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Foreword

It was twenty five years ago this year that for the first time a protein underly-
ing a form of human cerebral amyloidosis, the Icelandic-type hereditary cerebral
haemorrhage was identified. This, together with the recognition that an amino
acid substitution can transform the wild type cystatin C into a disease-associated
amyloid-forming protein in this condition, was only a prelude to a series of impor-
tant discoveries that followed. As a result, pathologically altered proteins have
been brought into the centre stage of research into the pathomechanism of a num-
ber of neurodegenerative diseases, which include epidemiologically such important
conditions as Alzheimer’s disease or Parkinson’s disease and, among others, also
the transmissible spongiform encephalopathies, Huntington’s chorea, spinocerebel-
lar ataxias, frontotemporal lobar degenerations and amyotrophic lateral sclerosis.
Despite the diversity in the amino acid sequence of the different proteins involved
in these neurological diseases, one of the common themes underlying the pathome-
chanisms of all these conditions is protein misfolding, aggregation – hence the term
protein folding disorders –, which can trigger cascades of events ultimately resulting
in synapse loss and neuron death with devastating clinical consequences in many
of the most precious spheres of human existence including personality, cognition,
memory, skilled movements and affection.

It is always a challenging task to unite the different topics of the individual chap-
ters into a common theme in a multi-author volume, but the current book edited
by Judit Ovadi and Ferenc Orosz fits this task admirably. The contributors of the
chapters are very well-chosen to cover a good number of topical areas of neurode-
generative research. Without exception the chapters set forth clearly the current
understanding of their chosen topics, which will allow both the specialist reader
and the novice entering into the field to acquire the information they require to find.
I have no hesitation in expecting that this wisely edited book will shortly become a
well-thumbed text on the bookshelves of many research libraries and offices.

London July 2008 Tamas Revesz FRCPath
Professor of Neuropathology

Institute of Neurology
University College London

UK
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Preface

The worldwide ageing of populations has brought the neurodegenerative diseases
into the focus of interest. These diseases constitute large variety of pathological con-
ditions originating from the slow, irreversible and systemic loss of cells in different
regions of the brain resulting in degenerative problems with distinct clinical symp-
toms. The pathological behaviors are frequently associated with “proteinopathies”,
the non-physiological behavior of a specific protein, affecting its processing, func-
tioning, and/or folding. These proteins do not have stable tertiary and/or secondary
structures in vivo; they enter into aberrant interactions affecting their folding state
and function. A number of the diverse human neurodegenerative diseases are now
recognized as conformational diseases because these are caused by aggregations
of unfolded or misfolded proteins. Knowledge on the intrinsically unstructured
proteins, a relatively newly recognized family of gene products as well as on the
misfolded proteins produced by genetic mutations or environmental effects has
been extensively accumulated in the past years. These proteins frequently cause
proteolytic stress and/or enter into aberrant, non-physiological protein–protein inter-
actions leading to sequestration of protein aggregates which are assemblies of many
not-yet-identified components in addition to the deposition of well-characterized
misfolded peptides and proteins. Such fate is known in the cases of Aβ peptide
and tau protein in Alzheimer’s disease, α-synuclein in Parkinson’s disease, the
extended polyglutamine stretch of mutant huntingtin in Huntington’s disease and
the prion protein in prion diseases. These protein assemblies display diverse ultra-
structures such aggresomes, fibers, oligomers or amorphous structures, however,
the nature of these species concerning their cytoprotective or cytotoxic effects has
not been clarified yet. The understanding of the course and pathomechanism of
the diseases arising from interactions of the so called malfolded proteins is cru-
cial for finding effective therapeutic interventions. The identification of aberrant
protein-protein interaction(s) playing constitutive role in aggregate formation con-
tributes to the development of new pharmacofors that could prevent or circumvent
the development of neurodegenerative disorders in human.

The main focus of this issue is to review the molecular events initiated by
unfolded or misfolded proteins leading to cell death via the development of patho-
logical inclusions, with special emphasis on the macromolecular associations of the
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viii Preface

malfolded proteins into characteristic ultrastructures found in the cases of neurolog-
ical disorders, some of them are shown in this issue. There are papers which uncover
in details the intriguing interconnections between intrinsic disorder and human
neurodegenerative diseases; the characterization of the diseases in relation to their
hallmark proteins and ultrastructures. Other papers provide conceptual background
of the molecular mechanism of the tendency of disordered proteins for aggregation
in vitro and in vivo connected with misfolding diseases. Due to the fundamental
biological importance of protein aggregates, and our poor knowledge about the
molecular basis or specificity of the general phenomenon of protein aggregation,
this problem will be specifically discussed. In the light of the protein based neu-
ropathology the classification of the human neurodegenerative diseases is presented.
This book also reviews the structural knowledge accumulated for well-studied and
for newly discovered proteins involved in paradigmatic conformational disorders
with the aim to broaden our understanding of the pathomechanisms of neurodegen-
eration, which is crucial for finding effective therapeutic interventions that could
prevent or circumvent the development of neurodegenerative disorders in humans.

Acknowledgments We are grateful to the Hungarian National Scientific Research Fund (OTKA)
and the European Union FP6-2003-LIFESCIHEALTH-I Biosim Fund for providing many years of
valuable support to our research, which has also enabled us to edit this volume.

Budapest Judit Ovádi
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Chapter 1
Structural Disorder and Its Connection
with Misfolding Diseases

Veronika Csizmók and Peter Tompa

Abstract Intrinsically disordered proteins or regions of proteins lack a well-defined
structure, yet they carry out important functions often associated with the regulation
of cell cycle and transcription. Due to these central roles in key cellular pro-
cesses, their mutations are frequently involved in neurodegenerative diseases. These
diseases are usually caused by the structural transition of disordered proteins to
insoluble, highly ordered deposits termed amyloids, such a fate has been described
in the case of Aβ peptide and tau protein in Alzheimer’s disease, α-synuclein in
Parkinson’s disease or the polyglutamin stretch of huntingtin in Huntington’s dis-
ease and the prion protein in prion diseases. Due to the involvement of critical
conformational change, these diseases are often denoted as “protein misfolding”
diseases. Here we provide a brief overview of the rapidly expanding field of pro-
tein disorder to provide a conceptual background for the discussion of the essence
of molecular mechanisms of these diseases. We will provide a brief overview of
the field in general, directing focus on the tendency of disordered proteins for
aggregation in vitro and also in vivo. We will provide some details on neurode-
generative diseases and the proteins involved. It will be shown that the underlying
phenomenon of “misfolding” may also result in altering the normal function of
proteins (physiological prions). We will wrap up the story by showing that the con-
formational transition occurs via partially ordered intermediates, which lead to a
highly structured cross-β state in amyloids.

1.1 The Concept of Protein Disorder

The classical structure-function paradigm that appeared unshakable for decades
rested on the correspondence between function and a well-folded 3D structure.
The basic insight provided by this notion into the function of enzymes, receptors

V. Csizmók (B)
Institute of Enzymology, Biological Research Center, Hungarian Academy of Sciences
Karolina út 29, Budapest, H-1113 Hungary
e-mail: csv@enzim.hu

J. Ovádi, F. Orosz (eds.), Protein Folding and Misfolding: Neurodegenerative Diseases,
Focus on Structural Biology 7, DOI 10.1007/978-1-4020-9434-7 1,
C© Springer Science+Business Media B.V. 2009
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2 V. Csizmók and P. Tompa

and structural proteins has precluded alternative views. The spectacular advance
of structural biology crowned recently by the success of structural genomics pro-
grams has made it the central dogma of molecular biology that a unique structure
encoded by sequence is the prerequisite of function. More than 50.000 struc-
tures deposited in the protein data bank (PDB, www.pdb.org) bear witness to
the power of this paradigm. Its generality, however, does not infer universality,
as indicated by the recent recognition that many proteins or regions of proteins
lack a well-defined three-dimensional structure under native, physiological condi-
tions [1–4]. The recognition that intrinsic disorder is the native, functional state of
these proteins, has brought about the demand of re-assessing the structure-function
paradigm [5].

The polypeptide chain of intrinsically disordered, or unstructured, proteins (IDPs/
IUPs) assumes a fluctuating ensemble of alternative conformations, which is the pre-
requisite of their functions. In a structural sense, IDPs occupy a continuum of states
from a fully disordered state devoid of either short- or long-range intrachain interac-
tions (random coil) to a compact state of significant secondary and tertiary contacts
(molten globule) [6, 7]. These states in many aspects resemble those attained by
globular proteins under highly denaturing conditions. Unlike globular proteins,
however, which most often carry out their function as enzymes, small-ligand binding
receptors or structural proteins, IDP functions stem from the unfolded states, and
are mostly involved in regulating processes of signal transduction and transcription
regulation [8–10]. Functional classification of IDPs into six categories is based on
that in one category (entropic chains) their function directly stems from disorder,
whereas in the other five categories their function stems from transient (display sites,
chaperones) or permanent (effectors, assemblers, scavengers) binding to partner
molecules [2, 3, 11].

The prevalence of structural disorder in regulatory functions results from the
functional advantages structural disorder provides. Among many advantages, most
often mentioned and discussed are the separation of specificity from binding strength
[5], adaptability to various partners [12] and frequent involvement in post-
translational modifications [13]. These and other advantages explain the advance
of protein disorder in evolution, i.e. its much higher frequency in eukaryotes than
prokaryotes [8–10], and its high proportion/dominance in functionally important
proteins also noted in disease, such as tau protein [14], p53 [15], α-synuclein
[16], prion protein [17], or BRCA1 [18]. The current most complete collection
of IDPs is in the DisProt database (www.disprot.org), which contains about
500 proteins, in which biophysical evidence points to the structural disorder of
about 1100 regions [19]. DisProt, and previous less-complete collections of dis-
ordered proteins enabled the development of about 25 bioinformatics predictors
[20, 21]. The application of such predictors to whole genomes and/or proteomes has
suggested that about 5–15% of proteins are fully disordered, and 30–50% of
proteins contain at least one long disordered region in higher organisms
[8–10].
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1.2 Biophysical and Bioinformatics Characterization
of Disorder

1.2.1 Biophysical Techniques

The primary observation of the unusual behavior of proteins of heat-stability and
anomalous SDS-PAGE mobility, circular dichroism (CD) and NMR spectra suggest-
ing a “denatured” state, as well as the frequent observation of missing coordinates
from X-ray structures, have led to the formulation of the concept of protein disorder.
The first collection of disorder datasets then led to the creation of bioinformatics
tools which brought about the recognition of the generality of protein disorder.
To respect this historical order of events, we first survey the most important bio-
physical methods used for recognition and characterization of disorder, followed
by a brief overview of the bioinformatics methods. The physical characteristics of
IDPs contrasting globular proteins is apparent with all possible approaches, which
explains the multiplicity of methods that can be applied for studying protein disorder
[2, 7, 20, 22].

Observations by indirect techniques may provide the first line of evidence for the
disorder of a protein. IDPs are resistant to heat and low pH, which form the basis
of enrichment strategies employed for their proteomic identification [23, 24]. Their
aberrant mobility on SDS-PAGE, suggestive of an unusual amino acid composi-
tion, has also been frequently noted in the literature [2]. The open and exposed
structural character of their unfolded polypeptide chain is also signaled by an
extreme proteolytic sensitivity, which also manifests itself in their ubiquitination-
independent degradation by the 20S proteasome, termed “degradation by default”
[25]. Proteolytic sensitivity can not only provide a binary classification in terms
of order/disorder, but the application of proteases at very low concentrations can
also provide low-resolution structural information on the topology of IDPs [26].
Another indirect technique, differential scanning calorimetry provides information
on the lack of a globularity, i.e., the absence of compact, cooperative structure of
IDPs [27].

Hydrodynamic approaches constitute the most coherent group of techniques for
the structural characterization of IDPs. The primary observables are the radius of
gyration (RG) or Stokes radius (RS), which translate into a large apparent molec-
ular weight (MW). Such behavior is apparent by size-exclusion chromatography
(gel-filtration), dynamic light scattering, and analytical ultracentrifugation. More
thorough characterization of hydrodynamic behavior can be attained by small-angle
X-ray scattering, which not only enables to determine overall dimensions of the
protein, but by careful analysis of scattering intensities it provides low-resolution
structural topology-model of the molecule [28]. Thus, hydrodynamic techniques not
only provide evidence for disorder, but they also enable description of its type and
the overall structural topology of an IDP.

Description of disorder in most detail can be achieved by spectroscopic tech-
niques. UV fluorescence, sensitive to the exposure of Trp residues, enables the rapid
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identification of IDPs. The application of a quencher, such as iodine or acrylamide,
provides further evidence for the exposure of aromatic residues. CD spectroscopy is
sensitive to repetitive secondary structural elements (α-helix and β-strand), or coil
conformation, the latter being abundant in IDPs. Even more structural detail can
be obtained by a less well-known technique, Raman optical activity measurement,
which provides information on details of structure and dynamics of IDPs [29]. The
most powerful spectroscopic technique for studying IDPs is NMR, which enables
their atomic-level structural characterization [22]. A range of NMR observables,
such as secondary chemical shifts, relaxation rates and residual dipolar coupling
enable detailed description of equilibrium structural features and also dynamic char-
acteristics of IDPs. To mention just a few examples, NMR has been used to provide
evidence for the overall disorder of proteins [30–32], it enabled characterizing resid-
ual structure within IDPs [33–35], and also detailed analysis of the mechanism of
binding of an IDP to its partner [36]. Recently, NMR even made possible the in vivo
characterization of IDPs by the application of in-cell NMR techniques [37].

1.2.2 Bioinformatics Techniques

Followed by the recognition of protein disorder, several bioinformatics algorithms
have been developed in rapid succession, which can be used to approach disorder at
the residue level [20, 21]. The application of predictors to studying single proteins
and/or entire proteomes has contributed basically to the development of the field.
Although the predictors are based on different principles, they all rely on common
attributes of IDPs, namely, that they are depleted in order-promoting amino acids
(WCFIYVL) and are enriched in disorder promoting amino acids (KEPSQRA) [38].
There are more than 20 predictors of disorder, and they can be roughly classified
into three groups, such as (i) predictors relying on simple statistics, (ii) predictors
applying machine-learning algorithms, and (iii) predictors applying some structural
considerations.

The most straightforward approach relies on simple statistics of amino acid
propensities, as implemented in the charge-hydropathy plot, by plotting net charge
of proteins vs. their net hydrophobicity [6]. IDPs are found in the high net charge –
low mean hydrophobicity half of this 2D plane, which suggests a clear interpre-
tation of the physical factors underlying disorder. By calculating the distribution
of these features for a pre-defined sequence window, this approach can be made
sequence-specific [39].

Arguably the most advanced predictors are those which rely on machine learning
approaches, i.e. neural networks and support vector machines. These are trained on
datasets of disorder and order, and capture the inherent differences in implicit ways.
The classical neural network predictor, PONDR [40], has recently been developed to
be able to distinguish between short and long disorder (VSL2) [41]. In other cases,
the input data can be generated by sequence alignment, as in the case of DISO-
PRED2 [9], which relies on a support vector machine algorithm. The power of these
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methods also comes from that they can readily accommodate other factors, such
as predicted secondary structure or solvent accessibility of the polypeptide chain.
Although these algorithms usually perform the best when performance of predictors
is compared in the community-wide experiment “critical assessment of structure
prediction algorithms” (CASP) [42], their limitation may come from uncertainties
inherent in the underlying databases.

A completely different principle has been exploited in the construction of the
IUPred algorithm [43, 44]. This approach uses low-resolution force-fields to esti-
mate the total pairwise interaction energy of a (segment of a) protein. The under-
lying idea is that IDPs lack stable structure because their amino acid composition
is not compatible with the formation of interresidue interactions in numbers suffi-
ciently large to overcome the large unfavorable decrease in conformational entropy
that accompanies folding. Because IUPred and other similar algorithms, such as
Fold Unfold [45] and Ucon [46] do not rely on actual data on protein disorder, their
assessment of the structural status of a protein as disordered may be considered as an
independent evidence for disorder, and actually for the very existence of intrinsically
disordered proteins.

1.3 Disorder In Vivo, the Effect of Crowding?

The structural ensemble of IDPs is very sensitive to variations in environmental
conditions, which makes it rather difficult to appreciate the actual structural state
of these proteins. Among the variety of factors, crowding caused by extremely high
macromolecular concentrations is of special interest, because it may basically influ-
ence the structural state of IDPs [47, 48]. Typical concentrations of macromolecules
in the cell are on the order of 300–400 mg/ml, which gives rise very large excluded
volume effect that favors reactions accompanied by reduction of volume, such as
folding and aggregation. In the case of denatured globular proteins crowding does
promote them to assume their native-like compact states and to regain at least partial
activity [49, 50]. This issue of promoting native structure is of particular importance
in the case of IDPs, because it would be logical to assume that crowding may enforce
them to fold, and behave as globular proteins, in vivo.

Studies addressing this issue either apply high concentrations of macromolecu-
lar crowding agents, such as Dextran or Ficoll 70 (occasionally a small molecular
osmolyte, TMAO), or actually follow the behavior of the IDP within a living cell.
The results are rather mixed, and they overall suggest that crowding makes IDPs to
locally fold or assume more compact structural states, but never to transformation
to a unique ordered state. For example, crowding had no effect on two IDPs, the
KID domain of p27Kip1, and the trans-activator domain of c-Fos [51], but leads to
some compaction of α-synuclein [52]. Under real in vivo conditions, i.e. within
a living cell, some IDPs, such as FlgM [53] or tau protein [54] undergo partial
ordering, whereas others, such as α-synuclein [37], retain their fully disordered
character.
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In principle, aggregation, being a second- or higher-order reaction, is particularly
sensitive to the effect of crowding. The formation of aggregates is sensitive to the
concentration – in fact the chemical activity – of interacting chains, which is basi-
cally influenced by the excluded volume effect [47, 55]. As shown by experiment
and also theoretical considerations, crowding may increase the rate of aggregation
orders of magnitude. For example, the formation α–synuclein fibrils has a lag time
of 80–90 days for a concentration of 300 μM, but addition of polyethylene glycol,
Dextran or Ficoll 70 reduces this lag time to 8–10 days [56].

1.4 Disorder and Aggregation

Early on after the recognition of protein disorder, it has been realized that the open
and extended conformation of IDPs may be particularly adapted to interactions
leading to aggregation, making them, in principle, particularly prone to aggregation
[2]. Although several of the proteins involved in amyloid diseases are IDPs, most
IDPs are not known for their involvement in aggregation, which suggests that these
proteins use some countermeasures against aggregation [57]. Studies of sequences
of proteins involved in amyloid diseases unveil that certain features are directly
related with disorder. Because the key structural feature of amyloids is an extended
H-bonding network of backbone amides in a cross-β scaffold, the exposure of these
moieties is key to the misfolding reaction leading to the amyloid state. In accord,
deficient local shielding (under-wrapping) of backbone H-bonds is a critical factor
in the amyloidogeneicity of proteins [58]. Due to their total structural exposure,
IDPs are inherently more prone to form amyloids than globular proteins.

In studies of protein aggregation of a range of mutants under conditions favoring
the unfolded states of globular proteins, it was found that amyloidogeneicity shows
a significant positive correlation with hydrophobicity and β-sheet forming potential,
and negative correlation with total charge [59]. These results are entirely relevant
with respect to how IDPs remain soluble despite their exposed polypeptide chain. As
suggested above, IDPs possess high mean net charge and low mean hydrophobicity
[6], they are depleted in order-promoting amino acids (WCFIYVL) and are enriched
in disorder promoting amino acids (KEPSQRA) [38]. These biases in composition
act strongly against amyloid formation. By applying TANGO, the algorithm devel-
oped to asses β-aggregation propensity of proteins [60] it was found that globular
proteins contain almost three times as much aggregation nucleating regions as IDPs,
and formation of the ordered structure of globular proteins can only be achieved
at the expense of a higher β-aggregation propensity [61]. In general, formation of
structure and aggregates rely on very similar physico-chemical characteristics.

Thus, amino acid sequences of IDPs appear to significantly counteract the inher-
ent propensity of their open structure for aggregation and amyloid formation.
Limiting the occurrence of amino acids of significant β-sheet forming potential [62]
is probably also of significant inhibitory potential. This may also rationalize the
presence of conspicuous conserved Pro or Gly residues in proteins [63], which are
inhibitory to the formation of extended β-structures, either due to their restricted
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(Pro) or unrestricted (Gly) conformational freedom, serving as “guardians” against
aggregation [64]. These considerations can also explain the presence of residues in
IDPs known for significant β-breaking potential, such as Pro, Gln and Ser [2]. In a
related study, it was observed [65] that the positions flanking aggregating stretches
are enriched with residues such as Pro, Lys, Arg, Glu and Asp. These residues are
either β-breakers, or are located in the bottom of the aggregation propensity scales.
In the E. coli proteome, at least one of these five residues occur at the first position on
either side of an aggregation-prone segment, and thus appear to act as “gatekeepers”
against aggregation [65].

1.5 Disorder in Neurodegenerative Diseases

Despite these effective countermeasures, disordered proteins do show significant
association with aggregation involved in neurodegenerative diseases. Because they
are caused by formation of insoluble aggregates, they belong to the family of amy-
loidoses. Amyloids are highly ordered deposits of misfolded protein, which often
originate from full-length proteins, but sometimes from processed segments. Since
the diseases and the proteins involved are discussed in detail in the next chapter (See
Sect. 1.4), here we concentrate on the underlying structural principles. Amyloidoses
are caused by the deposition of insoluble, highly ordered fibrillar aggregates of pro-
teins, which are not related in any aspect [57]. Amyloid diseases are classified by
the causative protein that forms the amyloid (Table 1.1), the manner of deposition
of the aggregate (systemic vs. tissue-specific cases, the latter primarily meaning
neurodegeneration), and the cause of aggregation (sporadic, inherited, or infectious,
the latter meaning prion diseases). As seen, the proteins involved might be glob-
ular (lysozyme, transthyretin or immunoglobulin), but often they are intrinsically
disordered. The diseases are usually intractable and progressive, i.e. they cannot be
cured, and either are caused by organ failure (primarily in systemic cases) or impair-
ment in higher-order brain function (cognitive disorder, psychological problems,
impairment of movements).

Due to their involvement in diseases, proteins of neurodegenerative diseases have
been studied in great detail, and were among the first for which structural disorder

Table 1.1 Amyloid diseases

Disease Protein Region Structural status

Alzheimer’s APP Aβ peptide Disordered
Huntington’s Huntingtin polyQ region Disordered
Parkinson’s α-Synuclein Whole protein Disordered
Prion diseases Prion Whole protein Half disordered
Lysozyme amyloidosis Lysozyme Whole protein Ordered
Senile systemic amyloidoses Transthyretin Whole protein Ordered
AL amyloidosis Ig light chain Whole protein Ordered

The table enlists some of the best known amyloid diseases. The major point is that amyloid
deposits may be formed from either ordered or disordered proteins, but in neurodegenerative

disorders mostly IDPs are involved.
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has been established. In Alzheimer’s disease (AD), extracellular protein deposits
(senile plaques) are formed from the 40–42 amino-acid long fragment of amyloid
precursor protein (APP), termed amyloid-β peptide (Aβ), which is disordered [66].
Intracellular inclusions also form in AD, from the microtubule-associated protein
tau, which was among the first proteins described as disordered [14]. The causative
agent of Parkinson’s disease is α-synuclein, also termed “non-A beta component of
Alzheimer’s disease amyloid plaque (NACP)”, because it is a minor peptide com-
ponent of the insoluble fibrillar core of AD plaque. The protein was shown to be
disordered by a battery of techniques, such as heat-stability, sedimentation, CD,
Fourier-transform infrared spectroscopy (FTIR) and UV spectroscopy [16]. The
protein has been at the focus of intense interest ever since, which has resulted in
ample detail on the structural ensemble of α-synuclein structure in vitro [67] and
also in vivo [37]. Huntingon’s disease, and a range of other diseases are caused by
the pathologic expansion of glutamin-repeats in proteins. In Huntingon’s disease,
the CAG-repeat region in exon1 of huntingtin encodes for a run of Gln residues less
than 40 in healthy individuals, which undergoes expansion to above 40 residues
under pathologic conditions (thus the diseases are also termed CAG-repeat dis-
eases). The repeat region is intrinsically disordered [68], and can undergo transition
to the amyloid state.

