons (kDa) each. 

Tubulin associated 
unit (tau) 

Tau proteins are mainly expressed in neurons (6 isoforms in the 
central nervous system) where they act on the polymerisation and 
stability of Microtubules. These proteins belong to the family of 
Microtubule associated proteins (MAPs). 

Tumor suppressor regulates cell cycle, specifically the transition from G0 to G1. It 
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protein p53 has low levels in normal cells and high levels in tumor cells. It 
contains DNA-binding, oligomerization and transcription 
activation domains. It binds as a tetramer to a p53-binding site and 
activates downstream genes inhibiting growth and/or invasion, 
functioning as a tumor suppressor. Mutants of p53, frequent in 
many human cancers, fail to bind the consensus DNA binding site, 
and hence cause loss of tumor suppressor activity. Alterations of 
the TP53 gene occur not only as somatic mutations in human 
malignancies, but also as germline mutations. 

Tumour-necrosis 
factor-α (tnf-α) 

A prototypic member of a family of cytokines that interact with 
several receptors, among them receptors that are responsible for 
eliciting apoptosis. 

Turban tumor 
syndrome. 

Also called Familial cylindromatosis. A genetic syndrome in which 
numerous benign tumors of skin adnexa (such as the sweat glands) 
develop, principally on the head and neck. This disorder is 
inherited in an autosomal manner and is caused by mutation of the 
CYLD gene on chromosome 16q12-q13. Mutation of CYLD has 
been likened to having faulty brakes on a car. Instead of a pileup of 
cars, a pileup of cells results. Topical application of aspirin, 
another type of brake on cell proliferation, may possibly be useful. 
the turban tumor syndrome. 

Ubb+1 Mutant ubiquitin. UBB+1 is a mutant form of ubiquitin that lacks 
the C-terminal Gly of wild type ubiquitin and instead has a 19 
amino-acids extension. This mutant can itself be ubiquitinated but 
is unable to bind other proteins. UBB+1 is a powerful inhibitor of 
the proteasome activity when its intracellular concentration reaches 
a certain threshold. 

Ubiquitin a heat stable low molecular mass (~8 kDa) protein formed by 76 
amino acids, largely preserved during the phylogenesis, which is 
covalently attached through isopeptide bonds to substrate proteins 
(ubiquitination), often forming multiple adducts in form of 
polyubiquitin chains, serving in form of oligomers and in an ATP 
dependent manner binds the protein destined to destruction in the 
ubiquitin proteolytic system. 

Ubiquitin activating 
enzyme (UBA) 

See: E1. 

Ubiquitin and 
proteasome-
dependent 
proteolytic system 
(UPS) 

is the major nuclear and cytoplasmic proteolytic system which 
involves the degradation of proteins by 20S and 26S proteasomes, 
usually after previous  ubiquitination. It requires energy in form of 
ATP for both ubiquitination and degradation by the 26S 
proteasomes.   

Ubiquitin 
conjugating enzyme 
(UBC) 

See: E2. 
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Ubiquitin C-terminal 
hydrolases Uch 

Ubiquitin C-terminal hydrolases are cysteine proteases that 
generate free ubiquitin mainly from ubiquitin adducts and ubiquitin 
precursors. 

Ubiquitin fusion 
degradation (UFD) 

a subdivision of the UPS in the cytosol, where uncleavable 
ubiquitin fused to other proteins destabilizes these proteins and 
induces their ubiquitination and proteasomal degradation. 

Ubiquitin ligase See: E3. 
Ubiquitin receptors Class of proteins that contain ubiquitin-binding domains that are 

known to associate directly with either mono- or polyubiquitin 
signals in partner proteins or proteasomal substrates rather than 
participate in ubiquitylation reactions. Known ubiquitin-binding 
domains include the ubiquitin-interacting motif (UIM), the 
ubiquitin-associated (UBA) domain, the ubiquitin-conjugating 
enzyme variant (UEV), VHS (Vps 27, Hrs, STAM), NZF (Npl4 
zinc finger), and the polyubiquitin-associated zinc finger (PAZ) 
among others. 

Ubiquitin-associated 
(UBA) domain 

Small domain of about 40-55 residues whose three-dimensional 
structure is a compact three-helix bundle of low sequence 
conservation. UBA domains have a relatively high affinity for Lys-
48-linked polyubiquitin chains and UBA domain proteins have 
been implicated in the ubiquitin fusion degradation pathway 
involving Lys-29-linked ubiquitin chains. Affinity of UBA domain 
proteins for monoubiquitin is ~10-500 μM whereas affinity 
towards polyubiquitin chains is between 2 and 4 orders of 
magnitude higher. 

Ubiquitination 
(ubiquitylation) 

The process of covalent attachement of ubiquitin to other proteins, 
which is achieved either through an isopeptide bond between an ε-
amino group of Lys of the substrate and the C-terminal Gly of 
ubiquitin or through a peptide bond between N-terminal amino 
group of the substrate and the C-terminal Gly of ubiquitin. 
Monoubiquitination is the attachement of a single ubiquitin moiety 
to the substrate, multiubiquitination is the attachement of multiple 
ubiquitin moieties to different sites on the substrate, while 
polyubiquitination is the assembly of polyubiquitin chains, where 
one ubiquitin is conjugated to another through isopeptide linkages 
involving one of the 6 Lys present in the ubiquitin molecule. 
Ubiquitination is carried on by the E1-E2-E3 cascade of enzymes. 

Ubiquitin-
conjugating domain 
(ubc) 

The ~16-kDa ubiquitin conjugating domain of E2s harbours the 
active-site cysteine residue that is required for the formation of a 
thioester-linked E2-ubiquitin complex. 

Ubiquitin-
interacting motif 
(UIM) 

Composed of approximately 20 amino acids, UIMs are 
characterized by “LALAL” motifs within the sequence of the 
ubiquitin-binding sites of subunit S5a of the 26S proteasome. 
UIMs are present in diverse protein families, including proteins 
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involved in ubiquitylation and ubiquitin metabolism, proteolysis, 
and endocytosis. They bind either mono- or polyubiquitin with 
affinities ranging between 100 and 400 μM. 

Ubiquitin-like 
(UBL) domain 

This domain is found at or near the N-terminus of proteins and is 
defined by a stretch of 45-80 residues with significant sequence 
homology and very similar three-dimensional structure to 
ubiquitin. UBL domains bind to the 26S proteasome, where they 
may dock on the S1, S2 or S5a subunits of the 19S regulatory 
complex. Most UBL-containing proteins have functions related to 
the ubiquitin-proteasome system and may promote the assembly of 
proteasomal supercomplexes or degradasomes. 

Ubiquitin-specific 
proteases (usp) 

See: deubiquitinating enzymes.  

UBX domain The UBX domain comprises ~80-residue C-terminal modules 
structurally related to ubiquitin in spite of low sequence 
conservation with the latter. UBX domain proteins can be grouped 
into five evolutionarily conserved families represented by the 
human cofactor p47, and the Y33K, FAF-1, UBXD1 and Rep-8 
proteins. The UBX domain has been proposed to function as a 
general binding module for valosin-containing protein/cdc48, an 
hexameric segregase that dissociates protein complexes. 

Ump1 short-lived protein identified as a chaperone necessary for a correct 
proteasome assembly and maturation 

Unfolded protein 
response (UPR) 

A concerted cellular reaction to the presence of misfolded proteins 
in the ER. It involves three main branches, depending on the 
activity of three ER transmembrane proteins: PEK/PERK, IRE1 
and ATF6. The initial response involves activation of PEK/PERK, 
which phosphorylates cytsosolic eIF2α, leading to translational 
attenuation of most gene products accompanied by specific 
translational activation of a specialized array of gene products 
characterized by the presence of IRES or 5’ upstream alternative 
ORFs. Subsequently activation of the IRE1 endonuclease leads to 
the alternative cytosolic splicing of the transcription factor XBP1, 
while transit to the Golgi of ATF6 leads to the proteolytic cleavage 
of its transactivation domain. XBP1 and ATF6 induce the 
transcription of an array of genes which include ER chaperones, 
proteins involved in ERAD, and other aspects of tehs ecretory 
pathway. UPR has therefore a cytoprotective function, however 
when overactive, it can lead to apoptosis through a pthway 
involving activation of caspase 12 in mice or its functional 
homolog in humans, caspase 4. 