A special case of amyloidoses is prion diseases, in which the transmission of
the amyloid can elicit infectious propagation of the amyloid state. Prions have been
first noted as non-conventional infectious entities in mammals, which were shown
later to be proteins which may exist in two different structural states, a cellular state
and a prion state. The prion state is contagious, and is implicated in a variety of
diseases, such as kuru and Creutzfeldt-Jakob disease of humans, bovine spongiform
encephalopathy, and scrapie of sheep [69]. Transmission of prions results from that
the scrapie state can convert the cellular form to the scrapie form in a self-sustaining,
autocatalytic reaction. The two forms are identical at the level of sequence or post-
translational modifications [70], and thus the only information that distinguishes
them is protein conformation. The structure of the cellular form solved by NMR has
an N-terminal disordered and a C-terminal ordered half [17, 71]. Since the cellular
form is dominated by disorder and α-helical regions, whereas the scrapie state is
largely β-strand, the prion disease constitutes a special class of transmissible protein
misfolding diseases [72].

1.6 Physiological Prions

As suggested in the previous section, prions have the dreadful connotation of
causing lethal and somewhat mysterious diseases. It is generally held that the prop-
agation of prion diseases results from the conversion of the cellular form to the
scrapie state in an autocatalytic reaction [57]. In this section we will discuss that
the above structural principle of prion propagation, i.e., the autocatalytic structural
conversion from a soluble form to the highly ordered amyloid state, may also serve
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the physiological function of proteins. In the case of about 10 proteins it has been
shown that their normal cellular function results from their capacity to undergo
prion-like structural conversion. Unlike their pathological counterparts, these phys-
iological amyloids/prions do no harm to their host cells, but may confer adaptive
advantages under certain conditions [73]. The variety of cases can be exemplified
by the curli protein of bacteria, involved in biofilm formation and host invasion,
URE2p of yeast involved in the regulation of nitrogen catabolism, or Pmel17 of
humans, which functions in scaffolding and sequestration of toxic intermediates
during melanin synthesis. Often these proteins are noted for the presence of Q/N-
rich, disordered, portable prion domains [74]. Their function and action can be
best illustrated by two interesting well-characterized examples, Sup35p of yeast
and cytoplasmic polyadenylation element-binding protein (CPEB) of Drosophila
melanogaster.

Sup35p in yeast is a protein component of the translational termination com-
plex. Intriguingly, it has been discovered as a non-Mendelian genetic element,
[PSI+], which causes translational read-through in yeast cells [75]. Later, it has
been recognized that the genetic element corresponds to the altered structural state
of the cellular protein, Sup35p, which is composed of a Q/N-rich disordered amino-
terminal domain and a globular carboxy-terminal domain. When the amino-terminal
domain attains an amyloid-like prion conformation [76], it prevents the globular
domain from taking part in the translation termination complex. The physiological
readout of this change is the inability of the cell to terminate translation at stop
codons, and the resulting read-through might be functionally advantageous under
some circumstances [77].

A completely different example is the CPEB protein of D. melanogaster. This
neuronal protein regulates mRNA translation by promoting polyadenylation and
activation of mRNA localized in the cytoplasm [78, 79]. Its amino-terminal Q/N-
rich domain has the capacity to undergo a transition to a prion state, as demonstrated
by fusion constructs in yeast. In the activated synapses of fruit-fly it converts to
the prion state and provides a molecular marker of the synapses. Its activated
prion-like form stimulates translation of CPEB-regulated mRNA, and promotes
synaptic growth associated with the maintenance of long-term facilitation. In all,
this prion/amyloid functions in synaptic communication and memory formation
[78, 79].

1.7 Structural Transition to Amyloid: Partially
Folded Intermediates

Although the proteins involved in amyloid formation have practically nothing in
common [57], their structural transitions to the amyloid state share common char-
acteristics, both in terms of their kinetics, the mechanism of the structural transition
and the final structure attained.
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The kinetics of amyloid formation shows two characteristic features, i.e., i) the
process involves a lag-phase, i.e. the rate-limiting formation of a critical seed, fol-
lowed by an exponentially accelerating growth phase, and ii) the lag-phase can be
abolished by the addition of small pieces of amyloid, i.e., pre-formed seeds. These
features are reminiscent of the process of crystallization, and amyloid formation
can be considered as one-dimensional crystal growth. To account for these observa-
tions, two models have been developed. The model of “nucleation-polymerization”
and “template-assistance” [80, 81] differ in the thermodynamic nature of the crit-
ical step. In nucleation-polymerization, it is assumed that the structurally altered
molecule is less stable than the original protein species, and it only becomes sta-
ble when incorporated into an oligomeric (amyloid) form. Thus, the rate-limiting
step is the assembly of a seed of critical size, followed by the practically uninhib-
ited transformation of further molecules upon interaction with the seed. The key
assumption of the other model, template-assistance, is that the transformed state
is inherently more stable than the solution state, but it is kinetically inaccessible
due to a high energy barrier. Molecules already transformed can lower the energy
barrier, and bring about conversion in an autocatalytic conversion. In this case, the
rate-limiting step is the formation of an effective catalytic molecule. Both models
adequately describe the kinetic course of the reaction, and they actually mechanis-
tically converge if the seed size in the template-assistance model is thought to be a
monomer.

There are also mechanistic parallels in the misfolding process that leads to the
formation of amyloids [82], which appear to apply to both globular and disordered
proteins. In the case of globular proteins, fibrillation occurs when the native struc-
ture is partially destabilized, because to arrive at the common cross-β structure
profound conformational rearrangements have to occur, which cannot take place
within the structural confines of the native globular state. In accord, most mutations
associated with accelerated fibrillation of globular proteins destabilize the native
structure, as demonstrated in the case of lysozyme [83], transthyretin [84], and
immunoglobulin light chains [85]. Destabilization of structure by non-native con-
ditions, such as low- or high pH, high temperatures, or the presence of denaturants,
also lead to an increased fibrillation, as shown in the case of the SH3 domain of
PI3K [86] and the Fn III module of murine fibronectin [87]. The generality of this
relation and the importance of an increase in the concentration of partially folded
conformers [82, 88] is also underscored by that amyloidogenicity of proteins can
be significantly reduced by stabilization of the native structure by ligand binding,
for example [89]. The critical involvement of partially structured intermediates is
also apparent in the case of IDPs, where the primary step of fibrillogenesis is the
stabilization of a partially folded conformation. It has been shown in the case of
α-synuclein [90], or islet amyloid polypeptide (IAPP) [91] that the presence of
amyloidogenic intermediates is strongly correlated with the enhanced formation
of fibrils (Fig. 1.1). In all, it appears that the structural prerequisite of amyloid
formation is the transformation of a polypeptide chain into a partially folded
conformation.
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Fig. 1.1 Transition to the amyloid state via partially ordered intermediate. The experiment
shows aggregation of α-synuclein at increasing temperatures from 3.0◦C up to 92.0◦C in equal
increments (11 temperatures). (A) The kinetics of fibril formation monitored by the enhance-
ment of thioflavin T fluorescence, at four temperatures, 27◦C (circles), 37◦C (inverted triangles),
47◦C (squares), and 57◦C (diamonds). (B) CD spectra at all temperatures, which show that upon
increasing the temperature, in parallel with shortening the lag phase, there is an increase in residual
structure of the protein. Adapted with permission from Ref. [90] (Uversky et al. 2001, J Biol Chem
276:10737–10744)

1.8 The Structure of Amyloid: Cross-Beta Models
and Flexibility

The third unifying feature of amyloids involved in misfolding diseases is that in
spite of the great variety of protein precursor, the resulting amyloid is structurally
very similar in most of the cases. Amyloid fibrils visualized by transmission elec-
tron microscopy or atomic force microscopy usually consist of 2–6 protofilaments,
each about 2–5 nm in diameter, twisted together to form rope-like fibrils typically
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7–13 nm wide [92]. As shown by X-ray fiber diffraction, the polypeptide chain runs
perpendicular to the axis of the fiber in a β-strand conformation, thus forming an
extended β-sheet along the fiber. The structure is highly ordered, and in this sense
clearly differs from general protein aggregates [93]. Structural uniformity of amy-
loids is also signaled by their common tinctorial properties, because they all can be
stained by specific dyes such as thioflavin T and Congo red.

Whereas gross similarities of amyloid obtained from different proteins have been
apparent for long, establishing its structure at high-resolution remained intractable
for many years. Recently, the combined application of solid-state NMR, X-ray
crystallography, electron microscopy and electron paramagnetic resonance (EPR)
spectroscopy, have begun to provide atomic-level structural information on the
structure of amyloids fibers [57, 93]. For example, the X-ray crystal structure of
a model amyloid, the heptapeptide Gly-Asn-Asn-Gln-Gln-Asn-Tyr of yeast prion
Sup35p [76], suggested a pair of parallel β-sheets composed of β-strands contributed
by individual peptide molecules. The strands are stacked, parallel and are located in
register in both sheets. The side-chains of the two sheets interdigitate so tightly that
water is excluded from the interface, which lead to suggesting the model “steric
zipper” (Fig. 1.2), to extend on the previous model “polar zipper” of the extended

Fig. 1.2 Steric-zipper structural model of amyloids. The fibril formed by a heptapeptide seg-
ment (GNNQQNY) from the N-terminus of the yeast prion protein Sup35p. Reproduced with
permission from Ref. [76] (Nelson et al. 2005, Nature 435:773–778)
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H-bond network supporting the β-sheet structure of polyQ amyloids [94]. Similar
results were obtained in the case of the fast-folding WW domain FBP28 [95].

Solid-state NMR results were combined with computational energy minimiza-
tion procedures to obtain a detailed picture of the amyloid fibrils formed from the
Aβ(1–40) peptide of AD [96]. The molecule makes up two β-strands, connected by
a short loop, stacked upon each other, parallel and are in register. The two strands
participate in the formation of two distinct sheets within the same protofilament.
EPR spectroscopy, in which spectra from a series of labeled molecules have been
obtained, also lent support to the highly structured, parallel and in-register arrange-
ment of the strands [97]. A similar arrangement, i.e., single-molecule layers that
stack on top of one another with parallel, in-register alignment of β-strands has
been observed by the same technique in the case of fibrils formed from α-synuclein
[98] and human prion protein [99].

These and many other studies have corroborated that amyloid fibrils have a
tightly-packed cross-β core region, which lends stability to the structure. Outside
of the core the structure is much less defined, the polypeptide chain is exposed
and rather flexible, and is often explicitly stated as disordered. For example, in
the case of the Aβ(1–42) molecule in AD, residues 13–21 and 30–39 are highly
structured in the fibrils by EPR spectroscopy, whereas high flexibility and exposure
to the solvent within the N-terminal region is apparent [97], also corroborated by
hydrogen-deuterium (H/D) exchange, limited proteolysis and Pro-scanning mutage-
nesis [57]. In the case of α-synuclein, restricted motility is apparent in the segment
35–97, which roughly corresponds to the NAC region, whereas outside this region
the chain is rather flexible in the fibril by EPR [98]. H/D exchange has also shown
that in β2-microglobulin fibrils most residues in the middle segment form a rigid
beta-sheet core, whereas the N- and C-termini are excluded from this core [100]. In
the case of amylin, residues 12–17, 22–27, and 31–37 form stacked β-sandwiches,
whereas the N-terminal tail is disordered with a disulfide bridge between Cys2 and
Cys7 [101]. The fibril formed by the NM region of Sup35p is largely stabilized by
interactions between residues that belong to region N, whereas regions 1–20 and
158–250 (the latter being M) remain largely disordered, as shown by fluorescence
proximity analysis [102]. Similar conclusions can be drawn in the case of the human
prion, in which the protease-resistant core corresponds to about 140 amino acids
encompassing region 90–230, whereas the N-terminal 90 amino acids are largely
disordered, as shown by limited proteolysis [69] and electron crystallography [103].

1.9 Conclusions

Neurodegenerative diseases are a major health problem in developed countries,
resulting primarily from the deposition of neuronal proteins in the form of insol-
uble, highly ordered protein aggregates in the brain. Often, the protein or segment
of protein involved in the disease is intrinsically disordered, and undergoes a major
structural transmission toward the cross-β structure characteristic of the amyloid
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fibrils. Understanding the cause of transition and the structural details of both the
soluble and aggregated states is a long way ahead, but inevitably will provide
the insight required for designing successful intervention strategies against these
debilitating diseases.

Acknowledgments This work was supported by grants K60694 and NK71582 from the Hungar-
ian Scientific Research Fund (OTKA), and ETT 245/2006 from the Hungarian Ministry of Health.

Abbreviations

Aβ amyloid β-peptide
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Chapter 2
Intrinsic Disorder in Proteins Associated
with Neurodegenerative Diseases

Vladimir N. Uversky

Abstract Neurodegenerative diseases constitute a set of pathological conditions
originating from the slow, irreversible and systemic cell loss within the various
regions of the brain and/or the spinal cord. Depending on the affected region, the
outcomes of the neurodegeneration are very broad, starting from the problems
with movements and ending with dementia. Neurodegenerative diseases are pro-
teinopathies associated with misbehavior and disarrangement of a specific protein,
affecting its processing, functioning, and/or folding. Many proteins associated with
human neurodegenerative diseases are intrinsically disordered; i.e., they lack sta-
ble tertiary and/or secondary structure under physiological conditions in vitro. The
major goal of this chapter is to uncover intriguing interconnections between intrinsic
disorder and human neurodegenerative diseases.

2.1 Neurodegenerative Diseases as Proteinopathies

The large class of human neurodegenerative disorders includes many acquired
neurological diseases with distinct phenotypic and pathologic expressions, all char-
acterized by the pathological conditions in which cells of the brain and spinal cord
are lost. The name for these diseases is derived from a Greek word νρo-, néuro-,
“nerval” and a Latin verb dēgenerāre, “to decline” or “to worsen”. As neurons
are not readily regenerated, their deterioration leads over time to dysfunction and
disabilities. Neurodegenerative diseases can be divided into two groups according
to their phenotypic effects: (i) Conditions causing problems with movements; and
(ii) Conditions affecting memory and leading to dementia. Neurodegeneration is
a slow process, which begins long before the patient experiences any symptoms.
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Table 2.1 IDPs and associated neurodegenerative diseases

Protein Disease(s) Disorder by
prediction
(%)

Disorder by experiment

Aβ Alzheimer’s disease Dutch
hereditary cerebral hemorrhage
with amyloidosis Congophilic
angiopathy

16.9 (28.6) NMR and far-UV CD analyses
revealed that the monomeric
peptide is highly unfolded

Tau Tauopathies Alzheimer’s disease
Corticobasal degeneration
Pick’s disease Progressive
supranuclear palsy

77.6 (99.1) Tau protein was shown to be in
a random coil-like
conformation according to
far-UV CD, FTIR, X-ray
scattering and biochemical
assays

Prion protein Prion diseases Creutzfeld-Jacob
disease Gerstmann-
Sträussler-Schneiker syndrome
Fatal familial insomnia Kuru
Bovine spongiform
encephalopathy Scrapie Chronic
wasting disease

55.8 (61.0) According to NMR and far-UV
CD, the N-terminal region
(from amino acid 23 to 126)
is largely unstructured in the
isolated molecule in solution

α-Synuclein Synucleinopathies Parkinson’s
disease Lewy body variant of
Alzheimer’s disease Diffuse
Lewy body disease Dementia
with Lewy bodies Multiple
system atrophy
Neurodegeneration with brain
iron accumulation type I

90.7 (37.1) Highly unfolded structure of
entire protein is confirmed by
NMR, FTIR, SAXS, far-UV
CD, gel filtration, dynamic
light scattering, FRET,
limited proteolysis, aberrant
mobility in SDS-PAGE

β-Synuclein Parkinson’s disease Diffuse Lewy
body disease

87.3 (52.2) Highly unfolded conformation
is confirmed by NMR, FTIR,
SAXS, far-UV CD and gel
filtration

γ-Synuclein Parkinson’s disease Diffuse Lewy
body disease

100 (56.8) Highly unfolded conformation
is confirmed by NMR, FTIR,
SAXS, far-UV CD and gel
filtration

Huntingtin Huntington’s disease 35.5 (30.4) The far-UV CD spectra of
poly(Gln) peptides with
repeat lengths of 5, 15, 28
and 44 residues were shown
to be nearly identical and
were consistent with a high
degree of random coil
structure

DRPLA
protein
(atrophin-1)

Hereditary
dentatorubral-pallidoluysian
atrophy

89.5 (84.2) Aberrant electrophoretic
mobility. Apparent molecular
mass estimated by
SDS-PAGE is ∼1.6-fold
higher than the predicted
molecular mass
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Table 2.1 (continued)

Protein Disease(s) Disorder by
prediction
(%)

Disorder by experiment

Androgen
receptor

Kennedy’s disease or X-linked
spinal and bulbar muscular
atrophy

53.9 (46.7) Far-UV CD, gel-filtration,
limited proteolysis, ANS
binding and urea-induced
unfolding studies revealed
that the AF1 transactivation
domain is in the molten
globule state

Ataxin-1 Spinocerebellar ataxia 1 Neuronal
intranuclear inclusion disease

76.8 (73.4)

Ataxin-2 Spinocerebellar ataxia 2 93.8 (76.9) Ataxin-2 contains two globular
domains, Lsm and LsmAD,
in an acidic region (amino
acid 254–475). The rest of
ataxin-2 outside of the Lsm
and LsmAD domains is
predicted to be intrinsically
disordered

Ataxin-3 Spinocerebellar ataxia 3 52.1 (47.1) Far-UV CD and NMR
spectroscopies suggest that
ataxin-3 is only partially
folded. The far-UV CD signal
of the full-length protein is
dominated by the Josephin
motif (N-terminal domain
1–198), with the C-terminal
portion of the protein making
a smaller contribution,
consistent with its largely
unstructured conformation.

P/Q-type
calcium
channel
α1A
subunit

Spinocerebellar ataxia 6 53.0 (49.3) Aberrant electrophoretic
mobility

Ataxin-7 Spinocerebellar ataxia 7 89.5 (70.2) Aberrant electrophoretic
mobility. Apparent molecular
mass estimated by
SDS-PAGE is 1.15-fold
higher than that calculated
from amino acid sequence

TATA-box-
binding
protein

Spinocerebellar ataxia 17 53.9 (52.5) Aberrant electrophoretic
mobility. A protein with the
calculated molecular mass of
37.7 kDa was shown to
possess an apparent
molecular mass of ∼49 kDa.
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Table 2.1 (continued)

Protein Disease(s) Disorder by
prediction
(%)

Disorder by experiment

ABri Familial British dementia 29.4 (23.5) Far-UV CD and NMR
spectroscopy revealed that
ABri is in the random
coil-like conformation at
slightly acidic pH

ADan Familial Danish dementia 29.4 (23.5) Far-UV CD revealed that ADan
showed mostly random coil
structure

Glial fibrillary
acidic
protein

Alexander’s disease 82.4 (68.5) Extremely high susceptibility to
proteolysis

Mitochondrial
DNA
polymerase
γ

Alpers disease 37.1 (36.7) Aberrant electrophoretic
mobility

DNA excision
repair
protein
ERCC-6

Cockayne syndrome 56.8 (47.8) Aberrant electrophoretic
mobility

Survival
motor
neuron
protein

Spinal muscular atrophy 69.7 (60.2) Aberrant electrophoretic
mobility

Disorder was predicted by two predictors, PONDR R© VSL2 and VLXT (given in parenthesis),
respectively.

It can take months or even years before visible outcomes of this degeneration are
felt and diagnosed. Symptoms are usually noticed when many cells die or fail to
function and a part of the brain begins to cease functioning properly. For example,
the symptoms of Parkinson’s disease (PD) become apparent after more than ∼70%
dopaminergic neurons die in substantia nigra (a small area of cells in the mid-brain
affected by PD.

Until recently, a link between Alzheimer’s disease (AD), prion diseases, PD,
Huntington’s disease (HD), and several other neurodegenerative disorders was elu-
sive. However, recent fascinating advances in molecular biology, immunopathology
and genetics indicated that these diseases might share a common pathophysiologic
mechanism, where disarrangement of a specific protein processing, functioning,
and/or folding takes place. Therefore, neurodegenerative disorders represent a set
of proteinopathies, which can be classified and grouped based on the causative pro-
teins. In fact, from this viewpoint neurodegenerative disorders represent a subset
of a broader class of human diseases known as protein conformational or protein
misfolding diseases. These disorders arise from the failure of a specific peptide
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or protein to adopt its native functional conformational state. The obvious con-
sequences of misfolding are protein aggregation (and/or fibril formation), loss of
function, and gain of toxic function. Some proteins have an intrinsic propensity
to assume a pathologic conformation, which becomes evident with aging or at
persistently high concentrations. Interactions (or impaired interactions) with some
endogenous factors (e.g., chaperones, intracellular or extracellular matrixes, other
proteins, small molecules) can change conformation of a pathogenic protein and
increase its propensity to misfold. Misfolding can originate from point mutation(s)
or result from an exposure to internal or external toxins, impaired posttranslational
modifications (phosphorylation, advanced glycation, deamidation, racemization,
etc.), an increased probability of degradation, impaired trafficking, lost binding
partners or oxidative damage. All these factors can act independently or in asso-
ciation with one another. Table 2.1 lists some of the intrinsically disordered proteins
(IDPs) involved in various neurodegenerative disorders. As the major focus of
this chapter is the neurodegenerative mechanisms of IDPs, subsequent paragraphs
are devoted to the brief introduction of these interesting members of the protein
kingdom.

2.2 Introducing Intrinsically Disordered Proteins

2.2.1 Concept

Evidence is rapidly accumulating that many protein regions and even entire pro-
teins lack stable tertiary and/or secondary structure in solution, existing instead
as dynamic ensembles of interconverting structures. These naturally flexible pro-
teins are known by different names, including intrinsically disordered [1], natively
denatured [2], natively unfolded [3], intrinsically unstructured [4], and natively dis-
ordered proteins [5]. These proteins are called “intrinsically disordered” from now
on. By “intrinsic disorder” it is meant that the protein exists as a structural ensemble,
either at the secondary or at the tertiary level. In other words, in contrast to ordered
proteins whose 3-D structure is relatively stable and Ramachandran angles vary
slightly around their equilibrium positions with occasional cooperative conforma-
tional switches, IDPs or intrinsically disordered regions (IDRs) exist as dynamic
ensembles in which the atom positions and backbone Ramachandran angles vary
significantly over time with no specific equilibrium values and typically undergo
non-cooperative conformational changes. To some extent conformational behavior
and structural features of IDPs and IDRs resemble those of non-native states of
“normal” globular proteins, which may exist in at least four different conformations:
ordered, molten globule, pre-molten globule, and coil-like [6–9]. Using this anal-
ogy, IDPs and IDRs might contain collapsed-disorder (i.e., where intrinsic disorder
is present in a molten globular form) and extended-disorder (i.e., regions where
intrinsic disorder is present in a form of random coil or pre-molten globule) under
physiological conditions in vitro [1, 5, 7].
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2.2.2 Experimental Techniques for IDP Detection

The disorder in IDPs has been detected by several physicochemical methods elabo-
rated to characterize protein self-organization. The list includes but is not limited
to X-ray crystallography [10], NMR spectroscopy [5, 11–15], near-UV circular
dichroism (CD) [16], far-UV CD [17–20], ORD [17, 20], FTIR [20], Raman
spectroscopy and Raman optical activity [21], different fluorescence techniques
[22, 23], numerous hydrodynamic techniques (including gel-filtration, viscometry,
small angle X-ray scattering (SAXS), small angle neutron scattering (SANS), sed-
imentation, and dynamic and static light scattering) [22, 23], rate of proteolytic
degradation [24–28], aberrant mobility in SDS-gel electrophoresis [29, 30], low
conformational stability [22, 31–34], H/D exchange [23], immunochemical methods
[35, 36], interaction with molecular chaperones [22], electron microscopy or atomic
force microscopy [22, 23], the charge state analysis of electrospray ionization mass-
spectrometry [37]. For more detailed reviews on methods used to detect intrinsic
disorder see [5, 12, 23, 38].

2.2.3 Sequence Peculiarities of IDPs and Predictors
of Intrinsic Disorder

IDPs and IDRs differ from structured globular proteins and domains with regard to
many attributes, including amino acid composition, sequence complexity, hydropho-
bicity, charge, flexibility, and type and rate of amino acid substitutions over evolu-
tionary time. For example, IDPs are significantly depleted in a number of so-called
order-promoting residues, including bulky hydrophobic (Ile, Leu, and Val) and aro-
matic amino acid residues (Trp, Tyr, and Phe), which would normally form the
hydrophobic core of a folded globular protein, and also possess low content of Cys
and Asn residues. On the other hands, IDPs were shown to be substantially enriched
in so called disorder-promoting amino acids: Ala, Arg, Gly, Gln, Ser, Pro, Glu, and
Lys [1, 39–41]. Many of the mentioned differences were utilized to develop numer-
ous disorder predictors, including PONDR R© (Predictor of Naturally Disordered
Regions) [39, 42], charge-hydropathy plots (CH-plots) [20], NORSp [43], Glob-
Plot [44, 45], FoldIndex c© [46], IUPred [47], DisoPred [48–50] to name a few. It is
important to remember that comparing several predictors on an individual protein of
interest or on a protein dataset can provide additional insight regarding the predicted
disorder if any exists.

2.2.4 Abundance of IDPs and Their Functions

Application of various disorder predictors to different proteomes revealed that
intrinsic disorder is highly abundant in nature and the overall amount of disorder
in proteins increases from bacteria to archaea to eukaryota, with over a half of the
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eukaryotic proteins containing long predicted IDRs [50–52]. One explanation for
this trend is a change in the cellular requirements for certain protein functions, par-
ticularly cellular signaling. In support of this hypothesis, an analysis of a eukaryotic
signal protein database indicated that the majority of known signal transduction
proteins were predicted to contain significant regions of disorder [53].

Although IDPs fail to form unique 3D-structures under physiological conditions,
they might carry out important biological functions, the fact which was recently
confirmed by several comprehensive studies [1, 4, 5, 7, 14, 20, 30, 38, 53–65].
Furthermore, sites of posttranslational modifications (acetylation, hydroxylation,
ubiquitination, methylation, phosphorylation, etc.) and proteolytic attack are fre-
quently associated with regions of intrinsic disorder [64]. The functional diversity
provided by IDRs was suggested to complement functions of ordered protein
regions [62–64].

IDPs have specific functions that can be grouped into four broad classes: (i)
molecular recognition; (ii) molecular assembly; (iii) protein modification; and (iv)
entropic chain activities [53]. Despite (or may be due to) their high flexibility, IDPs
are involved in regulation, signaling and control pathways in which interactions with
multiple partners and high-specificity/low-affinity interactions are often requisite
[55, 65]. In a living organism, proteins participate in complex interactions, which
represent the mechanistic foundation of the organism’s physiology and function.
Regulation, recognition and cell signaling involve the coordinated actions of many
players. To achieve this coordination, each participant must have a valid identifi-
cation (“ID”) that is easily recognized by the others. For proteins, these “IDs” are
often within IDRs [55, 65].

Another very important feature of the IDPs is their unique capability to fold
under the variety of conditions [4, 6, 11, 14, 20, 30, 38, 53, 55, 57, 61, 65, 66]. In
fact, the folding of these proteins can be brought about by interaction with other
proteins, nucleic acids, membranes or small molecules. It also can be driven by
changes in the protein environment. The resulting conformations could be either
relatively non-compact (i.e., remain substantially disordered) or be tightly folded.

2.3 Abundance of IDPs in Neurodegenerative Diseases.
Evidence from the Bioinformatics Analyses

Because of the fact that IDPs play a number of crucial roles in numerous biolog-
ical processes, it was not too surprising to find that some of them are involved in
human diseases. An incomplete list of human neurodegenerative diseases associated
with IDPs includes AD (deposition of amyloid-β, tau-protein, α-synuclein fragment
NAC [67, 68]; Niemann-Pick disease type C, subacute sclerosing panencephali-
tis, argyrophilic grain disease, myotonic dystrophy, and motor neuron disease with
neurofibrillary tangles (NFTs) (accumulation of tau-protein in form of NFTs [69]);
Down’s syndrome (nonfilamentous amyloid-β deposits [70]); PD, dementia with
Lewy body (LB), diffuse LB disease, LB variant of AD, multiple system atrophy
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(MSA) and Hallervorden-Spatz disease (deposition of α-synuclein in a form of LB,
or Lewy neurites (LNs) [71]); prion diseases (deposition of PrPSC [72]); and a family
of polyQ diseases, a group of neurodegenerative disorders caused by expansion of
GAC trinucleotide repeats coding for PolyQ in the gene products [73].

Table 2.1 and Fig. 2.1 illustrates that some individual proteins involved in
human neurodegenerative diseases are either completely disordered or contain long
disordered regions. Figure 2.1 represents the results of the comparison of the compo-
sitions of proteins from Table 2.1 with the composition of ordered proteins from the
Protein Data Bank (PDB). The corresponding data for the DisProt [74] are shown for
comparison. Calculations were done using a normalization procedure elaborated for
analysis of IDPs [1, 75]. In brief, compositional profiling is based on the evaluation
of the (Cs1 – Cs2)/Cs2 values, where Cs1 is a content of a given residue in a set of
interest (proteins associated with neurodegenerative diseases or typical IDPs from
DisProt), whereas Cs2 is the corresponding value for the set of ordered proteins.
In this presentation, negative values correspond to residues which are depleted in
a given dataset in comparison with a set of ordered proteins, whereas the positive
values correspond to the residues which are over-represented in the set.

Figure 2.1 shows that in general all proteins in Table 2.1 are highly different from
typical ordered proteins and generally follow the trend for IDPs (with some excep-
tions). Proteins associated with neurodegenerative diseases are in general depleted
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Fig. 2.1 Compositional profiling of proteins involved in neurodegenerative disease. Analyzed
proteins are listed in Table 2.1. Enrichment or depletion in each amino acid type appears as a pos-
itive or negative bar, respectively. Amino acids are indicated by the single-letter code and ordered
according to their disorder promoting strength. Error bars are also shown. Corresponding data for
well-characterized IDPs from DisProt are also shown
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in major order-promoting residues. This includes C, W, I, Y, F, V and N. They are
highly enriched in the major disorder-promoting residues (Q, S, R, and P). There
are also some deviations from the behavior of “typical” disordered proteins. This
includes the high abundance of L and H and the depletion in T, D, and K. This
suggests that proteins listed in Table 2.1 are in general characterized by a high level
of intrinsic disorder.

This fact raises the question of how abundant are the IDPs in various neurode-
generative conditions. To answer this question, a set of 689 proteins related to
neurodegenerative diseases was collected and analyzed using an approach elabo-
rated to analyze the abundance of intrinsic disorder in cancer-related proteins [66].
In that study, 79% of cancer-associated and 66% of cell-signaling proteins were
found to contain predicted regions of disorder of 30 residues or longer [66]. In
contrast, only 13% of proteins from a set of proteins with well-defined ordered
structures contained such long regions of predicted disorder. In agreement with these
bioinformatics studies, the presence of intrinsic disorder has been directly observed
in many cancer-associated proteins.

The overall results of the analogous analysis for proteins associated with neu-
rodegenerative disease are shown in Fig. 2.2, which represents percentages of pro-
teins with ≥30 consecutive residues predicted to be disordered in various datasets,
including cancer-related proteins, signaling proteins, ordered proteins from PDB,
eukaryotic proteins and proteins involved in various neurodegenerative diseases.
This figure illustrates that intrinsic disorder is highly prevalent in neurodegenerative

Length of disordered regions, aa

>=30 >=40 >=50 >=60 >=70 >=80 >=90 >=100

P
ro

te
in

s,
 %

0

20

40

60

80

100
Cancer 
Signaling 
Neurodegenerative
Eukaryotic 
Ordered 

Fig. 2.2 Abundance of intrinsic disorder in proteins associated with neurodegenerative dis-
eases. Percentages of disease associated proteins with ≥30 to ≥100 consecutive residues predicted
to be disordered. The error bars represent 95% confidence intervals and were calculated using
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Fig. 2.3 Distribution of intrinsic disorder in neurodegeneration-related proteins. Analyzed
proteins are listed in Table 2.1: A, Aβ; B, Tau protein; C, Prion protein; D, α-Synuclein; E, β-
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areas in each plot correspond to the scores associated with intrinsic disorder
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disease-related proteins, being comparable with that of signaling and cancer-related
proteins and significantly exceeds the level of intrinsic disorder in eukaryotic pro-
teins from SWISS-PROT and in non-homologous, structured proteins from the
PDB. Thus, intrinsic disorder is very common in neurodegeneration-associated
proteins. To further illustrate this concept, Table 2.1 represents some of the IDPs
and their corresponding neuropathological conditions. Many of these proteins were
structurally characterized and experimental evidence on the presence of intrinsic
disorder in some of these proteins is also listed. Table 2.1 shows that there is a great
agreement between experimental and computational data. Finally, the results of the
disorder prediction by two predictors, PONDR R© VSL2 and VLXT, are shown.
Figure 2.3 represents plots of the PONDR R© VSL2 predicted disorder distribution
within the sequences of 20 neurodegenerative disease-related IDPs. It clearly shows
that these proteins are very divers: their length range from 34 to 3144 amino acid
residues, the amount of predicted disorder range from 16.7 to 100%, and the profiles
of disorder distribution are very different. Therefore, computational analysis showed
that the majority of the proteins involved into the pathogenesis of neurodegenerative
disease are intrinsically disordered. Subsequent sections consider illustrative exam-
ples of some of the most important neurodegenerative IDPs and their corresponding
diseases.

2.4 Intrinsic Disorder in Proteins Associated
with Neurodegenerative Diseases

2.4.1 Amyloid β-Protein and Alzheimer’s Disease

AD is the most prevalent age-dependent dementia, causing cognitive decline among
people of age 65 and older. It currently affects 4.5 million Americans and is pro-
jected to afflict 13.2 million by the year 2050 in the US alone [76]. AD ranks third in
total health care cost after heart disease and cancer. The national direct and indirect
annual cost of AD approaches 100 billion dollars per year [77].

AD was described for the first time in 1907 by a German physician Alois
Alzheimer [78]. AD is the most common aging-related neurological disorder, which
constitutes about two thirds of cases of dementia overall [79, 80] and is characterized
by slow, progressive memory loss and dementia due to a gradual neurodegen-
eration particularly in the cortex and hippocampus [81]. The clinical hallmarks
are progressive impairment in memory, judgment, decision making, orientation to
physical surroundings, and language [82]. From the initial symptoms, disease pro-
gression can last up to 25 years, although typically the duration ranges from 8 to
10 years.

Sporadic AD is a disease of the elderly; most patients are diagnosed after 65 years
of age. About 10% of AD cases present under age 65 and have been referred to as
having early onset AD. Three causative autosomal dominant mutations have been
described – the amyloid β-protein precursor (APP) gene mutation on chromosome
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21, the presenilin 1 gene mutation on chromosome 14 and the presenilin 2 gene
mutation on chromosome 1. These autosomal dominant forms comprise only about
2% of all AD [83]. Having an extra copy of the APP gene, as in case of Down’s
patients (trisomy 21), also leads to early pathological and clinical changes of AD.

AD is characterized pathologically by the accumulation of two types of pro-
teinaceous inclusions, extracellular amyloid deposits, senile plaques, in the cerebral
cortex and vasculature and intracellular NFTs (paired helical filaments, PHFs) [84].
Amyloid is a descriptive term for proteinaceous deposits that stain with Congo
red and thioflavin S and demonstrate birefringence in polarized light. Amyloid
deposits in AD contain the amyloid β-protein (Aβ), which is a 40–42 residue pep-
tide, produced by endoproteolytic cleavage of the APP. PHFs are assembled from a
hyperphosphorylated form of the microtubular protein tau (see next section).

APP, the parent molecule of Aβ, plays a role in synaptic stabilization and plas-
ticity, regulation of neuronal survival, neuritic outgrowth and cell adhesion [85, 86].
Nexin-2, a secreted form of APP, inhibits coagulation factor XIa [87, 88]. C-terminal
fragment of APP originating after the γ-secretase cleavage mediates nuclear signal-
ing and modulate gene expression [89–92]. The Aβ fragment of the APP protein
is a byproduct of APP processing. The normally prevailing α-secretase-mediated
APP processing splits the large APP molecule in the middle of the Aβ sequence
and does not produce pathogenic Aβ species. However, alternative cleavage by the
β- and γ-secretases results in generation of the pathogenic Aβ fragment. Depend-
ing on the exact site of action of γ-secretase, several Aβ peptides with 39–43
amino acids are produced [93]. The longer moieties are more amyloidogenic [94].
Although β- and γ-secretase are active throughout the lifespan, plaques rarely form
in young individuals, but after the age of 60 nearly all elderly develop some Aβ

deposits [95, 96].
Many lines of evidence support the crucial role of Aβ in AD. Aggregated forms

of the Aβ peptide with amyloid-like cross-β structure are neurotoxic to cortical cell
cultures [97–100]. Some of the Aβ–derived diffusible ligands (small Aβ aggregates)
kill mature neurons at nanomolar concentrations and cause neurological dysfunction
in the hippocampus [101]. The two major Aβ peptides are the 40-residue Aβ1–40

and the 42-residue Aβ1–42, which differ in the absence or presence of two extra C-
terminal residues (Ile41-Ala42). The N-terminal (residues 1–28) residues comprise
a hydrophilic domain with a high proportion of charged residues (46%), whereas
the C-terminal domain (residues 29–40 or 29–42) is completely hydrophobic and
is presumably associated with the cell membrane of APP. Although the Aβ1–40 and
Aβ1–42 peptides are ubiquitous in biological fluids of humans (at an approximate
ratio of 9:1), it is thought that the longer Aβ1–42 is more pathogenic, due to its higher
quantities in the amyloid plaques of sporadic AD cases, its even higher quantities
in patients afflicted with early onset AD [102, 103], and because of the greater in
vitro tendency of the Aβ1–42 to aggregate and precipitate as amyloid [104, 105].
Fibrillation of Aβ is associated with the development of the cascade of neuropatho-
genetic events, ending with the appearance of cognitive and behavioral features
typical of AD.
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Aβ appears to be unfolded at the beginning of the fibrillation under physiological
conditions. NMR studies have shown that monomers of Aβ(1–40), or Aβ(1–42)
possess no α-helical or β-sheet structure [106]; i.e., they exist predominately as
random coil-like highly extended chains. Partial refolding to the pre-molten globule-
like conformation has been detected at the earliest stages of Aβ fibrillation [106].

Besides AD, Aβ aggregation was implemented in several other neurodegenera-
tive diseases (see Table 2.1). For example, the E22Q mutation of Aβ is associated
with the rare disorder, hereditary cerebral hemorrhage with amyloidosis-Dutch type
(HCHWA-D). HCHWA-D is characterized by severe cerebral amyloid angiopa-
thy (CAA), which is characterized by extensive amyloid deposition in the small
leptomeningeal arteries and cortical arterioles, leading to hemorrhagic strokes of
mid-life onset, dementia and an early death of those afflicted in their fifth or sixth
decade. Therefore, this disorder is an autosomal dominant form of vascular amy-
loidosis restricted to the leptomeninges and cerebral cortex. CAA severity tends to
increase with age [107]. In HCHWA-D, parenchymal Aβ deposition is enhanced,
with non-fibrillar membrane-bound Aβ42 deposits evolving into relatively fibrillar
diffuse plaques variously associated with reactive astrocytes, activated microglia,
and degenerating neurites [107]. Although silver stain-positive, “senile plaque-like”
structures found in the HCHWA-D brain were immunopositive for Aβ, yet these
lesions lacked the dense amyloid cores present in typical AD plaques [108]. No
NFTs are present in this disorder. The total Aβ production is not affected by E22Q
mutation. However, the proteolytic degradation of Aβ and its transport across the
blood–brain barrier as well as the Aβ42:Aβ40 ratio are altered. Aβ E22Q aggregates
faster and fibrils formed by tthis mutant form are more stable than amyloid-like
fibrils produced by the wild-type Aβ [107].

2.4.2 Tau Protein in Alzheimer’s Disease and Other Tauopathies

The tau gene is located on chromosome 17. It encodes for a protein with four 31–32
amino acid tandem repeats close to its C-terminus. Tau protein is a vital structural
element of the microtubular transport system in the nervous system. Its aggregation
is implemented in AD and several other diseases collectively known as tauopathies
(see Table 2.1). Tau protein represents a family of isoforms migrating as close bands
of 55–62 kDa in SDS gel electrophoresis. Heterogeneity is due in part to alternative
mRNA splicing leading to the appearance of one, two, three or four repeats in the
C-terminal region [109, 110]. In normal cortex the three and four-repeat forms are
equally expressed. In tauopathies the ratio is changed. AD is the only dementia with
both three- and four-repeat tau [111].

In vitro, tau binds to microtubules, promotes microtubule assembly, and affects
the dynamic instability of individual microtubules [112–116]. In situ, tau is highly
enriched in the axons [117]. In living cells and brain tissue, tau protein has been
estimated as comprising 0.025–0.25% of total protein [118, 119]. On the basis of its
in vitro activity and its distribution, it is believed that tau regulates the organization
of neuronal microtubules. Interest in tau dramatically increased with the discovery
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of its aggregation in neuronal cells in the progress of AD and various other neurode-
generative disorders, especially frontotemporal dementia [120, 121]. In these cases
specific tau-containing NFTs (paired helical filaments, PHFs) are formed [121].
Hyperphosphorylation was shown to be a common characteristic of pathological
tau [122]. Hyperphosphorylated tau isolated from patients with AD was shown to
be unable to bind to microtubules and promote microtubule assembly. However,
both of these activities were restored after enzymatic dephosphorylation of tau pro-
tein [123–126]. Although tau inclusions can be stained with hematoxylin-eosin and
amyloid stains, they are much easier visualized after silver impregnation. The most
sensitive and specific method is tau immunohistochemistry. There are three types of
tau deposits in AD – NFTs, neuropil threads, and dystrophic neurites.

NFTs are composed of 22 nm PHF and each PHF is composed of 8–14 tau
monomers [127]. They commonly affect the pyramidal cortical neurons and assume
a flame-like shape. Extracellular NFTs are rare and are referred to as ghost tangles.
They are presumed to be the remnants of dead neurons and are most commonly seen
in the hippocampus. When surrounded by dystrophic neuritis, they are called tangle
associated neuritic clusters [128]. Although NFTs correlate better with dementia
severity than amyloid plaques [95], they can be absent in the neocortex in 10% of
patients with AD and in as many as the 50% of mild AD cases [129].

Neuropil threads are most commonly seen in AD and only rarely identified in
other tauopathies such as corticobasal dgeneration [130]. They are short tortuous
neuronal dendirites filled with abnormal tau [128]. Dystrophic neurites are tau-
containing dendritic structures that are seen in the periphery of the senile plaques.

Post-translational phosphorylation of tau is an additional source of microhetero-
geneity [131]. During brain development, tau is phosphorylated at many residues
with GSK-3β, cdk 5, and MAPK [132]. In vitro, tau can be phosphorylated on
multiple sites by several kinases, too (for a review, see [133]). Most of the in
vitro phosphorylation sites are located within the microtubule interacting region
(repeat domain) and sequences flanking the repeat domain. Many of these sites
are also phosphorylated in PHF-tau [134, 135]. In fact, 10 major phosphorylation
sites have been identified in tau isolated from PHFs from patients with AD [134].
Hyperphosphorylation was shown to be accompanied by the transformation from
the unfolded state of tau into a partially folded conformation [136, 137], accelerat-
ing the self-assembly of this protein into paired helical filaments in vitro [124]. To
analyze the potential role of tau hyperphosphorylation in tauopathies, mutated tau
proteins have been produced, in which all 10 serine/threonine residues known to be
highly phosphorylated in PHF-tau were substituted for negatively charged residues,
thus producing a model for a defined and permanent hyperphosphorylation-like
state of tau protein [138]. It has been demonstrated that, like hyperphosphoryla-
tion, glutamate substitutions induce compact structure elements and SDS-resistant
conformational domains in tau protein, as well as lead to the dramatic acceleration
of its fibrillation [138].

Prior the aggregation, tau protein was shown to be in a mostly random coil-like
state. This conclusion followed from the conformational analysis of this protein
by CD, Fourier transform infrared spectroscopy, small angle X-ray scattering and
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biochemical assays [139]. Analysis of the primary structure reveals a very low con-
tent of hydrophobic amino acids and a high content of charged residues, which was
sufficient to explain the lack of folding [139]. Analysis of the hydrodynamic radii
confirms a mostly disordered structure of various tau isoforms and tau domains.
However, the protein was further unfolded in the presence of high concentrations
of strong denaturant GdmCl, indicating the presence of some residual structure.
This conclusion was supported by a FRET-based approach where the distances
between different domains of tau were determined. The combined data show that
tau is mostly disordered and flexible but tends to assume a hairpin-like overall fold
which may be important in the transition to a pathological aggregate [139].

Intriguingly, purified recombinant tau isoforms do not detectably aggregate over
days of incubation under physiological conditions. However, aggregation and fib-
rillization can be dramatically accelerated by the addition of anionic surfactants
[140]. Based on the detailed analysis of tau fibrillation in the presence of anionic
inducers using a set of spectroscopic techniques (CD and reactivity with thioflavin
S and 8-anilino-1-naphthalenesulfonic acid (ANS) fluorescent probes) it has been
established that the inducer stabilized a monomeric partially folded species with the
structural characteristics of a pre-molten globule state [141]. The stabilization of this
intermediate was sufficient to trigger the fibrilliation of full-length tau protein [141].

2.4.3 Prion Protein and Prion Diseases

Prion diseases are a group of incurable, fatal neurodegenerative maladies that afflict
mammals. These diseases, collectively referred to as the transmissible spongiform
encephalopathies (TSEs), are caused by the pathological deposition of the prion
protein (PrP) in its aggregated form. TSEs include Creutzfeldt-Jakob disease (CJD),
Gerstmann-Sträussler-Scheinker (GSS) disease, fatal familial insomnia (FFI) and
kuru in humans, scrapie in sheep, bovine spongiform encephalopathy (BSE) in
cattle, and chronic wasting disease (CWD) in mule deer and elk [142]. The most
important aspect is the transmission of PrP aggregates from one individual or species
to another, causing prion diseases. Prion diseases are unique among all illnesses in
that they can manifest as sporadic, genetic or infectious maladies. Similar to many
other neurodegenerative diseases, the sporadic form of prion disease accounts for
∼80–90% of cases whereas the genetic forms account for 10 to 20% [143, 144].
Infection by exogenous prions seems to be responsible for <1% of all human cases
of prion disease [145].

The characteristic pathological features of TSEs are spongiform degeneration of
the brain and accumulation of the abnormal, protease-resistant PrP isoform in the
central nervous system, which sometimes forms amyloid-like plaques. The prion
concept was introduced in 1982 in order to explain a vast body of scientific data,
much of which argued the pathogen causing scrapie is devoid of nucleic acid but
contains a protein that is essential for infectivity [146]. Prions are unprecedented
infectious pathogens that give rise to invariably fatal neurodegenerative diseases via
an entirely novel mechanism of disease.
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Native prion protein (PrPC) is attached to the extracellular plasma membrane
surface by a glycosylphosphatidylinositol lipid anchor and undergoes endocytosis.
The N-terminal region of about 100 amino acids in PrPC (from amino acid 23 to 126)
is largely unstructured in the isolated molecule in solution [147]. The C-terminal
domain is folded into a largely α-helical conformation (three α-helices and a short
antiparallel β-sheet) and stabilized by a single disulphide bond linking helices 2 and
3 [148]. The central event in the pathogenesis of prion diseases is believed to be a
major conformational change of the C-terminal region of the PrP from an α-helical
(PrPC) to a β-sheet-rich isoform (PrPSc), and PrPSc propagates itself by causing the
conversion of PrPC to PrPSc. Although unstructured in the isolated molecule, the
N-terminal region contains tight binding sites for Cu2+ ions and acquires structure
following copper binding [149, 150].