UT3 domain Region corresponding to amino acids 1-211 of the sequence of 
Ufd1. Structurally, it contains a double-ψ β-barrel fold and a αβ 
roll that resemble the N-terminal region of valosin-containing 
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protein (VCP). The UT3 domain of Ufd1 contains two non-
overlapping ubiquitin-binding regions located in the N-terminal 
double-ψ β-barrel domain: One that binds monoubiquitin with low 
affinity (Kd of 1-2 mM), and a region that binds polyubiquitin in 
Lys-48 linkage. 

VCP (valosin-
containing protein) 

An essential, ubiquitous and abundant ATPase of the AAA family 
of 97 kDa, forming a ring-shaped homohexamer of a 97 kDa . VCP 
is able to bind polyubiquitin chains and misfolded proteins. It 
associates with over 30 different proteins forming complexes 
involved in diverse cellular activities, including membrane fusion, 
mitosis, apoptosis, nucleotide repair and ubiquitin-dependent 
degradation of proteins. VCP functions in the UPS often in 
association with the Ufd1-Npl4 heterodimer. In particular, VCP-
Ufd1-Npl4 is believed to participate in the retrotranslocation of 
proteins from the ER and their delivery to the 26S proteasome 
(ERAD). Also known as p97, Ter94 (in Drosophila) and Cdc48 (in 
yeast). 

VHS domain The VHS (Vps-27, Hrs and STAM) domain is a ~150-residue long 
domain that contains eight α-helices (α1 through α8) and a C-
terminal extension, and are often found at the N-terminus of 
proteins involved in membrane targeting/cargo recognition along 
the endocytic and secretory pathways. The eight α-helices fold into 
a curved double-layer superhelical structure with concave and 
convex surfaces. The first two helical hairpins (α1-α2 and α3-α4) 
within the VHS domain resemble HEAT repeats, whereas the third 
repeat, consisting of helices α5, α6 and α7, is reminiscent of the 
three-helix ARM repeat. VHS domains interact with sorting 
receptors and sorting signals within the cargo such as ubiquitin. 

Wallerian 
degeneration 

The degeneration of an axon distal to a site of injury, which begins 
to occur at about 1.5 days after a lesion. Wallerian degeneration is 
delayed approximately tenfold in rats or mice that carry the 
dominantly acting slow Wallerian degeneration (WldS) gene. 

WD40 repeat Minimally conserved domain of approximately 40-60 amino acid 
residues characterized by a glycine-histidine (GH) dipeptide 11 to 
24 residues from its N-terminus, and separated approximately 40 
amino acids from the end tryptophan-aspartic acid (WD) dipeptide. 
WD40 proteins are speculated to form a circularized β propeller 
structure that functions as a scaffold to which proteins bind through 
coordination with residues on the top and bottom surfaces of the 
propeller to constitute multiprotein complex assemblies. Most 
WD40-repeat proteins contain a cluster of at least 4 repeats and 
participate in many essential biological functions ranging from 
signal transduction, RNA synthesis and processing, vesicular 
trafficking, and cytoskeletal assembly to cell cycle regulation and 
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apoptosis. 
Wishful thinking A Drosophila type II BMP receptor involved in retrograde 

signalling during synaptic development. 
X-linked  Spinal 
Bulbar Muscular 
Atrophy  

Also called Kennedy Disease is a rare, slowly progressive muscular 
disorder that affects males only and is inherited as an X-linked 
genetic trait. Uncontrollable twitching (fasciculations) followed by 
weakness and wasting of the muscles becomes apparent some time 
after the age of fifteen. The muscles of the face, lips, tongue, 
mouth, throat, vocal chords, trunk and limbs may be affected. Very 
large calves may also be found in some patients with this disorder. 
Kennedy disease is caused by a mutation in the androgen receptor 
(AR) gene. Androgen insensitivity leads to abnormal swelling of 
the breasts (gynecomastia), small testes and infertility. 