Two pathological GSS-like mutations, Y145Stop and Q160Stop, result in C-
terminal truncated isoforms. The truncation occurs just after the central region from
amino acid 90 to 145, which was shown to be converted into β-sheet as a result of the
PrPC to PrPSc conversion [151, 152]. Structural properties and aggregation propen-
sities of these mutants in vitro were analyzed by a variety of biophysical techniques
[153]. It has been shown that although both proteins are substantially disordered,
a continuous stretch of positive secondary chemical NMR shifts was found for
residues 144–154 in Q160Stop protein, indicative of helical structure. This clearly
demonstrated that although the vast majority of a polypeptide chain is substantially
disordered, a significantly populated helix 1 is present in human Q160Stop pro-
tein [153]. Q160Stop protein was shown to fibrillate faster than shorter Y145Stop
variant. Intriguingly, helix 1 was not converted to the β-sheet during the protein
aggregation. Based on the results of this analysis it has been concluded that the
highly charged helix 1 is involved in the aggregation of Q160Stop protein likely via
the formation of intermolecular salt bridges [153].

Investigations of the steps required for prion propagation and neurodegeneration
in transgenic mice expressing chimeric mouse–hamster–mouse or mouse–human–
mouse PrP transgenics indicated that the last 50 residues in the disordered N-
terminal region play a particularly important role in the interaction of PrPC with
PrPSc leading to the conversion of the former to the latter [154, 155]. Those residues
are largely unordered or weakly helical in the full-length PrPC [156, 157], but are
predicted to be β-structure in PrPSc [146]. These observations emphasize a crucial
role of the disordered N-terminal region in the modulation of PrP aggregation. Sev-
eral kinetics studies have revealed the existence of partially folded intermediates
for the PrP [146, 158, 159], and it is reasonable to assume that fibrillation requires
partial unfolding of the C-terminal domain prior to self-association.

2.4.4 α-Synuclein and Synucleinopathies

Synucleinopathies (see Table 2.2) is a group of neurodegenerative disorders char-
acterized by fibrillary aggregates of α-synuclein protein in the cytoplasm of selec-
tive populations of neurons and glia [160–163]. Clinically, synucleinopathies are
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Table 2.2 Human neurodegenerative disorders with α-synuclein deposits

Diseases with neuronal inclusions
Normal aging
Parkinson’s disease

Idiopathic
Neurotoxicant-induced (incidental)
Familial

With α-synuclein point mutations
With α-synuclein gene triplication
With mutations in other proteins

Pure autonomic failure
Lewy body dysphagia

Parkinsonism plus syndromes
Sporadic

Progressive supranuclear palsy
Olivoponto cerebrellar atrophy (Shy-Dragger syndrome)
Cortical-basal ganglionic degeneration
Sporadic pallidal degeneration
Bilateral striatopallido dentate calcinosis
Parkinsonism with neuroacanthocytosis

Familial
Familial diffuse Lewy body disease
Familial dementia with swollen achromatic neurons and cortico-basal

inclusion bodies
Frontotemporal dementia with parkinsonism linked to chromosome 17
Associated with psychiatric disturbances
Associated with respiratory disturbances
Associated with dystonia
Associated with myoclonus and seizures
Familial progressive supranuclear palsy

Alzheimer’s disease
Sporadic
Familial with APP mutation
Familial with PS-1 mutation
Familial with other mutations
Familial British dementia

Lewy body diseases
Dementia with Lewy bodies

Pure form – transitional/limbic
Pure form – neocortical

Diffuse Lewy body disease
Common form
Pure form

Lewy body variant of Alzheimer’s disease
Incidental Lewy body disease
Lewy body dementia
Senile dementia of Lewy body type
Dementia associated with cortical Lewy bodies

Down’s syndrome
Amyotrophic lateral sclerosis-parkinsonsim/dementia complex of Guam



2 Intrinsic Disorder in Proteins 39

Table 2.2 (continued)

Neuroaxonal dystrophies
Neurodegeneration with brain iron accumulation, type I (Hallervorden-Spatz

syndrome or adult neuroaxonal dystrophy)
Motor neuron disease

Amyotrophic lateral sclerosis
Familial
Sporadic
Tauopathies
Frontotemporal degeneration/dementia
Pick’s disease
Post-encephalitic parkinsonism
Dementia pugilistica

Argyrophilic grain disease
Corticobasal degeneration
Prion diseases
Transmissible spongiform encephalopathies

Sporadic
Creutzfeldt-Jakob disease
Familial
Familial Creutzfeldt-Jakob disease
Gertsmann-Straussler-Scheinker syndrome
Infectious
Iatrogenic Creutzfeldt-Jakob disease
Variant Creutzfeldt-Jakob disease
Kuru

Fatal familial insomnia
Ataxia telangiectatica
Meige’s syndrome

Diseases with neuronal and glial inclusions
Multiple system atrophy

Shy-Drager syndrome
Striatonigral degeneration (MSA-P)
Olivopontocerebellar atrophy (MSA-C)

characterized by a chronic and progressive decline in motor, cognitive, behavioral,
and autonomic functions, depending on the distribution of the lesions. Because of
clinical overlap, differential diagnosis is sometimes very difficult [164]. Depend-
ing on the type of pathology, α-synuclein inclusions are present in neurons (both
dopaminergic and non-dopaminargic), where they can be deposited in perikarya or
in axonal processes of neurons, and in glia. At least five morphologically differ-
ent α-synuclein containing inclusions have been determined: LBs, LNs (dystrophic
neurites), glial cytoplasmic inclusions (GCIs), neuronal cytoplasmic inclusions and
axonal spheroids. Some of the disorders associated with the α-synuclein deposi-
tions are discussed below to illustrate a wide range of pathological manifestations
in synucleinopathies.
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2.4.4.1 α-Synuclein and Parkinson’s Disease

PD is the most common ageing-related movement disorder and second most com-
mon neurodegenerative disorder after AD. It is estimated that ∼1.5 million
Americans are affected by PD. Since only a small percentage of patients are diag-
nosed before age 50, PD is generally considered as an aging-related disease, and
approximately one of every 100 persons over the age of 55 in the US suffers from
this disorder [165]. PD is a slowly progressive disease that affects neurons of the
substantia nigra, a small area of cells in the mid-brain. Gradual degeneration of the
dopaminergic neurons causes a reduction in the dopamine content. This, in turn,
can produce one or more of the classic signs of PD: resting tremor on one (or both)
side(s) of the body; generalized slowness of movement (bradykinesia); stiffness of
limbs (rigidity); and gait or balance problems (postural dysfunction). The substantia
nigra consists of ∼400,000 nerve cells, which begin to pigment after birth and are
fully pigmented at age 18. The symptoms of PD become apparent after more than
∼70% dopaminergic neurons die. The “normal” rate of nigral cell loss is ∼2,400 per
a year. Thus, if an unaffected person lives to be 100 years old he (she) will probably
develop PD. In PD, the neuron loss is accelerated. Although, it is unknown why
nerve cells loss accelerates, it appears to be due to a combination of genetic sus-
ceptibility and environmental factors. Some surviving nigral dopaminergic neurons
contain cytosolic filamentous inclusions known as LBs when found in the neuronal
cell body, or LNs when found in axons [166, 167].

Several observations implicate α-synuclein in the pathogenesis of PD. Autosomal
dominant early-onset PD was shown to be induced in a small number of kindreds as
a result of three different missense mutations in the α-synuclein gene, corresponding
to A30P, E46K, and A53T substitutions in α-synuclein [168–170] or as a result of
the hyper-expression of the wild type α-synuclein protein due to gene triplication
[171–173]. Antibodies to α-synuclein detect this protein in LBs and LNs. A sub-
stantial portion of fibrillar material in these specific inclusions was shown to be
comprised of α-synuclein, and insoluble α-synuclein filaments were recovered from
purified LBs [174, 175]. The production of wild type α-synuclein in transgenic mice
[176] or of WT, A30P, and A53T in transgenic flies [177], leads to motor deficits
and neuronal inclusions reminiscent of PD. Under the particular conditions, cells
transfected with α-synuclein might develop LB-like inclusions. Other important
observations correlating α-synuclein and PD pathogenesis were reviewed in more
detail elsewhere [71, 162, 178–181].

2.4.4.2 α-Synuclein in Dementia with Lewy Bodies and Other
Lewy Body Disorders

Dementia with Lewy Bodies

Dementia with Lewy bodies (DLB), being the second most frequent neurodegener-
ative dementing disorder after AD, is a common form of late-onset dementia that
exists in a pure form or overlaps with the neuropathological features of AD. This
disease is characterized clinically by neuropsychiatric changes often with marked
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fluctuations in cognition and attention, hallucinations, and parkinsonism [182]. Sim-
ilar to PD, neurophathological hallmarks of DLB are numerous LBs and LNs in the
substantia nigra, which are strongly immunoreactive for α-synuclein [174]. How-
ever, unlike PD, DLB is characterized by large numbers of LBs and LNs in cortical
brain areas [183]. It has been noted that filaments from LBs in DLB are decorated by
α-synuclein antibodies [175, 184, 185], and that their morphology closely resembles
that of filaments extracted from the substantia nigra of PD brains [175, 185]. DLB
and PD with dementia, being different in the temporal course of the disease, share
most of the same clinical and neuropathologic features and are often considered as
belonging to a spectrum of the same disease [186–188]. It is well recognized now
that the incidence of dementia in PD is higher than expected from aging alone [182],
as dementia affects about 40% of PD patients [189], and the incidence of dementia
in PD patients is up to six times greater than observed in normal aged matched
control subjects [190].

Amyotrophic Lateral Sclerosis-Parkinsonsim/Dementia Complex of Guam

Guam disease is another example of PD and dementia junction. Guam disease is a
neurodengenerative disorder with unusually high incidence among the Chamorro
people of Guam [191–193]. The neurotoxic plant Cycas circinalis, a traditional
source of food and medicine used by the Chamorro people, plays a role in the
development of Guam amyotrophic lateral sclerosis-parkinsonism-dementia [193].
Intriguingly, recent studies revealed that in general three neurodegenerative dis-
orders, amyotrophic lateral sclerosis, dementia, and PD, co-occur within families
more often than expected by chance, suggesting that there may be a shared genetic
susceptibility to these disorders [194].

Other Lewy Body Diseases

Several peripheral and central areas of the nervous system can be affected by the
LB deposition. Besides already discussed substantia nigra, this includes hypothala-
mic nuclei, nucleus basalis of Meynert, dorsal raphe, locus ceruleus, dorsal vagus
nucleus, and intermediolateral nucleus [195]. A ‘neuritic’ form of LB was also
described in the dorsal vagus nucleus, sympathetic ganglia, and in intramural
autonomic ganglia of the gastrointestinal tract, as well cases were demonstrated
with extensive cortical and basal ganglia involvement [183, 196]. This broad spec-
trum of the nervous system regions potentially affected by LB formation produces
great variability in the disease manifestation and LB pathology is also a char-
acteristic feature of several rarer diseases, such as pure autonomic failure, LB
dysphagia, incidental LB disease [179, 180]. Pure autonomic failure (also known
as Bradbury-Eggleston syndrome) [197] and LB dysphagia [198] are the results of
the predominant involvement of the peripheral nervous system with minimal central
nervous system involvement. In incidental LB disease, ∼5%–10% of asymptomatic
individuals have insignificant numbers of LBs bodies, usually located in substantia
nigra [199].
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2.4.4.3 α-Synuclein and Alzheimer’s Disease

Detailed analysis of the α-synuclein immunoreactivity in the brains from the patients
with sporadic AD revealed the presence of α-synuclein-positive inclusions resem-
bling LBs and LNs in ∼50% cases studied [200]. α-Synuclein-positive LB-like
intra-cytoplasmic inclusions were found in the amygdale, the temporal cortex, the
parahippocampal gyrus, and in the parietal cortex, whereas LN-like inclusions were
abundant in the amygdala, the CA2/3 region of hippocampus formation, parahip-
pocampal gyrus, the temporal cortex, substantia nigra, locus ceruleus, the frontal
cortex, and in the parietal cortex [200].

2.4.4.4 α-Synuclein and Down’s Syndrome

Down’s syndrome is a genetic disorder characterized by an extra chromosome
21 (trisomy 21, i.e., instead of having the normal 2 copies of chromosome 21,
the Down’s syndrome patient has 3 copies of this chromosome). The person with
Down’s syndrome has mild mental retardation, short stature, a flattened facial pro-
file, a risk of multiple malformations (including heart malformations; duodenal
atresia, where part of the small intestines is not developed and leukemia), and
susceptibility to early-onset AD. Incidence of this disorder among the newborn is
estimated at 3 in 1,000, whereas in the general population it is approximately 1 in
1,000. The difference reflects the early mortality. The analysis of Down’s syndrome
with Alzheimer pathology revealed presence of numerous LBs and LNs in the neu-
rons of the limbic areas, predominantly of the amygdala. Similar lesions were less
common in other regions of these brains [201, 202]. Importantly, in the vast majority
of cases examined no LBs and LNs were detected in the substantia nigra and locus
ceruleus, and there was no significant neuronal loss in the substantia nigra.

2.4.4.5 α-Synuclein and Multiple System Atrophy

MSA is an adult-onset progressive neurodegenerative disorder of unknown etiology
which is characterized clinically by any combination of parkinsonian, autonomic,
cerebellar or pyramidal symptoms and signs, and pathologically by cell loss, glio-
sis and GCIs in several brain and spinal cord structures. Most patients affected
by MSA deteriorate rapidly and survival beyond ten years after disease onset is
unusual. It is believed that the motor impairment in MSA results from L-dopa-
unresponsive parkinsonism, cerebellar ataxia and pyramidal signs, with 80% of
MSA cases showing predominant parkinsonism (MSA-P) due to underlying stria-
tonigral degeneration, and the remaining 20% developing predominant cerebellar
ataxia (MSA-C) associated with olivopontocerebellar atrophy [203]. Autonomic
dysfunction including urogenital failure and orthostatic hypotension is common in
both motor presentations, MSA-P and MSA-C, reflecting degenerative lesions of
central autonomic pathways [204]. Distinguishing MSA-P from PD is problematic
at early stages owing to PD-like features in MSA-P, including a transient L-dopa
response in some patients [205]. MSA is less common than PD as epidemiological
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studies suggested a prevalence of 1.9–4.9 people per 100,000 and an incidence of
3 patients per 100,000 people per year [206–208]. Histologically, MSA is charac-
terized by the variable neuron loss in the striatum, substantia nigra pars compacta,
cerebellum, pons, inferior olives and intermediolateral column of the spinal cord
[209]. The histological hallmark of MSA is the presence of argyrophilic fibril-
lary inclusions in the oligodendrocytes, referred to as GCIs, which are also known
as Papp-Lantos bodies [210]. Fibrillary inclusions are also found in the neuronal
somata, axons, and nucleus. Neuronal cytoplasmic inclusions are frequently found
in the pontine and inferior olivary nuclei [211]. It has been established that α-
synuclein is a major component of glial and neuronal inclusions in MSA [185, 211].
Although both LBs and GCIs contain α-synuclein, they are differently localized,
with α-synuclein inclusions being neuronal in PD and DLB, and oligodendroglial
in MSA. This suggests the existence of a unique pathogenic mechanism that ulti-
mately lead to neuron loss via disturbance of axonal function [210]. In MSA, besides
formation of GCIs α-synuclein also aggregates in the cytoplasm, axons and nuclei
of neurons, and the nuclei of oligodendroglia. The relationship between GCIs and
these additional α-synuclein deposition sites is not understood [210].

2.4.4.6 ααα-Synuclein and Neurodegeneration
with Brain Iron Accumulation Type 1 (NBIA1)

Neurodegeneration with brain iron accumulation type 1 (NBIA1) (formerly know
as Hallervorden-Spatz disease (HSD) or adult neuroaxonal dystrophy) represents a
rare progressive neurodegenerative disorder that occurs in both sporadic as well as
in familial forms. Clinically, NBIA1 is characterized by rigidity, dystonia, dyskine-
sia, and choreoathetosis [212–215], together with dysarthria, dysphagia, ataxia, and
dementia [215–217]. Symptoms usually present in late adolescence or early adult
life and this disease is persistently progressive [212, 216, 217]. The histopathologic
hallmarks of NBIA1 include neuronal loss, neuraxonal spheroids, and iron depo-
sition in the globus pallidus and substantia nigra pars compacta, as well as by
the presence of the LB-like and GCI-like inclusions and dystrophic neuritis [216].
NBIA1 is characterized by an association of extrapyramidal movement disorders
with neuroaxonal dystrophy (NAD) and iron accumulation in the basal ganglia.
It represents a pantothenate kinase-associated neurodegeneration caused by the
PNAK2 gene linked to chromosome 20p12.3–13 [218]. It has been shown that the
LB-like inclusions throughout the cortex and brainstem, axonal swellings, and rare
GCI-like inclusions of the midbrain clearly possess α-synuclein immunoreactivity
[219–221]. Importantly, axonal spheroids were also shown to contain α-synuclein
[221, 222].

2.4.4.7 Structural Properties of α-Synuclein

α-Synuclein, a protein that links various synucleinopathies, is one of the most
studied IDPs. It possesses little or no ordered structure under the “physiological”
conditions in vitro (i.e., conditions of neutral pH and low to moderate ionic strength)
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[223]. For example, at neutral pH α-synuclein is characterized by far-UV CD and
FTIR spectra typical of a substantially unfolded polypeptide chain with a low con-
tent of ordered secondary structure. The hydrodynamic properties of this protein
are in a good agreement with the results of the far-UV CD and FTIR studies and
show that α-synuclein, being essentially expanded, does not have a tightly packed
globular structure, but is slightly more compact than expected for a random coil
[223]. Based on the results of pulsed-field gradient NMR (which allows an estima-
tion of the hydrodynamic radii), it has been concluded that α-synuclein is slightly
collapsed [224]. In agreement with this conclusion, a high resolution NMR analysis
of the protein revealed that α-synuclein is largely unfolded in a solution, but exhibits
a region between residues 6 and 37 with a preference for helical conformation [225].
Interestingly, Raman optical activity spectra indicate that α-synuclein contains some
helical poly-(L-proline) II-like conformation [226].

α-Synuclein, with its high propensity to aggregate, represents an ideal model for
the amyloidogenic IDP and the molecular mechanisms underlying the amyloidogen-
esis of this protein were intensively studied. It has been shown that α-synuclein par-
tially folds at acidic pH and high temperature; i.e., under conditions that enhanced
dramatically the propensity of the protein to form amyloid-like fibrils [223]. Con-
formational behavior of α-synuclein under the variety of environments revealed that
structure of this protein is extremely sensitive to the environment. It adopts a variety
of structurally unrelated conformations including the substantially unfolded state, an
amyloidogenic partially folded conformation, and different α-helical or β-structural
species folded to a different degree, both monomeric and oligomeric [223]. Further-
more, it might form several morphologically different types of aggregates, including
oligomers (spheres or doughnuts), amorphous aggregates, and amyloid-like fib-
rils [223]. Based on this astonishing conformational behavior the concept of a
protein-chameleon was proposed, according to which the structure of α-synuclein
to a dramatic degree depends on the environment and the choice between different
conformations is determined by the peculiarities of protein surroundings [223].

2.4.4.8 α-Synuclein Maintains Disordered Structure Inside of a Living Cell

The cell’s interior is crowded with small and large molecules [227, 228]. Recently,
the effects of macromolecular crowding on α-synuclein was assessed by combining
NMR data acquired in living Escherichia coli with in vitro NMR data [229]. The
technique of in-cell NMR spectroscopy has been developed and refined to investi-
gate proteins in living Escherichia coli [230–232]. Using this approach, it has been
shown that crowded environment in the E. coli periplasm not only keeps α-synuclein
disordered, but prevents a conformational change that is detected at 35◦C in dilute
solution [229]. Two disease-associated variants (A30P and A53T) behave in the
same way in both dilute solution and in the E. coli periplasm. The authors reported
the same stabilization in vitro upon crowding α-synuclein with 300 g/l of bovine
serum albumin. Comparison of these in vivo and in vitro data suggests that crowd-
ing alone is sufficient to stabilize the intrinsically disordered, monomeric protein
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[229]. This is a very important observation, which suggests that some IDPs, includ-
ing α-synuclein, can maintain their disordered structure even in the highly crowded
environment of a living cell.

2.4.5 β- and γ -Synucleins in Parkinson’s Disease
and Dementia with Lewy Bodies

Synucleins are members of a family of closely related presynaptic proteins that
arise from three distinct genes, described currently only in vertebrates [233]. This
family includes: α-synuclein, which also known as the non-amyloid component
precursor protein, NACP, or synelfin [68, 234, 235]; β-synuclein, also referred to
as phosphoneuro-protein 14 or PNP14 [235–237] and γ-synuclein, also known as
breast cancer-specific gene 1 or BCSG1 and persyn [238–241].

Human β-synuclein is a 134-aa neuronal protein showing 78% identity to α-
synuclein. The α- and β-synucleins share a conserved C-terminus with three identi-
cally placed tyrosine residues. However, β-synuclein is missing 11 residues within
the specific non-amyloid component (NAC) region [242, 243]. The activity of β-
synuclein may be regulated by phosphorylation [236]. This protein, like α-synuclein,
is expressed predominantly in the brain, however, in contrast to α-synuclein, β-
synuclein is distributed more uniformly throughout the brain [244, 245]. Besides
the central nervous system β-synuclein was also found in Sertoli cells of the testis
[246, 247], whereas α-synuclein was found in platelets [248].

The third member of the human synuclein family is the 127-aa γ-synuclein,
which shares 60% similarity with α-synuclein at the amino acid sequence level
[242, 243]. This protein is specifically lacks the tyrosine rich C-terminal signature
of α- and β-synucleins [243]. γ-Synuclein is abundant in spinal cord and sensory
ganglia [240]. Interestingly, this protein is more widely distributed within the neu-
ronal cytoplasm than α-and β-synucleins, being present throughout the cell body
and axons [240]. It was also found in metastatic breast cancer tissue [239] and
epidermis [249].

It has recently been established that in addition to the traditional α-synuclein-
containing LBs and LNs, the development of PD and DLB is accompanied by
appearance of novel α-, β- and γ-synuclein-positive lesions at the axon termi-
nals of hippocampus [250]. These pathological vesicular-like lesions located at the
presynaptic axon terminals in the hippocampal dentate, hilar, and CA2/3 regions
have been co-stained by antibodies to α- and β-synucleins, whereas antibodies to
γ-synuclein detect previously unrecognized axonal spheroid-like inclusions in the
hippocampal dentate molecular layer [250]. This broadens the concept of neurode-
generative “synucleinopathies” by implicating β- and γ-synucleins, in addition to
α-synuclein, in the onset/progression of these two diseases.

Structural properties of the members of synuclein family have been compared
using several physico-chemical methods [251]. All three proteins showed far-
UV CD spectra typical of an unfolded polypeptide chain. Interestingly, α- and
γ-synucleins possessed almost indistinguishable spectra, whereas the far UV-CD
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spectrum of β-synuclein showed a slightly increased degree of disorder. The increased
unfoldedness of β-synuclein was further confirmed by hydrodynamic studies per-
formed by size-exclusion chromatography and SAXS [251]. This emphasized the
importance of the NAC region to maintain the residual partially collapsed structure
in α- and γ-synucleins.

Conformational analysis revealed that α-, β-, and γ-synucleins are typical natively
unfolded proteins that are able to adopt comparable partially folded conformations
at acidic pH or at high temperature [251]. Although both α- and γ-synucleins were
shown to form fibrils, β-synuclein did not fibrillate, being incubated under the same
conditions [251]. However, even non-amyloidogenic β-synuclein can be forced to
fibrillate in the presence of some metals (Zn2+, Pb2+, and Cu2+) [252].

Intriguingly, the addition of either β- or γ-synuclein in a 1:1 molar ratio to
α-synuclein solution substantially increased the duration of the lag-time and dra-
matically reduced the elongation rate of α-synuclein fibrillation [251]. Fibrillation
was completely inhibited at a 4:1 molar excess of β- or γ-synuclein over α-synuclein
[251]. β-Synuclein inhibited α-synuclein aggregation in an animal model, too [253].
This suggests that β- and γ-synucleins may act as regulators of α-synuclein fibrilla-
tion in vivo, potentially acting as chaperones. Therefore, one possible factor in the
etiology of PD would be a decrease in the levels of β- or γ-synucleins [251].

2.4.6 Polyglutamine Repeat Diseases and Huntingtin, Ataxin-1,
Ataxin-3, Androgen Receptor and Atrophin-1

2.4.6.1 Polyglutamine Repeat Diseases

Currently there are at least nine known hereditary diseases in which the expan-
sion of a CAG repeat in the gene leads to neurodegeneration [254, 255]. Table 2.1
shows that these polyglutamine repeat diseases includes HD, Kennedy disease (also
known as spinal and bulbar muscular atrophy, SBMA), spinocerebellar ataxia type
1 (SCA1), dentatorubral-pallidoluysian atrophy (DRPLA), spinocerebellar ataxia
type 2 (SCA2), Machado-Joseph disease (MJD/SCA3), SCA6, SCA7 and SCA17.
These diseases are accompanied by the progressive death of neurons, with insoluble,
granular, and fibrous deposits being found in the cell nuclei of the affected neurons.
The neurotoxicity in these diseases is due to the expansion of the (CAG)N-encoded
polyglutamine (polyGln) repeat, which lead to the formation of amyloid fibrils and
neuronal death. In HD, the CAG repeat that encodes the polyQ region is part of exon
1 in the 3,140-residue huntingtin protein [256]. The polyQ repeat varies between 16
and 37 residues in healthy individuals, and individuals who are afflicted by disease
have repeats of >38 residues.

The age of onset and the severity of the progression of SCA1, an autosomal-
dominant neurodegenerative disorder characterized by ataxia and progressive motor
deterioration, are directly correlated with the length of the polyQ segment in ataxin-
1, a nuclear protein of ∼800 residues [257–259]. When the number of glutamine
residues in the polyQ tract exceeds a threshold (39–44 glutamine residues), ataxin-1
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aggregates with granular or fibrillar morphologies accumulate intranuclearly and
eventually lead to cell death [260, 261].

Kennedy disease (also known as spinal and bulbar muscular atrophy, SBMA)
is linked to the expansion of a Gln-rich segment in the androgen receptor [262];
healthy individuals have a 15- to 31-residue polyQ segment, and individuals who
are afflicted with the disease have 40–62 Gln residues. Intriguingly, in the human
androgen receptor there are three polyglutamine repeats ranging in size from five to
22 residues, stretches of seven prolines and five alanines, and a polyglycine repeat
of 24 residues. Polymorphisms in the length of the largest polyglutamine and the
polyglycine repeats of the androgen receptor have been associated with a number
of clinical disorders, including prostate cancer, benign prostatic hyperplasia, male
infertility and rheumatoid arthritis [263].

The onset of the DRPLA, another progressive neurodegenerative disorder charac-
terized by a distinctive pathology in the cerebellar and pallidal outflow pathways, is
inversely correlated with the polyQ repeat size in the corresponding DRPLA protein
(also known as atrophin-1), a product of the gene on chromosome 12p [264]. The
repeat size varied from 7–23 in normal individuals and was expanded to 49–75 in
DRPLA patients.

2.4.6.2 Huntingtin and Structure of Polyglutamine Stretches

Huntingtin, a protein with an estimated molecular mass of 350 kDa, contains a
polyglutamine tract near its N terminus that when expanded beyond 37 glutamines
causes HD [256]. The N terminus of wild-type huntingtin interacts with pro-
teins involved in nuclear functions, including HYPA/FBP-11, which functions in
pre-mRNA processing (splicesome function) [265], nuclear receptor co-repressor
protein (NCoR) [266], which plays a role in the repression of gene activity, and
p53 [267], a tumor suppressor involved in regulation of the cell cycle. Full-length
huntingtin contains candidate binding sites for other proteins with nuclear functions.
Huntingtin contains a PXDLS motif, a candidate-binding site for the transcriptional
corepressor C-terminal binding protein (CtBP) [268], suggesting that huntingtin
may play a role in transcriptional repression.

The localization and potential function of normal and mutant huntingtin in the
nucleus was suggested to be important for understanding HD pathogenesis. For
example, N-terminal mutant huntingtin was shown to be toxic when targeted to
the nucleus of cultured striatal neurons [269]. Mutant huntingtin has been impli-
cated in abnormal transcriptional repression in HD. In cellular systems, short
N-terminal mutant huntingtin fragments disrupt transcriptional regulation, which
occurs through a mechanism involving sequestration of transcription factors includ-
ing p53 [267], TATA-box-binding protein (TBP) [270], and CREB-binding protein
[271] into huntingtin-positive aggregates. These results suggest that the N ter-
minus of mutant huntingtin may disrupt neuronal function in HD by interfering
with nuclear organization and transcriptional regulation. Full-length huntingtin was
shown to co-immunoprecipitate with the transcriptional corepressor C-terminal
binding protein, and polyglutamine expansion in huntingtin reduced this interaction
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[272]. Interestingly, although full-length wild-type and mutant huntingtin both
repressed transcription when targeted to DNA, truncated N-terminal mutant hunt-
ingtin was shown to repress transcription, whereas the corresponding wild-type
fragment did not [272].

Proteolytic cleavage of mutant huntingtin is suggested to play a key role in
the pathogenesis of HD. Huntingtin was shown to be cleaved by caspases and
calpains within a region between 460–600 amino acids from the N-terminus. Fur-
thermore, two smaller N-terminal fragments produced by unknown protease have
been described as cp-A and cp-B [273]. In fact, based on the analysis of human
HD patients, animal models and cell-based models of HD it has been suggested
that truncated polyglutamine-containing fragments are more toxic than full-length
huntingtin [274].

The mechanistic hypothesis linking CAG repeat expansion to toxicity involves
the tendency of longer polyGln sequences, regardless of protein context, to form
insoluble aggregates [73, 275–282]. To help evaluate various possible mechanisms,
the biophysical properties of a series of simple polyglutamine peptides have been
analyzed. The far-UV CD spectra of poly(Gln) peptides with repeat lengths of 5,
15, 28 and 44 residues were shown to be nearly identical and were consistent with a
high degree of random coil structure, suggesting that the length-dependence of dis-
ease is not related to a conformational change in the monomeric states of expanded
poly(Gln) sequences [280]. In contrast, there was a dramatic acceleration in the
spontaneous formation of ordered, amyloid-like aggregates for poly(Gln) peptides
with repeat lengths of greater than 37 residues. Several studies established the role
of partially folded intermediates of polyglutamine-repeat proteins as key species in
fibrillation [281, 283, 284].

Huntingtin was shown to interact with more than 200 proteins [285]. One of these
huntingtin interactors, huntingtin yeast-two hybrid protein K (HYPK) was recently
identified as a typical IDP using a set of biophysical and biochemical techniques
[285]. Among the experimental data supporting this conclusion there were aberrant
electrophoretic mobility [the molecular weight of HYPK determined by gel elec-
trophoresis was found to be about 1.3-folds (∼22 kDa) higher than that obtained
from mass spectrometric analysis (16.9 kDa)]; increased hydrodynamic dimensions
[in size exclusion chromatography experiment, HYPK was eluted as a protein with
the hydrodynamic radius which was ∼1.5-folds (23 Å) higher than that expected for
globular proteins of equivalent mass (17.3 Å)]; random coil characteristics of far-UV
CD spectra; and highly sensitive to limited proteolysis by trypsin and papain [285].
Subsequent analysis of HYPK revealed that this huntingtin interacting protein was
able to reduce aggregates and apoptosis induced by N-terminal huntingtin with 40
glutamines in Neuro2a cells and exhibited chaperone-like activity [286].

2.4.6.3 Dentatorubral-Pallidoluysian Atrophy Protein (Atrophin-1)

Investigations of the DRPLA gene (encoding for atrophin-1) indicate that it is
widely expressed in brain and other tissues as a 4.5-kb transcript with an open
reading frame encoding 1184 amino acids [287–289]. The rat atrophin-1 coding
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sequence is 88% identical to the coding sequence of human atrophin-1 at the level
of DNA and 94% identical at the protein level, but encodes a shorter glutamine
repeat that is followed by a series of alternating glutamine and proline residues
[290, 291]. The predicted molecular mass of the atrophin-1 gene product is 124 kDa,
yet atrophin-1 appeared to migrate at about 200 kDa [292]. The anomalous elec-
trophoretic mobility is considered as one of the characteristic features of IDPs
[23, 29, 30]. In fact, the apparent molecular masses of IDPs determined by this
technique are often 1.2–1.8 times higher than real one calculated from sequence
data or measured by mass spectrometry [23, 29, 30]. Our analysis revealed that the
abnormality degree of the electrophoretic mobility of an IDP is directly proportional
to the amount of intrinsic disorder present in its sequence (Uversky, personal com-
munication). It has been suggested that IDPs bind less SDS than “normal” proteins.
This explains their abnormal mobility in SDS polyacrylamide gel electrophoresis
experiments, resulting in the observed increase in the apparent molecular masses.

2.4.6.4 Androgen Receptor

CD analysis of a region of the androgen receptor N-terminal domain lacking the
largest polyglutamine stretch, but containing the remaining repeats, showed that it
lacked stable tertiary structure in aqueous solutions [263]. Detailed conformational
studies using a combination of experimental and computational techniques revealed
that the AF1 transactivation domain is in the molten globule-like conformation
[293]. In fact, this region of the receptor was predicted to contain long disordered
regions, when analyzed by amino acid composition, PONDR R©, RONN, and Glob-
Plot. However, this domain was predicted to have compact globular structure when
analyzed by a charge-hydropathy plot (CH-plot, [20]). This discrepancy between the
CH-plot and PONDR R©-based predictions for the androgen receptor AF1 suggests
that this domain possesses properties consistent with a dynamic conformation and
to fall into a “collapsed disorder class” of proteins, typical of the molten globule
folding intermediate [20, 52]. This conclusion was confirmed by the analysis of a
hydrophobic fluorescence probe, ANS binding and by size-exclusion chromatogra-
phy [293]. The results of this analysis suggest that native androgen receptor AF1
exists in a collapsed disordered conformation, distinct from extended disordered
(random coil) and a stable globular fold [293].

2.4.6.5 Ataxin-2

SCA2 is an autosomal-dominantly inherited, neurodegenerative disorder, caused by
the expansion of an unstable CAG/polyglutamine repeat located at the N-terminus
of ataxin-2 protein. The age of onset of SCA2 is in the third to fourth decade. The
characteristic phenotypic features of SCA2 are the degeneration of specific vul-
nerable neuron populations and the presence of intracellular aggregations of the
mutant protein in affected neurons. Ataxin-2 has 1312 residues (including 22 glu-
tamines of the polyQ stretch) and a molecular mass of ∼140 kDa. Ataxin-2 is a
highly basic protein except for one acidic region (amino acid 254–475) containing
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46 acidic amino acids [294]. This region consists of two predicted globular domains,
Lsm (Like Sm, amino acid 254–345) and LsmAD (Lsm-associated domain, amino
acid 353–475). The LsmAD domain contains a clathrin-mediated trans-Golgi signal
(YDS, amino acid 414–416) and an endoplasmic reticulum (ER) exit signal (ERD,
amino acid 426–428). This domain is composed mainly of α-helices according to
the results from secondary structure prediction servers. The rest of ataxin-2 outside
of the Lsm and LsmAD domains is only weakly conserved in eukaryotic ataxin-2
homologues and is predicted to be intrinsically disordered [294].

2.4.6.6 Ataxin-3

Human ataxin-3, the protein related to Spinocerebellar ataxia type 3 or Machado–
Joseph disease (SCA3/MJD), is a ubiquitously expressed 41 kDa protein whose
polyQ tract contains 12–40 glutamines in normal individuals and 55–84 glutamines
in the pathogenic form [255]. Ataxin-3 is present in the genomes of several species,
from nematodes to human, including plants [295]. Alignment of the ataxin-3 fam-
ily shows a conserved N-terminal block that corresponds to the sequence motif
named Josephin (residues 1–198 in the human protein) [295]. The C-terminus
is non-conserved throughout different species and contains long stretches of low
complexity regions which include the polyQ tract, preceded by a highly charged
region [295].

Human ataxin-3 was analyzed by a range of biophysical and biochemical tech-
niques, including limited proteolysis, CD and NMR spectroscopies [296]. The
deconvolution of the far-UV CD spectra indicated that ataxin-3 contained 32% α-
helix, 17% β-sheet, 20% β-turn, and 31% random coil. Based on this results, it has
been concluded that the high percentage of random coil conformation estimated by
this analysis suggests the presence of unstructured portions of the molecule along-
side one or more folded regions [296]. This conclusion was further supported by the
2D 15N NMR spectra (HSQC), which were shown to contain two main resonance
types: well dispersed resonances typical of a folded conformation and sharp highly
overlapped peaks typical of a random coil conformation. Furthermore, limited pro-
teolysis revealed that the intact protein was almost completely digested after 1 min
of incubation with a series of proteases and a protease-resistant N-terminal domain
was generated [296]. These data indicated that ataxin-3 is composed of a structured
N-terminal domain, followed by a flexible tail.

2.4.6.7 P/Q-Type Calcium Channel α1A Subunit (CACNA1A)

The underlying mutation in SCA6, a dominantly inherited neurodegenerative dis-
ease characterized by progressive ataxia and dyasrthria caused by cerebellar atrophy,
is an expansion of the trinucleotide CAG repeat in exon 47 of the CACNA1A gene
which encodes the α1A subunit of the P/Q type voltage-dependent calcium channel
[297]. Unlike many other polyglutamine diseases the expanded SCA6 alleles unusu-
ally have small expansions (21–30 repeats compared to generally >40 repeats in
other polyglutamine diseases) [297]. The product of the CACNA1A gene, P/Q-type
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Calcium Channel α1A Subunit (CACNA1A), is a protein with 2505 residues and
a calculated molecular mass of 282.4 kDa. It has been found that the CACNA1A
is processed in such a way that a C-terminal polyglutamine-containing fragment
which is less soluble and more toxic than the truncated polyglutamine stretch itself is
produced [298]. This protein was predicted to have several long IDRs (see Fig. 2.2).

2.4.6.8 Ataxin-7

Spinocerebellar ataxia type 7 (SCA7) is characterized by cone-rod dystrophy reti-
nal degeneration and is caused by a polyglutamine expansion within ataxin-7. It
has been recently reported that report that ataxin-7 is a component of the mam-
malian STAGA (SPT3-TAF9-ADA-GCN5 acetyltransferase) transcription coacti-
vator complex [299]. In this complex, ataxin-7 interacts directly with the GCN5
histone acetyltransferase component of STAGA, and mediates a direct interaction of
STAGA with the CRX (cone-rod homeobox) transactivator of photoreceptor genes.
Furthermore, poly(Q)-expanded ataxin-7 was ncorporated into STAGA and inhib-
ited the nucleosomal histone acetylation function of STAGA GCN5. Based on these
results it has been suggested that the normal function of ataxin-7 may intersect with
its pathogenic mechanism [299]. Ataxin-7 has 892 amino acid residues and a molec-
ular mass of 95.4 kDa. However, at the SDS-PAGE this protein migrates at about
110 kDa [299]. In other words, the apparent molecular mass of ataxin-7 determined
by gel electrophoresis was found to be about 1.15-folds higher than that expected
from amino acid sequence. This suggests that ataxin-7 possesses significant amount
of intrinsic disorder.

2.4.6.9 TATA-Box-Binding Protein

SCA17 is characterized by the heterogeneous clinical phenotype, including ataxia,
dementia, psychiatric symptoms, and, in some cases, epilepsy. Neurodegeneration
in SCA17 is frequently widespread (atrophy of the striatum, thalamus, cerebral
cortex, inferior olive, and nucleus accumbens have been reported), being most
prominent in the cerebellum [300]. Ubiquinated intranuclear inclusions were found
in postmortem brain tissue from SCA17 patients as a result of immunohistochem-
ical examination [300]. SCA17 originates from the polyglutamin expansion of the
TBP, which normally contains the polyQ tract of 25–42 glutamine residues, but
is expanded >42 glutamines in SCA17 [300]. TBP is required for transcriptional
initiation by the three major RNA polymerases (RNAP I, II, and III) in eukaryotic
nuclei. Being a component of distinct multi-subunit transcriptional complexes, TBP
is involved in the expression of most eukaryotic genes [301]. TBP is a 339 amino
acid residues-long protein, which can be divided on two functional domains. The
C-terminal domain is highly conserved among eukaryotes and mediates virtually
all of the transcriptionally relevant interactions involving TBP [302], whereas the
N-terminal domain is evolutionarily divergent and shows sequence conservation
only in vertebrates. It has been demonstrated that polyQ expansion caused abnor-
mal interaction of TBP with the general transcription factor TFIIB and induced
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neurodegeneration in transgenic SCA17 mice [303]. Furthermore, polyQ expan-
sion was shown to reduce the in vitro binding of TBP to DNA. The mutant TBP
fragments lacking an intact C-terminal DNA-binding domain were shown to be
present in transgenic SCA17 mouse brains. PolyQ-expanded TBP with a deletion
spanning part of the DNA-binding domain did not bind DNA in vitro but formed
nuclear aggregates and inhibited TATA-dependent transcription activity in cultured
cells [304]. SDS-PAGE analysis of the murine TBP revealed that this protein is
characterized by the apparent molecular mass of ∼37 kDa, which exceeds the pre-
dicted molecular mass of 34.7 kDa [304]. The difference between observed and
calculated molecular masses was even higher for a truncated TBP fragment that
lacks an intact C-terminal domain [304]. Similarly, human TBP, a protein with the
calculated molecular mass of 37.7 kDa, was shown to possess an apparent molecular
mass of ∼49 kDa [305].

2.4.7 ABri Peptide and Familial British Dementia

The ABri is a 34 residue peptide that is the major component of amyloid deposits
in familial British dementia (FBD), which is an autosomal dominant disorder with
onset at around the fifth decade of life and full penetrance by age 60 characterized
by the presence of amyloid deposits in cerebral blood vessels and brain parenchyma
that coexist with NFTs in limbic areas [306]. FBD patients develop progressive
dementia, spasticity, and cerebellar ataxia. The protein subunit (termed ABri) is an
example of an amyloid molecule created de novo by the abolishment of the stop
codon in its precursor, a protein comprised of 266 amino acid residues (BRI-266)
that is codified by a single gene, BRI, located on the long arm of chromosome 13
[307, 308]. The FBD has a single nucleotide change (TGA→AGA, codon 267)
that results in an arginine residue substitution for the stop codon in the wild-type
precursor molecule and a longer open reading frame of 277 amino acid residues in
a disease-related protein (BRI-277 instead of BRI-266). The ABri amyloid peptide
is formed by the 34 C-terminal amino acid residues of the mutant precursor protein
BRI-277, presumably generated from furin-like processing [309]. Thus, the point
mutation at the stop codon of BRI results in the generation of the 34 residue ABri
peptide (instead of the shorter 23 residue wild type peptide), which is deposited
as amyloid fibrils causing neuronal dysfunction and dementia [310]. It has been
emphasized that athough FBD and AD share almost identical neurofibrillar pathol-
ogy and neuronal loss that co-localize with amyloid deposits, the primary sequences
of the amyloid proteins (ABri and Aβ) differ. Therefore, ABri and Aβ amyloid depo-
sition in the brain can trigger similar neuropathological changes (neuronal loss and
dementia) and thus may be a key event in the initiation of neurodegeneration [310].

Using far-UV CD and NMR spectroscopy it has been recently established that
ABri is in the random coil-like conformation at slightly acidic pH [310]. The solu-
tion pH was shown to play an important role in promoting the amyloid-like β-sheet
structure and the characteristic fibril morphology of ABri and this protein forms
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amyloid fibrils at pH 4.9 with no distinct fibril morphology being observed at neu-
tral and slightly basic pH (pH 7.1–8.3), except for smaller spherical aggregates that
gradually disappeared and assembled into larger amorphous aggregates [310]. It
has been also pointed out that at pH 4.9 the ABri undergoes relatively slow β-
aggregation, where it is possible for fibril formation to occur, similar to the behavior
of the amyloid Aβ peptide [310].

2.4.8 ADan in Familial Danish Dementia

Familial Danish dementia (FDD) is a neurodegenerative disorder linked to a genetic
defect in the BRI2 gene. Similar to FBD, FDD results form the genetic alterations
in this gene and the deposited amyloid protein, ADan, is the C-terminal proteolytic
fragment of a genetically altered BRI2 precursor molecule [311]. The amyloid pep-
tides ABri and ADan originate as a result of two different genetic defects at, or
immediately before, the BRI2 stop codon with a common final outcome in both
diseases: regardless of the nucleotide changes, the ordinarily occurring stop codon
is either non-existent (in FBD) or out of frame (in FDD) causing the genesis of
an extended precursor featuring a C-terminal piece that does not exist in normal
conditions (reviewed in [312]). ABri and ADan are released by a furin-like pro-
teolytic processing. Both these peptides are 34-residues-long, which share 100%
homology on the first 22 residues, a completely different 12 amino acid C-terminus
and have no sequence identity to any other known amyloid protein. Despite the
structural differences among the corresponding amyloid subunits FDD and FBD
show striking clinical and neuropathological similarities with AD, including the
presence of NFTs, parenchymal amyloid and pre-amyloid deposits and CAA co-
localizing with inflammatory markers, reactive microglia and activation products of
the complement system (reviewed in [312]). Structural analysis revealed that similar
to Aβ and ABri, ADan is a typical natively unfolded protein, which is characterized
by a random coil structure in a wide pH range and is prone to form fibrils in a
pH-dependent manner [313].

2.4.9 Glial Fibrillary Acidic Protein and Alexander Disease

Alexander disease is a specific astrocytic disease caused by a dominant heterozy-
gous mutation in glial fibrillary acidic protein (GFAP) [314, 315]. A major patholog-
ical hallmark of Alexander disease is a presence of specific inclusion bodies called
Rosenthal fibers (RFs) in astrocytes that are formed by the mutant GFAP [316].
Besides mutant GFAP, these inclusions contains small heat shock proteins, includ-
ing αB-crystallin and HSP27[317]. Clinically, the phenotype of Alexander disease
depends on the age of onset. The infantile form severely affects the entire central
nervous system, with rapid progression and is characterized by megalencephaly,
epilepsy, motor impairment, cognitive decline, and extensive loss of white matter
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with frontal predominance. However, the adult form progresses slowly and is char-
acterized by predominant rhombencephalic degeneration without epilepsy, cognitive
impairment, and little, if any, leukodystrophy. The juvenile form is intermediate in
severity [318, 319]. It has been shown that GFAP is characterized by an extremely
high susceptibility to proteolysis [320]. Electrophoretic analysis of GFAP produced
an apparent molecular mass of 54 kDa, which exceeds the calculated molecular mass
of 49.9 kDa [321].

2.4.10 Mitochondrial DNA Polymerase γ and Alpers Disease

Alpers disease, also known as progressive neuronal degeneration of childhood, is
characterized by developmental regression, intractable epilepsy, progressive neuro-
logic deterioration, liver disease, and death usually before 10 years of age [322–
324]. Neuropathologic changes include patchy neuronal loss and gliosis, particu-
larly in the striate cortex [325], whereas the liver shows steatosis, cellular necrosis,
focal inflammation, and fibrosis [326]. Alpers disease is attributed to mutations
in the catalytic subunit of the mitochondrial DNA (mtDNA) polymerase gene
polymerase γ (POLG1) [327]. POLG is the only known DNA polymerase in the
mitochondrion, which is responsible for ∼1% of the total cellular DNA polymerase
activity. The human POLG holoenzyme comprises a 140 kDa catalytic subunit
(POLGα) and a 55 kDa accessory subunit (POLGβ). POLGα is a member of a DNA
polymerase family with separate polymerase and 3′–5′ exonuclease domains thus
exhibiting both DNA polymerase and 3′–5′ exonuclease activities. POLGβ increases
DNA-binding affinity, stimulates the catalytic activities and enhances the processiv-
ity of the holoenzyme [328]. The region of POLGα (444–820 fragment) that lies
between the exonuclease and polymerase is known as spacer. Its size and sequence
in POLGα are substantially different from those of other members of the DNA
polymerase family. In POLGα, this large interdomain region is likely to participate
in DNA-template binding and guidance, as well as in subunit interactions. Impor-
tantly, spacer mutations were found frequently in the infantile Alpers syndrome,
affecting most severely the brain and the liver [327, 329]. These reports emphasize
the exceptional variability of POLGα-associated neurological phenotypes and the
specific role for spacer mutations in the most severe neurological manifestations
[330]. POLGα was shown to possess an apparent molecular mass of 145–147 kDa
[331], whereas its theoretical molecular mass is 139.5 kDa.