XPC binding 
domain 

Region in Rad23 that binds to Rad4, the yeast homolog of 
Xeroderma pigmentosum group C complementing protein (XPC) 
promoting the assembly of a multiprotein nucleotide excision 
repair (NER) complex at the site of DNA lesions. The XPC domain 
of Rad23 also binds cytosolic peptide:N-glycanase allowing the 
formation of a degradasome for the turning over of N-linked 
glycoproteins dislocated from the endoplasmic reticulum. 

 
 

 





 

Appendix I. Nomenclature of proteasome subunits  
[Reprinted with the permission of BIOMOL International LP (www.biomol.com)] 

 
Nomenclature     Gene  1º Acc. 

# 
Seq. 
length 

MW 

Baumeister
, et al. [1] 

'Old' 
human 

Coux et 
al. [2] 

Groll 
et al. 
[3] 

Miscellaneou
s  

UniP
rotK
B [4]  

Human Yeast 
(S.c.) 

(human) (amino 
acids) 

(Da) 

20S α-type subunits          
α1 iota Pro-α6 α1_sc Pros27, p27k, 

C7, Prs2, Y8, 
Prc2, Scl1 

α6 PSMA6 PRS2 P60900 246 27399 

α2 C3 Pro-α2 α2_sc Pre8, Prs4, 
Y7 

α2 PSMA2 PRS4 P25787 233 25767 

α3 C9 Pro-α4 α3_sc Pre9, Prs5, 
Y13 

α4 PSMA4 PRS5 P25789 261 29484 

α4 C6 Pro-α3 α4_sc XAPC-7, 
Pre6 

α7 PSMA7 PRE
6 

O14818 248 27887 

α5 zeta Pro-α1 α5_sc Pup2, Doa5 α5 PSMA5 PUP
2 

P28066 241 26411 

α6 C2 Pro-α5 α6_sc nu, Pros30, 
p30k, Pre5 

α1 PSMA1 PRE
5 

P25786 263 29556 

α7 C8 Pro-α7 α7_sc Pre10, Prs1, 
C1, Prc1 

α3 PSMA3 PRS1 P25788 254 28302 

20S β-type subunits          
β1 Y Pro-β3 β1_sc delta, Lmp9, 

Pre3 
β6 PSMB6 PRE

3 
P28072 239/20

5 
25358/2190
4 

β1i Lmp2 Pro-β3  Ring12 β9 PSMB9 - P28065 219/19
9 

23264/2127
6 

β2 Z Pro-β2 β2_sc Lmp19, 
MC14, Pup1 

β7 PSMB7 PUP
1 

Q99436 277/23
4 

29965/2521
8 

β2i MECL-
1 

Pro-β2  Lmp10 β10 PSMB1
0 

- P40306 273/23
4 

28936/2464
8 

β3 C10 Pro-β6 β3_sc theta, Pup3 β3 PSMB3 PUP
3 

P49720 205 22949 

β4 C7 Pro-β4 β4_sc Pre1, C11 β2 PSMB2 PRE
1 

P49721 201 22836 

β5 X Pro-β1 β5_sc epsilon, 
Lmp17, MB1, 
Pre2, Doa3, 
Prg1 

β5 PSMB5 PRE
2 

P28074 208/20
4 

22897/2245
8 

β5i Lmp7 Pro-β1  Ring10, Y2, 
C13 

β8 PSMB8 - P28062 276/20
4 

30354/2266
0 

β6 C5 Pro-β5 β6_sc gamma, Pre7, 
Prs3, C5, Pts1 

β1 PSMB1 PRS3 P20618 241 26489 

β7 N3 Pro-β7 β7_sc beta, Pros26, 
Pre4 

β4 PSMB4 PRE
4 

P28070 264/21
9 

29192/2438
0 
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Appendix I. Nomenclature of proteasome subunits (cont.d) 
 

19S Regulator (19S cap, PA700) 
Nomenclature      Gene   1º Acc # Seq. 

length 
MW 

Finley, 
et al. 
[5] 

Dubiel 
et al. 
[6] 

 Miscellaneous  UniProtK
B [4] 

Human Yeast (S.c.) (human) (amino 
acids) 

(Da) 

19S (PA700) regulator ATPase subunits         
Rpt1 S7 p48, Mss1, Yta3, Cim5 Subunit 7 PSMC2 CIM5 P35998 432 48503 
Rpt2 S4 p56, Yhs4, Yta5, Mts2 Subunit 4 PSMC1 YTA5 P62191 440 49185 
Rpt3 S6b p48, Tbp7, Yta2, Ynt1, MS73 Subunit 6b PSMC4 YTA2 P43686 418 47336 
Rpt4 S10b p42, Sug2, Pcs1, Crl13, 

CADp44 
Subunit 
10b 

PSMC6 SUG2 P62333 389 44173 

Rpt5 S6a p50, Tbp1, Yta1 Subunit 6a PSMC3 YTA1 P17980 439 49204 
Rpt6 S8 p45, Trip1, Sug1, Cim3, Crl3, 

Tby1, Tbp10, m56 
Subunit 8 PSMC5 SUG1 P62195 406 45626 

19S (PA700) regulator non-ATPase subunits         
Rpn1 S2 p97, Trap2, Nas1, Hrd2, 

Rpd1, Mts4 
Subunit 2 PSMD2 HRD2 Q13200 908 100200 

Rpn2 S1 p112, Sen3  Subunit 1 PSMD1 SEN3 Q99460 953 105836 
Rpn3 S3 p58, Sun2   Subunit 3 PSMD3 SUN2 O43242 534 60978 
Rpn4  Son1, Ufd5     RPN4 Q03465(Sc) 531 60153 
Rpn5  p55, Nas5   Subunit 12 PSMD12 YDL147W O00232 455 52773 
Rpn6 S9 p44.5, Nas4/6?  Subunit 11 PSMD11 YDL097C O00231 421 47333 
Rpn7 S10a p44, HUMORF07  Subunit 6 PSMD6 Q15008 389 45531 
Rpn8 S12 p40, Mov-34h, Nas3  Subunit 7 PSMD7 YOR261C P51665 324 37025 
Rpn9 S11 p40.5, Les1, Nas7  Subunit 13 PSMD13 Q9UNM6 376 42918 
Rpn10 S5a p54, ASF1, Sun1, Mcb1, 

Mbp1 
Subunit 4 PSMD4 SUN1 P55036 377 40736 

Rpn11 S13 Poh1, Mpr1, Pad1h  Subunit 14 PSMD14 MPR1 O00487 310 34577 
Rpn12 S14 p31, Nin1, Mts3  Subunit 8 PSMD8 NIN1 P48556 257 30005 
Rpn13  YLR421C      RPN13 O13563(Sc) 156 17902 
 S5b p50.5   Subunit 5 PSMD5 Q16401 503 56065 
 S15 p27-L   Subunit 9 PSMD9 NAS2 O00233 223 24654 
  p28, Gankyrin, Nas6  Subunit 10 PSMD10 O75832 226 24428 
11S Activator (11S cap, PA28) 
Nomenclature      Gene  1º Acc # Seq. 

length 
MW 

Dubiel, et 
al. [7] 

Ma, et 
al. [8]  

Realini, 
et al. 
[9] 

Kandil, et al. [10] UniProtKB 
[4] 

(human) (human) (amino 
acids) 

(Da) 

11Sα PA28α REGα   Subunit 1 PSME1 Q06323 249 28723 
11Sβ PA28β REGβ   Subunit 2 PSME2 Q9UL46 238 27230 
11Sγ PA28γ REGγ Ki antigen  Subunit 3 PSME3 P61289 254 29506 
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