2.4.11 DNA Excision Repair Protein ERCC-6
and Cockayne Syndrome

Cockayne syndrome (CS) (also called Weber-Cockayne syndrome, or Neill-
Dingwall Syndrome) is a rare, autosomal recessive disorder. Affected individuals
suffer from postnatal growth failure resulting in cachectic dwarfism, photosen-
sitivity, skeletal abnormalities, mental retardation and progressive neurological



2 Intrinsic Disorder in Proteins 55

degeneration, retinopathy, cataracts and sensorineural hearing loss [332–334]. Two
complementation groups of CS (CS-A and CS-B) have been identified, the cor-
responding genes, CSA and CSB, have been cloned [335, 336] and their products
biochemically characterized. The majority of CS cases are caused by defects in the
CS complementation group B protein. CSA is a 44 kDa protein and belongs to the
‘WD repeat’ family of proteins [336], which exhibit structural and regulatory roles
but no enzymatic activity. The CSB gene product is a 168 kDa protein [335], also
known as DNA excision repair protein ERCC-6, belongs to the SWI/SNF family of
proteins, which all contain seven sequence motifs conserved between two superfam-
ilies of DNA and RNA helicases and which have roles in transcription regulation,
chromosome stability, and DNA repair. The involvement of CSB in transcription,
transcription-coupled repair of DNA, and base-excision repair might be simultane-
ous. However, it is suggested that some interregulation, depending on cellular status,
takes place. This regulation is done via posttranslational modifications of CSB and
changes in function and localization of its interaction partners. These many roles of
CSB explain the multisystem manifestations of the CS phenotype [334].

In vitro studies demonstrate that CSB exists in a quaternary complex composed
of RNA pol II, CSB, DNA and the RNA transcript. The CSB protein contains an
acidic amino acid stretch (∼60% of the residues in a 39-amino-acid stretch are
acidic), a glycine-rich region and two putative nuclear localization signal (NLS)
sequences [337]. The cellular and molecular phenotypes of CS include increased
sensitivity to oxidative and UV-induced DNA lesions. The CSB protein plays a cru-
cial role in transcription-coupled repair. The corresponding CS-B cells are defective
in the repair of the transcribed strand of active genes, both after exposure to UV and
in the presence of oxidative DNA lesions [337]. According to SDS-PAGE analysis,
the CSB protein has an apparent molecular mass of ∼200 kDa [337], whereas its
theoretical molecular mass calculated from amino acid sequence is 168.4 kDa.

2.4.12 Survival of Motor Neurons Protein and Spinal
Muscular Atrophy

Spinal muscular atrophy (SMA) is an autosomal recessive disease with a carrier
frequency of about 1 in 50. SMA is the most common genetic cause of childhood
mortality and leads to muscle weakness and atrophy due to the degeneration of
motor neurons from the spinal cord [338]. The disease is mapped to the survival
of motor neurons (SMN) 1 (smn1) gene, which carries mutations in over 98% of
all SMA patients [339]. SMN mutants (SMNDelta7 and SMN-Y272C) found in
patients with SMA not only lack antiapoptotic activity but also are potently proapop-
totic, causing increased neuronal apoptosis and animal mortality. The SMN protein
is a part of a larger protein complex that is present both in the nucleus and the cyto-
plasm. In the nucleus, SMN protein localizes to spots that are rich in small nuclear
ribonucleoprotein particles (snRNPs). In the cytoplasm, the SMN protein plays an
important role in the assembly of these snRNPs [340]. The SMN protein interacts
with core components of the snRNPs, Sm proteins. SMA-causing mutations in a
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C-terminal region and in the central Tudor domain of the SMN protein have been
shown to affect the Sm interaction. Mutations in the C-terminal region may interfere
with the Sm interaction indirectly, since this region is also required for SMN protein
oligomerization [341]. The SMN protein Tudor domain has been shown to directly
bind to the arginine-glycine (RG) rich tails of the Sm proteins in vitro [342, 343].
Furthermore, the type I SMA causing point mutation E134K in the SMN protein
Tudor domain abolishes Sm binding in vitro and interferes with snRNP assembly in
vivo [343].

In vivo the RG-rich tails of the SmB, SmD1 and SmD3 proteins are post-
translationally modified and contain symmetrically dimethylated arginine residues
[344, 345]. This modification strongly enhances the affinity of the SMN/Sm inter-
action and has been implicated in the regulation of uridine-rich snRNP assembly
[345, 346]. Many other proteins, including coilin, RNA helicase A, fibrillarin and
heterogeneous nuclear ribonucleoproteins, interact with the SMN complex and con-
tain RG-rich domains that can potentially be methylated [347, 348], suggesting that
the SMN protein Tudor domain could have an additional function in the regulation
of these interactions. The crystal structure of the SMN protein Tudor domain com-
prising residues 82–147 was solved to high (1.8 Å) resolution [349, 350]. The crystal
structure consists of a five-stranded β-sheet that forms a β-barrel. Comparison of the
crystal structure and an NMR structure revealed that the backbone conformation of
both structures is very similar. However, differences were observed for the cluster of
conserved aromatic side-chains in the symmetrically dimethylated arginine residues
(sDMA) binding pocket, suggesting that the SMN protein Tudor domain adopts
two different conformations in the sDMA binding pocket [349]. Full-length SMN
protein (calculated molecular mass 31.8 Kda) was shown to possess an apparent
molecular mass of 39 kDa [351].

2.5 Concluding Remarks: Another Illustration
of the D2 Concept

Intrinsic disorder is highly abundant among proteins associated with human neu-
rodegenerative diseases. This provides a strong factual support to a D2 (disorder
in disorders) concept. The validity of this concept in neurodegeneration is illus-
trated at several levels, starting from the results of the bioinformatics analysis
of an extended set of proteins associated with various neurodegenerative con-
ditions and ending with the extensive data for a number of well-characterized
neurodegeneration-related proteins. High degree of association between intrinsic
disorder and neurodegenerative diseases is due to the unique structural and func-
tional peculiarities of IDPs and IDRs. IDPs/IDRs are among major cellular regu-
lators, recognizers and signal transducers. Their functionality and misbehavior are
modulated via a number of posttranslational modifications (i.e., tau protein). Many
IDPs/IDRs can fold (completely or partially) upon interaction with corresponding
binding partners. They possess multiple binding specificity and they are able to
participate in one-to-many and many-to-one interactions.
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Abbreviations

8-anilino-1-naphthalenesulfonic acid (ANS)
Alzheimer’s disease (AD)
Amyloid β-protein (Aβ)
Amyloid β-protein precursor (APP)
Cerebral amyloid angiopathy (CAA)
Cockayne syndrome (CS)
Circular dichroism (CD)
Dentatorubral-pallidoluysian atrophy (DRPLA)
Familial British dementia (FBD)
Familial Danish dementia (FDD)
Glial cytoplasmic inclusion (GCI)
Glial fibrillary acidic protein (GFAP)
Hemorrhage with amyloidosis-Dutch type (HCHWA-D).
Huntington’s disease (HD)
Huntingtin yeast-two hybrid protein K (HYPK)
Intrinsically disordered protein (IDP)
Intrinsically disordered region (IDR)
Lewy body (LB)
Lewy neurites (LNs)
Mitochondrial DNA polymerase γ (POLG)
Multiple system atrophy (MSA)
Neurodegeneration with brain iron accumulation type 1 (NBIA1)
Neurofibrillary tangle (NFT)
Paired helical filament (PHF)
Parkinson’s disease (PD)
Protein Data Bank (PDB)
Prion protein (Prp)
Prion protein, native (Prpc)
Prion protein, scrapie (Prpsc)
Small nuclear ribonucleoprotein particles (snRNPs)
Spinal Muscular Atrophy (SMA)
Spinocerebellar ataxia (SCA)
SPT3-TAF9-ADA-GCN5 acetyltransferase (STAGA)
Survival of Motor Neurons (SMN)
TATA-box-binding protein (TBP)
Transmissible spongiform encephalopathy (TSE)
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Chapter 3
Dynamic Role of Ubiquitination
in the Management of Misfolded Proteins
Associated with Neurodegenerative Diseases

Esther S.P. Wong, Jeanne M.M. Tan and Kah-Leong Lim

Abstract Protein aggregation as a result of misfolding is a common theme under-
lying neurodegenerative diseases. Although a subject of intense research, how
misfolded proteins bypass sophisticated protein quality control measures in the cell
to be deposited as ubiquitin-enriched inclusion bodies remains poorly understood.
Whilst proteasome dysfunction could account for this phenomenon, emerging evi-
dence suggests otherwise. We have previously hypothesized that under conditions
of proteolytic stress, the cell may switch to a non-proteolytic form of ubiquitination
to help divert misfolded proteins away from an overloaded proteasome. In this way,
the cell could preserve its proteasome function over prolonged periods of stress and
recover thereafter. Supporting this, we recently found that non-proteolytic lysine
(K) 63-linked ubiquitin modification promotes the formation of protein inclusions
associated with several major neurodegenerative diseases. Importantly, we further
found that K63-linked polyubiquitin selectively facilitates the subsequent clearance
of inclusions via autophagy. In this chapter, we will discuss the apparent dynamic
role of ubiquitination in the management of misfolded proteins.

3.1 Protein Misfolding and the Ubiquitin-Proteasome System

Protein misfolding is very much a part of life for most, if not all, living organisms.
It has been estimated that as many as one-third of all newly synthesized proteins
in eukaryotes might not be properly folded into their native conformations [1],
presumably even with the assistance of molecular chaperones. Furthermore, mis-
folding of proteins could also arise from various post-synthetic modifications such
as oxidation, glycation and nitrosylation, as well as from genetic mutations [2].
Likewise, prokaryotes are not spared from protein folding errors [3]. To ensure that
the quality of intracellular proteins at the end of the production line is of functional
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Fig. 3.1 The ubiquitin cascade. Ubiquitin attachment on a protein involves a linear reaction cat-
alyzed by ubiquitin activating (E1), conjugating (E2) and ligating (E3) enzymes. Repeated actions
of this multi-enzyme-mediated cascade lead to the formation of a polyubiquitin chain in which
the terminal residue (G76) of one ubiquitin molecule is linked through an iso-peptide bond to
a lysine (K) residue within another. The ubiquitin sequence contains seven lysine residues (at
positions 6, 11, 27, 29, 33, 48 and 63) that can support the assembly of polyubiquitin of different
chain topologies. The plethora of ubiquitin linkages is specified by different E2-E3 combinations.
For example, the E3 TRAF6 interacts with the E2 Ubc13 to mediate K63-linked polyubiquitin
chain assembly. Because of this versatility, protein ubiquitination serves diverse roles in the cell;
many of these are notably not coupled to the proteasome. We have featured a non-canonical role
for protein ubiquitination in the formation and clearance of protein inclusions associated with
neurodegenerative diseases in this chapter
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standard, both prokaryotic and eukaryotic cells had evolved complex intracellular
proteolytic machineries to destroy faulty proteins rapidly, which in the process of
doing so, also serve to prevent the accumulation of misfolded proteins that would
otherwise compromise normal cell function and survivability in eukaryotes and
prokaryotes alike.

The selection of proteins to be degraded is a highly regulated process. In
eukaryotes, this process involves labeling target proteins with ubiquitin, a highly
conserved 76 amino acid residue protein that is encoded by multiple genes and
expressed ubiquitously [4]. The majority of the cytosolic proteins destined for
degradation in a eukaryotic cell are first covalently tagged with a polymeric ubiq-
uitin chain in which the terminal residue (G76) of one ubiquitin molecule is linked
through an iso-peptide bond to a lysine (K) residue (most commonly K48) within
another [5]. This ligation reaction is elaborate and requires the sequential and
repetitive actions of ubiquitin-activating (E1), -conjugating (E2) and -ligating (E3)
enzymes (Fig. 3.1). The G76-K48-linked polyubiquitinated substrate is then tar-
geted for degradation by the 26S proteasome, a large protease complex consisting of
a barrel-shaped 20S proteolytic core in association with two 19S (PA700) regulatory
caps, one on each side of the barrel’s openings [6]. The components of the 19S cap
play vital roles in the initial steps of substrate proteolysis, including the recognition,
unfolding and translocation of substrate proteins into the lumen of the proteolytic
core [7–9]. Individual ubiquitin monomers are regenerated in the process by the
actions of deubiquitinating enzymes (DUBs) in a manner analogous to the actions
of phosphatases on phosphorylated amino acid residues [10]. It is important to high-
light that substantial metabolic energy is required to drive the ubiquitin-proteasome
system (UPS) machinery. ATP is needed both at the start of the ubiquitination reac-
tion by E1 to charge the ubiquitin molecule and towards the end of the process
by the 19S regulatory cap to open the channel and unfold ubiquitinated substrate
for subsequent translocation into the 20S proteolytic chamber. Notably, the 19S cap
contains not one but six different ATPase subunits to fulfill its tasks [11]. This energy
requirement by the UPS distinguishes it from lysosomal proteases, which degrades
proteins in an exergonic manner. Furthermore, ATP is also required to assemble
the proteasome complex [6]. Conceivably, conditions that promote mitochondrial
dysfunction and thereby energy depletion are likely to interfere with the efficiency
of proteasome-mediated degradation, which in turn could trigger the accumulation
of misfolded proteins and compromise cellular survivability. Indeed, mitochondrial
impairment is intimately associated with UPS dysfunction in a wide variety of
neurodegenerative diseases [12].

3.2 Protein Misfolding, UPS Disruption and Neurodegeneration

An almost invariant hallmark of human neurodegenerative disorders is the
presence of insoluble proteinaceous deposits in surviving populations of affected
neurons. These include neurofibrillary tangles in Alzheimer’s disease (AD) and
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Frontotemporal Dementia (FTD), Lewy bodies (LBs) in Parkinson’s disease (PD)
and Bunina bodies in Amyotrophic Lateral Sclerosis (ALS) [13]. Although a diverse
array of pathogenic proteins bearing little structural and functional similarities with
each other has been identified as key contributors to the formation of protein inclu-
sion bodies in these varied diseases, they all share the tendency to become misfolded
and thereby aggregation-prone. This suggests a common mechanism underlying the
biogenesis of protein inclusions associated with neurodegenerative diseases. Since
the UPS represents a major intracellular pathway responsible for the management
of misfolded proteins, its involvement would seem obvious here. Indeed, UPS dys-
function is widely thought to precipitate the accumulation of misfolded proteins and
their subsequent aggregation into inclusion bodies [12–16]. Consistent with this,
neurodegenerative disease-associated protein deposits are almost always enriched
with ubiquitin and components of the UPS [2, 13, 16]. Furthermore, post-mortem
analysis of brain samples from individuals afflicted with AD or PD revealed struc-
tural and/or functional impairments of the UPS in affected areas [17–20] (although
one cannot exclude the participation of glial cells within the sample preparations as
a confounding factor in these analyses). Moreover, when cells are cultured in the
presence of proteasome inhibitors, they tend to generate ubiquitin-positive juxtanu-
clear inclusions within one to two days in culture. Likewise, delivery of proteasomal
inhibitors into adult rats appears sufficient to promote the formation of neuronal
inclusions [21, 22]. Although these findings collectively suggest a role for UPS
in neurodegeneration, whether UPS dysfunction plays a primary or secondary role
in the pathogenesis of neurodegenerative diseases is less clear, as inhibition of
UPS activity conceivably could be a consequence of protein aggregation. One sce-
nario would be that misfolded protein aggregates tagged with ubiquitin resist full
entry into the narrow catalytic axial pore of the barrel-shaped proteasome complex
and cause steric occlusions, thereby denying itself and other proteins destined for
degradation from efficient proteasomal clearance. This appears to be the case with
disease-associated proteins containing expanded polyglutamine [14, 23, 24].

Perhaps the strongest evidence to date directly linking the UPS with neurode-
generation is the association of genetic mutations in the parkin gene with autosomal
recessive parkinsonism [25]. Parkin is a member of the E3 family of enzymes and
disease-causing mutations of parkin have been demonstrated by several groups to
compromise its ubiquitination activity [26–28]. A working hypothesis that ensues
is that loss of parkin function leads to a neurotoxic accumulation of one or several
of its substrates. Indeed, numerous reported substrates of parkin were later found
to accumulate in the brains of PD patients carrying parkin mutations [29–32]. This
hypothesis is further fuelled by the discovery of a missense mutation (I93M) in
UCHL1, a DUB, in a pair of German siblings with inherited PD [33]. Notably, the
I93M UCHL1 mutant has markedly reduced ubiquitin hydrolase activity in vitro
[33], suggesting that impaired polyubiquitin hydrolysis leading to a shortage of free
ubiquitin might also promote the accumulation of toxic proteins and contribute to
neuronal death. The involvement of UCHL1 I93M mutation in PD pathogenesis has
however become contentious in recent years as its occurrence to date is restricted to
the pair of German siblings [34]. Notwithstanding this, it is clear that the ubiquitin
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molecule, through its functional coupling with the proteasome, plays an important
role in maintaining protein homeostasis and thereby survivability of post-mitotic
neurons. The relationship between UPS disruption and neurodegenerative disorders
is therefore unlikely a trivial one. Furthermore, the model also provides a persua-
sive explanation to how ubiquitin-tagged aggregation-prone proteins are able to
escape proteasome-mediated degradation. Otherwise, the proteolytic role of ubiq-
uitin tagging and the non-proteolytic role of inclusions formation would appear
to be contradictory. Given this, it may be rather surprising to note that a number
of recent reports found little or no evidence of proteasome dysfunction associ-
ated with spinocerebellar ataxia type 1 (SCA1) or PD even in the most vulnerable
neurons despite the presence of ubiquitin-positive inclusions and neuropathology
[35, 36]. These findings are in apparent contradiction to earlier ones by others that
proteasome impairment accompanies neurodegeneration [17–20]. Importantly, they
highlighted the capacity of ubiquitinated proteins to evade degradation even in the
presence of functional proteasomes. While this may appear paradoxical, we now
know that protein ubiquitination is a highly versatile modification that is not obli-
gatorily linked to the proteasome (see Sect. 3.3). Accordingly, proteins modified
by non-proteolytic forms of ubiquitination could potentially save themselves from
destruction by the proteasome.

3.3 Diversity of Ubiquitin Modifications

Although ubiquitin tagging of proteins was originally identified as a signal for
proteasome-mediated degradation, it is currently recognized that the reaction is
highly versatile and can support alternative forms of ubiquitin modification that are
non-proteolytic [37]. As the ubiquitin molecule contains seven lysine residues (at
positions 6, 11, 27, 29, 33, 48 and 63), seven types of ubiquitin chain topologies
are in theory possible depending on which of these lysines are used for the iso-
peptide formation during the assembly of polyubiquitin. Unconventional ubiquitin
linkages that has been reported include those mediated by K6 [38], K11 [38], K29
[39] and K63 [39]. Although ubiquitin linkages involving K27 and K33 appear to
be comparatively rarer, all the seven lysines on the ubiquitin molecule, including
K27 and K33, were found to be modified in a recent proteomic-based study on
ubiquitin conjugates from Saccharomyces cerevisiae [40]. Collectively, these find-
ings provide support for an unexpected diversity in polyubiquitin chain topology in
vivo. Adding to this layer of complexity is the recognition that the different types
of ubiquitin chains on a protein do not represent static tags, but instead are dynamic
signals that could be edited by DUBs and remodeled [41, 42]. The remodeling of
ubiquitin tags on a substrate has been shown to influence it’s commitment towards
being degraded by the proteasome [41]. DUBs are therefore not mere housekeep-
ers at the terminal end of the UPS but rather should be regarded as active players
in the ubiquitination cascade as these enzymes could directly modify the chain
length and thereby the fate of polyubiquitinated proteins. This property of DUBs



82 E.S.P. Wong et al.

is suitably exemplified by HAUSP (Herpes virus-associated ubiquitin specific pro-
tease), a DUB that deubiquitinates p53 in the presence of excess Mdm2 (the cognate
E3 of p53) and concomitantly stabilizes p53 levels [43]. Finally, proteins can also
be monoubiquitinated and this form of ubiquitin modification can occur at single
or multiple sites on a protein [44]. Notably, both K63-linked polyubiquitination and
monoubiquitination of proteins are not typically associated with their degradation
[37, 44]. Taken together, it is apparent that a plethora of ubiquitin modification exists
within the cell and this versatility is expected to offer the cell extraordinary flexi-
bility in modulating the fate and function of its resident proteins under different
conditions. Indeed, protein ubiquitination rivals protein phosphorylation as a major
post-translational event in the cell. Little wonder that an enormous number of cellu-
lar proteins (>1000), comprising of various E1s, E2s, E3s, DUBs and other related
members, are involved in protein ubiquitination. This would include a whole collec-
tion of ubiquitin-binding protein containing structurally diverse domains that bind
non-convalently, and sometimes specifically, to monomeric ubiquitin or polymeric
ubiquitin of different chain topologies [44]. Ubiquitin-binding proteins function
as important downstream mediators of ubiquitin-mediated events, by helping to
interpret and transmit information encoded by the ubiquitin tag [44]. Not surpris-
ing, protein ubiquitination serves a multitude of cellular roles including regulation
of gene expression, cell division and differentiation, signal transduction, protein
trafficking, endocytosis and DNA repair [45]. This list of services provided by
ubiquitination is likely to be continually expanded as novel functions underscored
especially by the less-studied ubiquitin linkages will invariably be uncovered with
time. Here, we shall discuss a recent discovery by our laboratory regarding the role
of K63-linked polyubiquitin as a key regulator of the biogenesis and clearance of
protein inclusions associated with neurodegenerative diseases.

3.4 Non-Proteolytic Ubiquitination and Protein
Inclusion Biogenesis

For whatever reasons the proteasome becomes compromised in its function, it
is difficult to imagine that the cell will continue to burden the machinery under
such conditions with an endless stream of cargo proteins to be degraded. We have
developed a hypothesis about two years ago that non-proteolytic ubiquitination of
proteins may help divert proteins originally destined for proteasomal degradation
away from the system when it becomes overwhelmed under conditions of prote-
olytic stress [46]. The diverted ubiquitin-enriched proteins are then sequestered into
inclusion bodies following their accumulation. In this way, the cell could preserve
its proteasome function over prolonged periods of proteolytic stress and recover
thereafter.

Support for the above hypothesis first came from our work on parkin. An interest-
ing feature of parkin-related PD cases is the general absence of LBs [47–49], which
suggests that parkin-mediated ubiquitination is a key promoter of LB biogenesis.
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Consistent with this, we have previously demonstrated that LB-like inclusions
formed in cultured cells via the co-expression of the PD-linked genes, α-synuclein
and synphilin-1, is significantly enhanced in the presence of wild type but not mutant
parkin overexpression [50]. However, as synphilin-1 is a substrate of parkin, it did
seem paradoxical to us at that time that parkin-mediated ubiquitination promotes
synphilin-1 accumulation and subsequent aggregation into LB-like inclusions rather
than facilitates its clearance from the cell. This is unlike the action of Siah-1, another
E3 that targets synphilin-1 specifically for degradation [51]. This conundrum was
finally resolved when we and others subsequently found that parkin is a multi-
functional E3 enzyme that is capable of catalyzing both degradation-associated and
non-proteolytic forms of protein ubiquitination under different cellular conditions
[51–54]. We demonstrated that parkin-mediated polyubiquitination of synphilin-1
normally occurs via K63-linked chains and this non-proteolytic form of ubiquitin
modification of synphilin-1 by parkin promotes its accumulation and subsequent
aggregation into inclusion bodies [51]. This observation has provided us with
the first evidence that K63-linked ubiquitination of a protein could precipitate
its deposition into an inclusion body. Interestingly, others have reported that the
ubiquitin hydrolase UCHL1 also possesses a second catalytic activity but one
that apparently opposes its hydrolytic role [55]. This unusual ligase-like activ-
ity of UCHL1 has similarly been shown to promote K63-linked ubiquitination.
A substrate of UCHL1 ligase activity that has been identified in the study is α-
synuclein, which expectedly accumulates in the cell following UCHL1-mediated
K63-linked ubiquitination [55]. Based on these results, it is tempting to speculate
that K63-linked ubiquitin chains may represent a common denominator underlying
inclusions biogenesis. Supporting this, we recently found that K63-linked ubiqui-
tination also facilitates the formation of inclusions mediated by FTD-associated
tau mutant as well as ALS-associated superoxide dismutase1 (SOD1) mutant [56].
Importantly, we further found that protein inclusions formation in the presence of
K63-linked ubiquitination can occur in the apparent absence of 20S proteasome
impairment, although we cannot exclude the possibility that this form of ubiquitin
modification may exert inhibitory effects through interactions with the regulatory
components present within the 19S cap [56]. Together, our data collectively sup-
port a role for K63-linked ubiquitination in regulating the biogenesis of protein
inclusions. Nonetheless, a formal concern regarding our studies above is that they
were done in the setting of ectopic overexpression of ubiquitin mutants that sup-
port the formation of various chain topologies. For example, the K48 and K63
ubiquitin mutants used in our studies contain arginine substitutions on all their lysine
residues except the one at position 48 and 63 respectively, and are thus expected
to promote the proteasome-linked G76-K48 and the proteasome-independent G76-
K63 ubiquitin linkages respectively. On the other hand, the K0 ubiqutin mutant
is a lysineless ubiquitin theoretically only capable of mediating monoubiquitina-
tion. Because the number of mutations on these various ubiquitin mutants occupies
almost 10% of the protein sequence of a wild type ubiquitin molecule, it is legiti-
mate to express doubt on whether ubiquitin topologies mediated by these mutants
are identical to those assembled endogenously. To address this concern, we have
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subsequently examined the effects of promoting endogenous K63-linked ubiquiti-
nation on inclusion dynamics. This is achieved by taking advantage of the specificity
of a heterodimeric E2 pair, namely Ubc13 and Uev1a, in directing K63-linked ubiq-
uitin chain assembly [57]. Supporting our findings derived from ubiquitin mutants,
we found that Ubc13/Uev1a-mediated K63-linked ubiquitination enhances the for-
mation of ubiquitin-positive protein inclusions to a similar extent to those brought
about by K63 ubiquitin mutant over expression, which are significantly higher than
those generated in the presence of exogenously-introduced UbcH7 and UbcH8, E2s
for which no specificity for K63-linked chain has been reported [58]. Thus, the
promotion of endogenous K63-linked ubiquitination alone appears to be sufficient
to precipitate protein inclusions formation.

Another limitation that has however persisted in our investigations is the inabil-
ity to detect for K63-linked polyubiquitin directly in protein inclusions due to the
current lack of ubiquitin linkage-specific antibodies. To circumvent this, we have
characterized the utility of ubiquitin binding proteins as indirect markers for K63-
linked ubiquitin chains. The sequestosome p62 is one such protein that has been
previously proposed by Seibenhener et al to have specificity for K63-linked polyu-
biquitinated proteins in vivo [59], although the isolated ubiquitin-associated (UBA)
domain apparently also binds with low affinity to monoubiquitin and K48-linked
chains [60]. Consistent with this, a recent NMR-based study revealed that p62-UBA
has a higher affinity for single ubiquitin molecule and may explain its preference
for the more opened and extended K63-linked chains [61]. In our hands, we found
that p62 has a preference to interact with long (> Ub7) K63-linked chains over
corresponding K48-linked chains, although the protein does not appear to dis-
tinguish between short chains containing either forms of ubiquitin linkages [58].
Notably, p62 is a prominent component of cytoplasmic inclusions in several protein
aggregation disorders including AD and PD, suggesting indirectly that K63-linked
polyubiquitination may be a physiologically-relevant player in the biogenesis of
disease-associated inclusions. This suggestion is corroborated, in part, by a recent
mass spectrometry-based study from Ron Kopito’s group who demonstrated the
presence and accumulation of K63-linked polyubiquitin in a mouse model of Hunt-
ington’s disease [15]. Further, we also found an enrichment of K63-linked ubiquitin
chains in aggregate-laden fractions of post-mortem AD brains using similar meth-
ods (unpublished results). Taken together, the findings above by our group and
others support a role for non-proteolytic K63-linked ubiquitin modification as a
physiologically meaningful manager of aggregation-prone protein.

3.5 Aggresome Formation and Clearance

An interesting feature of cytosolic inclusion bodies generated by aggregation-prone
proteins is that they are often located juxtaposed to the nucleus. Johnston and Kopito
have coined the term “aggresomes” to describe these peri-nucleus structures and
proposed that aggresome formation is a general response of cells which occurs
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when the capacity of the proteasome is exceeded by the production of aggregation-
prone misfolded proteins [62]. It is currently recognized that aggresomes are formed
via a microtubule-driven process by which non-degradable protein aggregates are
trafficked along microtubules to the microtubule organizing center (MTOC) jux-
taposed to the nucleus. Interestingly, protein inclusions associated with several
neurodegenerative diseases bear striking resemblance to aggresomes [63–65]. As
aggresomes are seemingly inert structures, their formation could be considered
as a proactive way by which the cell deals with its non-disposable proteins, and
thereby a protective response by the cell in times of proteolytic stress. Consistent
with this, several studies supporting a neuroprotective role for inclusions forma-
tion have emerged recently [35, 66–68]. These studies collectively suggest that
the accumulation of disease-associated proteins in a diffuse non-aggregated form
is more toxic than when they are sequestered into inclusion bodies. Notwithstand-
ing this, inclusion bodies and aggresomes alike are space-filling entities that could
physically disrupt cellular function if their size were to exceed a certain threshold.
Conceivably, the growth of an aggresome/inclusion body is a regulated process.
Emerging evidence implicates macroautophagy (hereafter referred to as autophagy),
a lysosome-mediated bulk degradation system, as a key regulator of inclusion
dynamics. Autophagy is an evolutionarily conserved process for subcellular degra-
dation and serves as a cellular survival mechanism in times of starvation. Excellent
reviews regarding this pathway have been written elsewhere (for example, see [69]).
Briefly, cytosolic materials targeted by autophagic degradation are first sequestered
by a double-membrane vesicle known as the autophagosome. Following the fusion
of the outer membrane of this structure with a lysosome, the cargo-containing inner
membrane is then lysed and its contents degraded by lysosomal proteases. Mor-
phological evidence of autophagy is present in several neurodegenerative disorders,
including AD, PD and Huntington’s disease [70, 71]. Notably, two independent
groups who analyzed the consequence of ablating autophagy function specifically
in the neural cells of mice clearly indicated that autophagy dysfunction is a key
precipitator of protein inclusions in neurons and that impaired clearance of neu-
ral inclusions is intimately associated with neurodegeneration [72, 73]. Further,
several other studies demonstrated that pharmacological activation of autophagy
promotes the degradation of aggregation-prone proteins, including huntingtin and
tau mutants, and concomitantly improve cellular survivability [74–77]. Relevant to
this is the proposal that aggresome formation facilitates the delivery of dispersed
protein aggregates to the autophagic pathway [78]. However, whether autophagy
is clearing monomeric and oligomeric precursors of aggregates, or aggresomes is
currently controversial. For example, work from Rubinsztein’s laboratory suggests
that autophagy can efficiently target mutant species of α-synuclein that do not form
aggregates large enough to be seen with light microscopy [79]. On the other hand,
Fortun et al demonstrated that autophagy inhibition retards the clearance of aggre-
some clearance formed by mutant peripheral myelin protein PMP22 [80]. Similarly,
Iwata et al showed that aggresomes generated by mutant huntingtin stain positively
for several autophagy-linked proteins and are amenable to clearance by autophagy
[81]. More recently, a live cell imaging study by a German group suggests that the
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sequestration of α–synuclein into aggresomes facilitates its clearance from the cell
[82]. It is thus tempting to think that autophagy could clear proteins of all confor-
mations, particularly under conditions of proteasome impairment. However, unlike
the UPS where the mechanism of cargo selection is well defined, an important mys-
tery to be solved is how cargo is selected for autophagic degradation. At least with
aggresomes, our recent studies, as discussed below, have illuminated the possibility
that K63-linked polyubiquitin might also act as a cargo recognition signal for the
autophagic system.

3.6 K63-Linked Polyubiquitination – A Novel Cargo Recognition
Signal for Autophagy-Mediated Degradation

An important clue pointing to the participation of protein ubiquitination in the clear-
ance of aggresomes by autophagy is that these structures are frequently enriched
with p62. We have discussed earlier about the ubiquitin binding properties of p62,
i.e. that it preferentially binds long K63-linked ubiquitin chains. Importantly, p62
has been demonstrated recently by Johansen’s group to enhance the autophagic
clearance of aggresome-inclusions via its direct interaction with the autophago-
some marker, Light Chain 3 (LC3) [83, 84], suggesting that p62 facilitates the
recruitment of the autophagy machinery to aggresomes. Consistent with this, loss of
p62 in mice leads to the hyper-accumulation of K63-linked chains in the insoluble
fraction of their brains, where protein aggregates usually reside [85]. In view of
the relationship between p62 and K63-linked polyubiquitin, we wondered whether
K63-linked polyubiquitin could potentially partner with p62, thereby acting as a
cargo selection signal for autophagic degradation. We found that ubiquitin-positive,
aggresome-like inclusions formed in cultured cells ectopically expressing either
K63 ubiquitin mutant or the heterodimeric Ubc13/Uev1a E2 pair are rapidly cleared
when autophagy is induced [56, 58]. In contrast, those generated in cells ectopi-
cally expressing either K63R ubiquitin mutant (which prevents K63-linked ubiquitin
chain assembly), UbcH7 or UbcH8 resisted autophagy-mediated removal [56, 58].
It thus appears that K63-linked polyubiquitin could help provide the bridge between
the autophagy machinery and aggresomes. Further supporting this, we also found
that K63 ubiquitin-positive inclusions exhibit a predominant tendency (∼80%) to
colocalize with the lysosomal membrane protein LAMP-1 even in the absence of
autophagy induction, whereas only a fraction (∼20%) of K63R-ubiquitin-positive
inclusions stains positively with LAMP-1 under the same condition [56]. This
suggests an efficient recruitment of lysosomal structures to K63 polyubiquitinated
proteins during aggresome formation, which concomitantly primes the structure for
autophagic clearance. It is thus tempting to suggest that p62 and K63-linked polyu-
biquitin form a partnership to promote the clearance of aggresome-like inclusions
by autophagy.

It is noteworthy to highlight that besides p62, the microtubule-associated deacety-
lase HDAC6 has also been proposed to connect aggresomes with the autophagy



3 Dynamic Role of Ubiquitination in the Management of Misfolded Proteins 87

machinery via the ubiquitin molecule [86, 87]. Like p62, HDAC6 interacts with
polyubiquitinated misfolded proteins but binds additionally to dynein, a minus
end-directed microtubule motor that moves cargo from the cell periphery towards
its center [88]. Dynein mutations have previously been demonstrated to impair
autophagic clearance of aggregation-prone proteins [88]. By virtue of its dual inter-
action with dynein and ubiquitinated proteins, HDAC6 not only helps to transport
aggregates to the MTOC, but also appears to facilitate the delivery of autophagy
apparatus to aggresomes [86, 87]. Indeed, cells deficient in HDAC6 cannot form
aggresomes properly and fail to clear misfolded proteins from the cytoplasm [87].
Because HDAC6 has the ability to bind polyubiquitinated misfolded proteins, the
obvious question here is whether different ubiquitin chain topologies would influ-
ence their interaction. The answer in part, has been provided by a recent report by
Olzmann et al, who identified parkin-mediated K63-linked ubiquitination as a signal
that couples misfolded proteins to the dynein complex via HDAC6 and thereby pro-
moting the sequestration of proteins into aggresomes and subsequent clearance by
autophagy [89]. This finding by Olzmann lends further support to our demonstration
that K63-linked polyubiquitination is a key regulator of aggresomes formation and
clearance.

3.7 A Model of Inclusion Biogenesis and Clearance

Taking all the findings that we have discussed above together, we could envisage
a model of inclusion biogenesis and clearance whereby the nature of ubiquitin
topology would play a deterministic role in deciding the fate of a misfolded protein
(Fig. 3.2). In this model, we embrace the widely accepted notion that the first cellular
quality control system a nascent misfolded protein would encounter is the chaperone
system (more information on this system is provided in Sect. 8.4). Failure of the
chaperone system to refold the malfolded protein would then trigger its ubiquitina-
tion via proteasome-associated K48-linked chains, although the precise mechanism
governing this cellular triage decision is not entirely clear at this moment. Under
normal conditions, the K48-linked polyubiquitinated substrate would be targeted
for degradation by the proteasome. However, under conditions whereby the pro-
teasome becomes overwhelmed or otherwise impaired, misfolded proteins to be
modified by ubiquitination will receive one that is uncoupled from the protea-
some. Although our results favor the participation of K63-linked polyubiquitination
under these circumstances, it is possible that monoubiquitination might also have a
role here. Furthermore, a very recent study demonstrated that monoubiquitination
of α-synuclein promotes its aggregation into inclusion bodies [90]. Alternatively,
K48-linked polyubiquitinated substrate could be remodeled, firstly by a DUB and
subsequently by an E2/E3 pair that specify K63 ubiquitin linkages. In this scenario,
K48 ubiquitin chains on proteins that are unable to be degraded by the proteasome
are hydrolyzed by DUB to a monoubiquitin, from which K63-linked chains could
be subsequently extended. Indeed, evidence exists for a specific DUB enzyme that
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Fig. 3.2 Proposed model of inclusions biogenesis and clearance. Under normal cellular condi-
tions, proteins destined for degradation by the proteasome are tagged with a chain of K48-linked
ubiquitin. In times of proteolytic stress, the cell switches to K63-linked ubiquitination to divert the
protein load originally targeted for proteasomal degradation away from the otherwise overloaded
machinery. Alternatively, K48-linked polyubiquitinated substrate could be remodeled under con-
ditions of stress, firstly by a DUB and subsequently by an E2/E3 pair that specify K63 ubiquitin
linkages. K63-linked polyubiquitin, through its interactions with HDAC6 and p62, helps seques-
tering the diverted protein load into an aggresome. At the same time, K63-linked polyubiquitin
also acts as a cargo recognition signal, presumably in partnership with p62, for the autophagy
machinery thereby facilitating the clearance of aggresomes via lysosomal-mediated degradation

could readily disassemble polyubiquitin chains to leave behind a monoubiquitin
remnant at the site of the original chain [42]. Being non-proteolytic, K63-linked
polyubiquitination of misfolded proteins originally destined for proteasomal degra-
dation would serve to divert the substrates away from an otherwise overloaded
machinery. However, in doing so, the population of ubiquitinated misfolded proteins
will invariably increase. By virtue of its association with HDAC6 and also p62,
K63-linked polyubiquitin would have the ability to re-route these protein cargoes
towards the MTOC to facilitate the formation of an aggresome, a move that can
be considered as cytoprotective. From this transit station, the team comprising of
K63-linked polyubiquitin, p62, HDAC6 then acts to ensure that the protein cargoes
make a final exit from the cell by linking them to the autophagic machinery. Again,
the precise mechanism regarding how this tripartite partnership works remains to be
elucidated. From our proposed model, it is apparent that the dynamism of ubiquitin
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modification would enable this simple molecule to govern the fate of misfolded pro-
teins at different stages of their life cycle in the cell. Without this dynamism, the cell
would be denied of the flexibility to manage its misfolded protein load differently
under different circumstances.

3.8 E2/E3 Pairs – Triage Officers?

An important gap that is apparent in our proposed model is the current lack of infor-
mation regarding the existence and the nature of the molecular switch that mediates
a cell’s decision to degrade its misfolded proteins either via the proteasomal or
lysosomal pathway. While the identity of this triage decision maker remains to be
elucidated, we believe that the executors almost certainly would involve E2s and
E3s. Because Ubc13, in association with either of the E2 variants, Uev1a or Mms2,
is the only E2 known to date to mediate the formation of K63-linked ubiquitin chains
[57], its role in executing the triage between proteasomal or lysosomal degradation
is immediately implied. Indeed, we have demonstrated that over expression of het-
erodimeric Ubc13/Uev1a pair alone is sufficient to promote inclusions formation
and their subsequent clearance by autophagy [58]. Accordingly, E3 enzymes iden-
tified thus far that partners with Ubc13 to perform K63-linked polyubiquitination,
including TRAF6 [91], CHIP [92] and parkin [52], are attractive candidates for
triage officers. Interestingly, both CHIP and parkin are also capable of assembling
ubiquitin chains alternative to those linked via K63. This dual function is depen-
dent on the E2 they interact with. For example, parkin can bind to UbcH7 or H8
to mediate K48-linked ubiquitin chains [27–29] or to Ubc13/UeV1a to mediate
K63-linked ubiquitin chains [52, 89]. Likewise, CHIP is also capable of forming
K48-linked or K63-linked ubiquitin chains by switching between its E2 partners,
UbcH5a and Ubc13/UeV1a [92]. Certainly, it would be important to elucidate the
factors governing the choice of E2 an E3 chooses to partner with, which remains
elusive at this moment. Given their multifunctional ligase activity, and their inti-
mate relationship to protein aggregation diseases, both parkin and CHIP would
offer themselves as strong contenders to undertake the role of triaging misfolded
proteins. Indeed, a recent study suggest that CHIP mediates α-synuclein degrada-
tion decisions between proteasomal and lysosomal pathways [93]. Apparently, the
decision to degrade α-synuclein via autophagy is dependent on the U-box domain of
CHIP, which contains the E3 ligase activity. The authors suggest, albeit implicitly,
that ubiquitin ligation via K63 is involved in this decision. As for parkin, we like to
think that it may have an analogous role to CHIP for the following reasons: 1) Parkin
is a multifunctional E3 ligase capable of mediating both degradation-associated and
non-proteolytic forms of ubiquitination (presumably under different conditions), 2)
Parkin-mediated K63-linked ubiquitination facilitates the formation of aggresomes
and their subsequent clearance by autophagy, 3) LBs associated with PD are fre-
quently absent in cases involving parkin mutations, suggesting that parkin-mediated
ubiquitination is needed for inclusions biogenesis, and finally 4) parkin interacts
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with CHIP directly and this interaction has been shown to enhance parkin-mediated
ubiquitination [26]. A role for parkin in the triage of misfolded proteins between
proteasomal and lysosomal degradation thus appears compelling to us.

3.9 Conclusions

Mechanistically, the involvement of non-proteolytic modes of ubiquitination in pro-
tein inclusion formation is attractive as it provides a potential mechanism by which
ubiquitinated protein aggregates evade proteasomal degradation and conceivably,
a protective route by which misfolded or aggregated proteins could be diverted
away from an overloaded proteasome to be subsequently handled by the autophagic
machinery. Although the elegance of a proposal is never to be taken as a proof
of concept, current evidences from our laboratory and others strongly support a
non-trivial role for K63-linked ubiquitination in regulating the dynamics of protein
aggregation. The participation of this unconventional ubiquitin modification as a
key manager of protein quality control in the cell that is otherwise performed by
the classic K48-linked ubiquitin chain is a testimony to the versatility of ubiquitina-
tion. It is indeed remarkable that a humble ubiquitin molecule could have such an
extraordinary kaleidoscopic personality.
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Chapter 4
Protein Misfolding and Axonal Protection
in Neurodegenerative Diseases

Haruhisa Inoue, Takayuki Kondo, Ling Lin, Sha Mi, Ole Isacson
and Ryosuke Takahashi

Abstract Genetically engineered mouse model studies show that neuronal dysfunc-
tion caused by protein aggregation/misfolding are reversible, indicating that injured
neurons are alive even under disease states. Protein misfolding/aggregation in axons
and distal dominant axonal degeneration are observed in a subgroup of degenerative
diseases and in certain experimental conditions. Moreover, therapeutic approaches
towards axonal protection are effective in neurodegenerative disease mouse models;
(a) axonal regeneration, (b) anti-Wallerian degeneration, (c) autophagy enhance-
ment, and (d) stabilization of microtubules. These studies demonstrate that axonal
protection/functional repair of axons can be general therapeutic interventions for
neurodegenerative diseases.

4.1 Neuronal Dysfunction in Neurodegeneration
is a Reversible Process

It had been believed that neurodegeneration is not reversible. However, recent stud-
ies of transgenic mouse models, which express abnormal proteins associated with
Alzheimer’s disease, diffuse Lewy body disease, Parkinson’s disease (PD), Hunting-
ton’s disease (HD) and tauopathies such as frontotemporal dementia develop distinct
disease-related neurological impairments, elegantly show that some neurological
deficits of neurodegenerative cascades can be prevented or reversed by removing
abnormal proteins, without obvious alteration of the number of neuronal cell bodies
[1]. Thus, neurological impairments that are associated with neurodegenerative con-
ditions might be caused by neuronal dysfunction to some extent rather than neuronal
loss. These studies also demonstrate that symptoms arise from neuronal dysfunction
which precedes neuronal death [1]. In HD mice model, as in most of the other triplet
repeat diseases, the mutant huntingtin proteins form misfolded nuclear aggregates,
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which are highly insoluble. The double mutant huntingtin transgenic mice, in which
the bidirectional transgene expression is activated by the removal of doxycycline at
birth, express high levels of both mutant huntingtin and lacZ in the striatum, cortex,
and hippocampus [2, 3]. Most of striatal neurons are stained with an anti-huntingtin
antibody, showing diffuse nuclear aggregates. By 8 weeks of age, striatal morpho-
logical alterations in the mutant huntingtin transgenic mice include a reduced size,
reactive gliosis, and a decrease in D1 receptors (a feature seen in HD patients).
All of the mice at this age also show a behavioral abnormality common to mouse
models of HD: when suspended by their tails, they clasp their limbs. This behavioral
phenotype was aggravated over time. Neuropathological examination demonstrated
the colocalization of various molecular chaperones, ubiquitin, and proteasome sub-
units with the aggregated proteins. Surprisingly, abolishing the expression of mutant
huntingtin by Cre-loxP system in mutant huntingtin transgenic mice with neurode-
generative phenotype results in either a halt of the disease progression or a full
recovery from the disease phenotype including pathological changes [2, 3]. This
observation indicates that irreversible changes that commit the neurons to persistent
dysfunction or death do not necessarily take place in the neurodegenerative process.
These observations suggest that therapeutic approaches aiming at elimination of
misfolded proteins might be effective in treating neuronal dysfunction. Furthermore,
the recovery from motor disturbances indicates that plastic changes can occur when
the toxic insult ceases [3]. Recent studies of mutant huntingtin transgenic mice show
that the neuronal dysfunction may be caused by misfolded mutant huntingtin pro-
tein, at synaptosomal proteasome and mitochondria, which seem to trigger vicious
cycles of aberrant neuronal activity [4].

4.2 Neuronal Dysfunction Is Not Treatable by Anti-Cell
Death Therapy

Although an important role of apoptosis is implicated in neurodegenerative diseases,
data from both humans and animal models indicate that neurodegeneration is often
a long-lasting process that finish with cell death only after a prolonged period of
disease state.

In PD model mice study, although peptide inhibitors of caspases block 1-methyl-
4-phenylpyridinium (MPP+)-induced dopaminergic neuronal death, dopaminer-
gic neuronal terminals are not rescued [5]. Similarly, adenovirus-mediated trans-
gene expression of X-linked inhibitor of apoptosis protein (XIAP) blocks death of
dopaminergic neurons in a N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced PD mouse model, but does not prevent the decrease of dopaminergic
terminal markers in the striatum [5]. Moreover the resistance of the dopaminergic
neurons in the pro-apoptotic Bax protein knockout mice against MPTP toxicity is
accompanied by a significant, although less prominent, sparing of striatal dopamine
contents [6]. In the superoxide dismutase 1 (SOD1) transgenic mouse models of
amyotrophic lateral sclerosis (ALS) study, we have also shown that overexpression
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of XIAP in spinal motor neurons rescues cell bodies of motor neuron without
inhibition of neuronal dysfunction [7]. Similarly, removal of Bax gene resulted in
complete rescue of cell bodies of motor neurons in ALS model mice, but denervation
and axonal degeneration still occurred [8, 9]. Moreover with Bcl-2 transgenic mice
crossed with pmn mice to block cellular apoptosis, motor neurons were completely
rescued, but motor axons degenerate to the same extent as in pmn mice with normal
levels of Bcl-2, and there is no change in muscle strength or life span [9, 10]. Consis-
tent with these findings, although an important role for synaptic caspase activation
and apoptosis has been proposed, axonal degeneration after withdrawal of trophic
support occurs without activation of caspases in contrast to cell death of the cell
body [9, 11]. These studies support the idea that axonal degeneration/dysfunction
may proceed independently from the molecular events regulating cell death, and
that apoptosis plays a critical role in neuronal cell body death, and neuronal dys-
function is not treatable by anti-cell death therapy. Therefore, anti-dysfunction
therapies which target axonal degeneration/dysfunction are promising for treatment
of neurodegenerative diseases.

4.3 Morphological Aspects of Neuronal Dysfunction
Caused by Protein Aggregation/Misfolding in Human
Neurodegenerative Disorder

It is hard to morphologically evaluate the neuronal dysfunction caused by pro-
tein aggregation/misfolding in the central nervous system, because neurons possess
intricate three-dimensional structure, and are embedded deep in the brain which
prevents accurate observation of cell shape. In contrast, morphological evaluation of
the peripheral nervous system shows that degeneration of the cardiac sympathetic
nerve occurs in PD and diffuse Lewy body disease, both of which are caused by
accumulation of misfolded α-synuclein, and that degeneration of their distal axons
precedes loss of their neuronal cell bodies in the paravertebral sympathetic ganglia
[12]. This interesting observation suggests that distal dominant axonal degeneration
precedes cell death not only in peripheral sympathetic, but central dopaminergic
neurons of PD. Moreover, it is implicated that the centripetal degeneration may
represent the common pathological process underlying various neurodegenerative
disorders.

In ALS study, there are data supporting the hypothesis that the pathology of ALS
starts with distal axonal degeneration [9]. Neuropathological studies, by quantita-
tive morphometry, demonstrate a distal-to-proximal gradient of axonal pathology
in phrenic nerves from ALS patients [9, 13]. Moreover, an autopsy case of an
ALS patient, who died unexpectedly during a minor surgical procedure, revealed
severe denervation and reinnervation changes demonstrated by electromyography,
but there were no detectable changes in the corresponding spinal motor neuronal
cell bodies [9, 14]. Threshold tracking, which measures axonal excitability, is an
alternative electrophysiological technique that demonstrates early abnormalities in
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ALS patients. An apparent increase in persistent Na+ current and a decrease in K+
conductance is observed in two ALS patients [9, 15, 16], and these changes are more
prominent distally than proximally [9, 17]. Genetical studies of ALS also provide
further evidence for the potential importance of axonal pathology in ALS [9, 18].

4.4 Protein Misfolding and Axonal Degeneration
in Experimental Animal Models

Recent studies demonstrate that genetically engineered mice with misfolded protein
accumulation display axonal degeneration phenotype [19].

One of the excellent examples is the knockout mouse of an essential autophagy
gene, Atg7, whose alterations have also been observed in several neurodegenerative
diseases [20, 21]. Ablation of panneuronal autophagy causes ubiquitin-p62 positive
aggregation in neuronal cell body [20, 21]. Conditional knockout of Atg7 in Purkinje
cells initially causes cell-autonomous, progressive dystrophy (manifested by axonal
swellings) and degeneration of the axon terminals [22]. Consistent with suppres-
sion of autophagy, no autophagosomes are observed in these dystrophic swellings
[22]. Axonal dystrophy of mutant Purkinje cells proceeds with little sign of den-
dritic or spine atrophy, indicating that axon terminals are much more vulnerable to
autophagy impairment than dendrites. This early pathological event in the axons
is followed by Purkinje cell death. Furthermore, ultrastructural analyses of mutant
Purkinje cells reveal an accumulation of aberrant membrane structures in the axonal
dystrophic swellings, indicating that the autophagic machinery component Atg7 is
required for membrane trafficking and turnover in the axons, and that impairment
of axonal autophagy as a possible mechanism for axonal degeneration associated
with neurodegeneration [22]. Accordingly, significant accumulation of ubiquiti-
nated proteins is noted in Atg7-deficient brain, but their levels, especially insoluble
ubiquitinated proteins, are lower than in Atg7-deficient liver, and formation of
the inclusion is found in restricted groups of neurons. Several ubiquitin-positive
aggregates are recognized in Atg7-deficient brain regions in the presence of mild
neuronal loss [22]. Direct degradation of aggregates/misfolded protein by autophagy
is contradictory to the recent hypothesis that the generation of protein aggregates
represents a protective mechanism [23]. However, the primary targets of autophagy
are likely to be diffuse cytosolic proteins, not inclusion bodies themselves, suggest-
ing that inclusion body formation in autophagy-deficient cells is an event secondary
to impaired general protein turnover [23]. However, it is still possible that mis-
folded proteins in soluble or oligomeric states could be preferentially recognized by
autophagosomal membranes, which might also be mediated by ubiquitin–p62–LC3
interactions [23, 24].

A recent study also showed that axonal degeneration is relevant to autophagy
caused by protein mislocalization [25]. Adaptor protein-4 (AP-4) is a member of
the adaptor protein complexes, which control vesicular trafficking of membrane
proteins. Although AP-4 has been suggested to contribute to basolateral sorting
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in epithelial cells, its function in neurons is unknown. A recent study showed
that disruption of the gene encoding the β subunit of AP-4 resulted in increased
accumulation of axonal autophagosomes, which contained alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors and transmembrane AMPA
receptor regulatory proteins (TARPs), in axons of hippocampal neurons and cere-
bellar Purkinje cells both in vitro and in vivo [25]. AP-4 indirectly associates
with the AMPA receptor via TARPs, and the specific disruption of the interac-
tion between AP-4 and TARPs causes the mislocalization of endogenous AMPA
receptors in axons of wild-type neurons. These results indicate that AP-4 may reg-
ulate proper somatodendritic-specific distribution of its cargo proteins, including
AMPA receptor-TARP complexes and that protein mislocalization may disturb the
autophagic pathway(s) in neurons [25].

4.5 Therapeutic Approaches to Treat Neuronal Dysfunction
by Axonal Protection

4.5.1 Axonal Regeneration

From previous studies showing that neuronal dysfunction, which may morpholog-
ically reflect axonal degeneration by misfolded proteins, precedes neuronal cell
death, we hypothesized that axonal regeneration may protect axons from degenera-
tion and have therapeutic effects against neuronal dysfunction in neurodegeneration
[26]. We have tested this hypothesis using anti-LINGO-1 antagonists in experimen-
tal PD models induced by either oxidative (6-hydroxydopamine) or mitochondrial
(MPTP) toxicity [25]. LINGO-1 is the nervous system-specific leucine-rich repeat
Ig-containing protein, and associated with the Nogo-66 receptor (NgR) complex
and is endowed with a canonical EGF receptor (EGFR)-like tyrosine phosphory-
lation site, playing a critical role as an inhibitor of axonal regeneration (Fig. 4.1)
[27, 28]. LINGO-1 antagonists, which block signal transduction of LINGO-1 com-
plex (Fig. 4.2) [28], include decoy protein LINGO-1-Fc, Lenti-virus-dominant
negative LINGO-1, and anti-LINGO-1 blocking antibody. We examined the role of
LINGO-1 in cell damage responses of dopaminergic neurons. In LINGO-1 knock-
out mice, dopaminergic neuronal survival is increased and behavioral abnormalities
are reduced compared with wild-type ones. This neuroprotection is accompanied
by increased Akt phosphorylation [26]. Similar in vivo neuroprotective effects
on midbrain dopaminergic neurons are obtained in wild-type mice by blocking
LINGO-1 activity using LINGO-1-Fc protein which inhibit LINGO-1 function.
Neuroprotection and enhanced neurite growth are also demonstrated for midbrain
dopaminergic neurons in vitro [26]. LINGO-1 antagonists improve dopaminergic
neuronal survival in response to MPTP in part by mechanisms that involve activa-
tion of the EGFR/Akt signaling pathway through a direct inhibition of the binding
LINGO-1 to EGFR (Fig. 4.3) [26]. LINGO-1 is also upregulated in compromised,
probably dysfunctional, neurons in spinal cord injury [29] or kainic acid injection
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Fig. 4.1 Molecular signaling of Nogo-66 receptor (NgR) complex. The potential role of LINGO-1
is revealed as a component of NgR complex, which is comprised of NgR and p75 neurotrophin
receptor (p75NTR) or an orphan TNF receptor Taj/Troy [27, 28]. Activated p75NTR binds the
RhoA-GTP dissociation inhibitor (Rho-GDI), thus enabling RhoA activation via the exchange
of GDP for GTP, and inhibits axonal regeneration upon binding to inhibitory molecules such
as myelin-associated glycoprotein (MAG), oligodendrocyte myelin glycoprotein (OMgp), and
Nogo-66 (Nogo) expressed in oligodendrocytes[40, 41]

Fig. 4.2 Functional mechanisms of LINGO-1 antagonist(s). LINGO-1-Fc, one of LINGO-1 antag-
onists, is the soluble, truncated form of LINGO-1, and inhibits LINGO-1 modulating signaling
transduction by inhibiting LINGO-1 to bind its binding protein(s) [26, 28]
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Fig. 4.3 LINGO-1 effect on EGF receptor (EGFR). LINGO-1 binds EGFR, and regulates EGFR
expression level, leading to control axonal regeneration and neuronal survival via phosphorylation
of Akt [26, 28]

[30]. We found that LINGO-1 expression is elevated in compromised, dysfunctional
neurons including in the substantia nigra of PD patients compared with age-matched
controls and in animal models of PD after neurotoxic lesions [25]. These results
show that inhibitory agents of LINGO-1 activity can protect dopaminergic neu-
rons from degeneration caused by PD. It is necessary to test whether LINGO-1
inhibition of function has protective effects on genetic PD models and/or other
neurodegenerative disease models in the future.

4.5.2 Anti-Wallerian Degeneration

Axonal degeneration in “dying back” disorders seems to be different from Wallerian
degeneration which is triggered by focal lesion (Fig. 4.4) [19]. However, appar-
ent differences in the directionality of degeneration have been controversial [19].
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Fig. 4.4 “Dying back” and focal lesion models of axonal degeneration/dysfunction. The cen-
tripetal axonal degeneration in neurodegenerative disease may be caused either by the “dying back”
process or by repetitive Wallerian degeneration from focal lesion(s) [19]

Wallerian degeneration is a simple experimental model of axonal degeneration, in
which the distal stump of an injured axon degenerates rapidly after a reproducible
latent phase [19]. In Wallerian degeneration slow (WldS) mice, Wallerian degen-
eration in response to axonal injury is delayed because of a mutation that results
in overexpression of a chimeric protein (WldS) composed of the ubiquitin assem-
bly protein Ufd2a and the nicotinamide adenine dinucleotide (NAD) biosynthetic
enzyme Nmnat1 [31]. With the discovery of the WldS mouse, the hypothesis could
be tested. In WldS mice, injury-induced Wallerian degeneration is delayed ∼tenfold
(for 2–3 weeks) by a dominant mutation that acts intrinsically in neurons. In cross-
breeding with progressive motor neuronopathy (pmn) mice and myelin protein zero
(P0) null mutants, a model of Charcot-Marie-Tooth disease, WldS significantly
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delayed axonal degeneration [19]. In the central nervous system, WldS also protects
against both genetic and toxic insults. Some nigrostriatal axons, which degenerate
in PD, are spared and remain functional after 6-hydroxydopamine lesions in WldS
mice [19, 32]. Axonal spheroids, which are presumably composed by misfolded
protein(s) accumulation, are reduced in number in the gracile tract of mice with
gracile axonal dystrophy (gad), deficient in ubiquitin carboxyterminal hydrolase
L1 (UCHL1) crossed with WldS mice [19, 33]. Not all axonal degeneration is
delayed by WldS. WldS have modest effect on the ALS model mice with protection
of the terminal axon only at its early stage [34, 35]. The failure to protect axons
under certain circumstances indicates the existence of multiple axonal degeneration
mechanisms. WldS may have protective effect(s) in rapidly degenerative or acute
disorders.

4.5.3 Autophagy Enhancement

It is reasonable to assume that autophagy could represent a therapeutic target for
axonal degeneration because the deletion of essential components of autophagy
causes axonal degeneration, and relevance(s) of autophagy with degeneration are
observed in several neurodegenerative diseases [23]. Autophagy enhancement by
the regulatory protein kinase complex Target of Rapamycin (TOR) inhibitors such
as rapamycin and its analogue CCI-779 protects against neurodegeneration seen in
polyglutamine disease models in Drosophila and mice [23, 36]. A screened small
molecule enhancers of rapamycin improve the clearance of mutant huntingtin and
α-synuclein, and protect against neurodegeneration in a fruit-fly HD model [23, 37].
These results provide us with the evidence supporting autophagy enhancement as a
therapeutic strategy against the toxicity of misfolded proteins in neurodegenerative
diseases.

Tsc2, also known as tuberin, is a GTPase activating protein that regulates the
G protein Rheb, an activator of mTOR (mammalian Target of Rapamycin) [38].
Tuberous sclerosis is a single-gene disorder caused by heterozygous mutations in
the TSC1 or TSC2 genes and is frequently associated with mental retardation, autism
and epilepsy [38]. Even individuals with tuberous sclerosis and a normal intelli-
gence quotient are commonly affected with specific neuropsychological problems,
including long-term and working memory deficits [38]. Mice heterozygous for the
deletion of the Tsc2 gene in Tsc2(+/−) mice show deficits in learning and memory
[38]. A recent study showed that hyperactive hippocampal signaling led to abnormal
long-term potentiation in the CA1 region of the hippocampus and consequently to
deficits in hippocampal-dependent learning in TSC mice [38]. Moreover, a brief
treatment with the mTOR inhibitor rapamycin in adult mice rescues not only the
synaptic plasticity, but also the behavioral deficits in this animal model of tuberous
sclerosis, demonstrating that treatment with mTOR antagonists ameliorates cogni-
tive dysfunction in the TSC mice model [38]. Autophagy may be included in axon
and/or synaptic dysfunction in degeneration via the mTOR signaling pathway(s).
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4.5.4 Stabilization of Microtubules

In tauopathy model(s), misfolded mutant tau protein causes axonal dysfunction/
degeneration [39]. Microtubule-binding drugs can be therapeutically beneficial in
tauopathy models by functionally substituting for the microtubule-binding pro-
tein tau, which is sequestered into inclusions of human tauopathies and transgenic
mouse models [39]. Mutant tau transgenic mice treated with paclitaxel (Paxceed)
showed that fast axonal transport in spinal axons is restored, and that microtubule
numbers and stable tubulins are increased compared with sham treatment [39].
Moreover, Paxceed ameliorated motor impairments in tau transgenic mice [39].
Thus, microtubule-stabilizing drugs have therapeutic potential for axonal dysfunc-
tion/degeneration, in tauopathies by offsetting losses of tau function that result from
the sequestration of this microtubule-stabilizing protein into filamentous misfolded
inclusions [39].

4.6 Concluding Remarks

Accumulating experimental evidence suggests that protection/functional repair of
axons (Fig. 4.5) can be a general therapeutic strategy for neuronal dysfunction
caused by misfolded protein(s) deposition in neurodegenerative disease(s). The
translation of these results into human disease therapies should be done in the near
future.

Fig. 4.5 Anti-dysfunction therapy for axonal protection and anti-cell death therapy for inhibit-
ing neuronal loss. Neuronal dysfunction in neurodegeneration is reversible. Axonal regeneration,
anti-Wallerian degeneration, autophagy enhancement, and/or stabilization of microtubules may
be effective as anti-dysfunction therapies by protecting axon from neurodegenerative diseases,
although anti-cell death therapies may inhibit only neuronal cell body loss
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Abbreviations

amyotrophic lateral sclerosis (ALS)
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
adaptor protein-4 (AP-4)
EGF receptor (EGFR)
Huntington’s disease (HD)
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
mammalian target of rapamycin (mTOR)
Parkinson’s disease (PD)
progressive motor neuronopathy (pmn)
transmembrane AMPA receptor regulatory protein (TARP)
leucine-rich repeat Ig-containing protein (LINGO-1)
Wallerian degeneration slow (Wlds)
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Chapter 5
Endoplasmic Reticulum Stress
in Neurodegeneration

Jeroen J.M. Hoozemans and Wiep Scheper

Abstract Accumulation of misfolded proteins in the endoplasmic reticulum trig-
gers a cellular stress response called the unfolded protein response (UPR) that
protects the cell against the toxic buildup of misfolded proteins. Neurodegenerative
disorders like Alzheimer’s disease, Parkinson’s disease, prion disease, Huntington’s
disease, frontotemporal dementia, and amyotrophic lateral sclerosis are character-
ized by the accumulation and aggregation of misfolded proteins. In this chapter we
will discuss the different levels of protein quality control systems in the endoplas-
mic reticulum. The role of these systems and especially the UPR will be reviewed
in view of current data about the expression and role of the UPR markers in the
pathology of neurodegenerative disorders.

5.1 Introduction

Neurodegenerative disorders are often characterized by the aggregation and accu-
mulation of misfolded proteins. Aggregated proteins are very toxic to cells in
culture, and both in vitro and in vivo there is overwhelming evidence that these
aberrant proteins are responsible for neurodegeneration. Protein quality control is
a cellular defense mechanism against misfolded proteins and prevents aggregate
formation under physiological condition. The presence of accumulated aggregates
of misfolded proteins in many neurodegenerative disorders, suggests that pro-
tein quality control failed to restore homeostasis, indicating the importance of
proper quality control and suggesting that it may provide a target for therapeutic
intervention. In this chapter we will focus on the protein quality control systems
in the endoplasmic reticulum (ER), where all non-cytosolic proteins are synthe-
sized. The involvement of ER quality control in neurodegenerative diseases will be
addressed.
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5.2 Protein Quality Control in the Endoplasmic Reticulum

In mammalian cells, proteins are co-translationally imported in the ER, where
they are kept in a folding competent state by chaperone proteins, among which
the ER heath shock protein (Hsp)70 family member BiP (heavy chain binding
protein or glucose-regulated protein 78, Grp78). The immature N-glycans are trans-
ferred, probably co-translationally and initial processing of N-glycans occurs in the
ER. Also intermolecular disulfide bridges are formed, facilitated by the oxidizing
environment. Misfolding of polypeptide chains in the ER may occur in case of
overexpression, mutations or aberrant post-translational processing. To ensure the
fidelity of protein synthesis and folding, quality control systems are in place. When
misfolding occurs, the first line of defense involves refolding, mediated by chaper-
one proteins. If this fails the misfolded protein will be targeted for degradation. In
case the refolding/degradation machinery is impaired or insufficient to deal with the
protein load it is presented with, a stress response is activated. This involves upregu-
lation of refolding and degradation factors, but if the misfolded protein stress is too
severe, a cell death program will be activated. In the next sections we will discuss
the sequential steps of protein quality control in the ER: Folding (Chaperones, 2.1),
triage (ERAD, 2.2), degradation (2.3 Ubiquitin proteasome system and autophagy),
stress response (Unfolded protein response, 2.4) and cell death (2.5).

5.2.1 Folding: Chaperones

The first line of defense against misfolded proteins is provided by chaperones that
bind to unfolded stretches in proteins and keep them in a folding-competent state
while preventing aggregation. Several cycles of binding and release are usually
required to obtain a folded protein. With these properties they also assist to dissolve
aggregates and target misfolded proteins for degradation. Many chaperones are also
called heatshock proteins (Hsp) because their expression is regulated by heat and
other forms of stress [1]. They are classified according to their molecular weight
(e.g. Hsp100, Hsp70, small Hsp [2]). Chaperones can be involved in folding of
specific proteins, bind to specific features in proteins (e.g. the lectins calnexin and
calreticulin that bind carbohydrate modifications) or have specific activities (e.g.
isomerases, that catalyze the cis-trans isomerisation of peptide bonds, or Ero1 an
oxidoreductase involved in disulfide bond formation). Of particular interest for the
prevention of aggregate formation is the Hsp70 class of chaperones [3]. In the ER,
the Hsp70 chaperone BiP (or Grp78) plays an important role in quality control. BiP
binds to small hydrophobic stretches in proteins, in cooperation with a co-chaperone
of the Hsp40 family. Binding requires ATP hydrolysis and with the help of an
exchange factor the ADP is exchanged for a new ATP, which will be hydrolyzed in
order to release the substrate, after which BiP may bind again. BiP is a key protein in
ER protein quality control and its proper function is essential to prevent aggregation.
This is illustrated by the observation that mutations in SIL1, an exchange factor
for BiP, cause aggregate formation and neurodegeneration in a spontaneous mouse
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model as well as in a human disease, Marinesco-Sjögren syndrome [4, 5]. This is
to our knowledge the only example of a mutation in the ER quality control system
leading to a hereditary neurodegenerative disorder. In contrast to other disruptions
of the ER quality control system, disruption of SIL1 in yeast is not lethal [6], which
may explain the rarity of such mutations.

5.2.2 Triage: ERAD

Secretory and transmembrane proteins are synthesized and folded in the ER. Mis-
folded proteins are exported from the ER and degraded by proteasomes in the
cytosol (a process called ERAD, ER associated degradation). The recognition of
misfolded substrates and targeting to the export channel in the membrane involves
different ER chaperones [7].

Several checkpoints are in place where a decision is made to let a protein pass,
repair it or target it for degradation (reviewed in [8]). There are specific molec-
ular mechanisms underlying this triage that can be different for different classes
of proteins, and depends on their localization (membrane associated or luminal,
[9, 10]). The best studied class is quality control of glycoproteins, which we will
use to illustrate the intricate machinery involved in ER quality control (reviewed
in [11]). The N-glycan structure in glycoproteins binds to calnexin and calreticulin
(“the calnexin/calreticulin cycle”). Trimming of the terminal glucose by glucosidase
II releases the protein from calnexin/calreticulin. Misfolded N-glycoproteins are
re-glucosylated by UDP-glucose-glycoprotein glycosyltransferase (UGT1) result-
ing in retention in the ER and re-entry in the calnexin/calreticulin cycle. This
calnexin/calreticulin cycle functions as a timer for folding, from which proteins
can still obtain their native fold. Prolonged interaction with calnexin/calreticulin
permits demannosylation. Improperly folded glycoproteins are transferred to ER
degradation-enhancing alpha-mannosidase-like proteins (EDEM1-3), that trim the
mannosidase tree and are keyfactors in targeting the misfolded glycoproteins to the
retrotranslocon [12]. The identity of this translocon is still not completely resolved,
but there is data to suggest that the Sec61 complex that is involved in import into the
ER is also involved in export [13, 14]. More recently, another channel with the pro-
tein Derlin-1 was shown to be involved in retrotranslocation as well [15, 16]. After
export to cytoplasm the proteins are degraded by the ubiquitin proteasome system
(UPS; see below). In order to be degraded, deglycosylation by peptide: N-glycanase
has to take place, which is probably associated with the ER membrane via Derlin-1
[17]. The AAA-ATPase P97/cdc48 is thought to play a role in unfolding the proteins
before feeding into the catalytic chamber of the proteasome [8, 18]. Reports indicat-
ing association of proteasomes with the ER membrane and more in particular with
the Sec61 channel [19, 20] suggest that retrotranslocated proteins may be fed into
the proteasome directly, without entering the cytosol. Recently, P58(IPK) has been
identified as a co-chaperone that functions to target proteins that are stalled during
translocation to the proteasome [21]. This is an important mechanism during ER
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stress, and again indicates a very direct coupling between the translocation channel
and the UPS.

5.2.3 Degradation: Ubiquitin Proteasome System and Autophagy

5.2.3.1 The Ubiquitin Proteasome System

The ubiquitin proteasome system (UPS) is the main cellular protein degradation
system that tags and targets aberrant and misfolded proteins for destruction [22, 23].
This cytosolic system therefore plays an essential role in ER protein quality control
[24]. A first step is the tagging of the substrate proteins by the covalent attachment
of a poly-ubiquitin chain to the protein, which is a three step process [25]. This is
initiated by the activation of ubiquitin by E1 enzymes, which is subsequently trans-
ferred to an E2 conjugating enzyme, which facilitates the attachment of ubiquitin
to a lysine residue in the target protein by an E3 ubiquitin ligase. The substrate
specificity lies within the E3 enzyme, which therefore encompasses the largest class
of ubiquitinating enzymes [26]. Hrd1 for example is a ubiquitin ligase specifically
involved in ERAD of a broad range of substrates [10]. Parkin is a ubiquitin lig-
ase that mediates the degradation of a limited number of substrates. It is found
mutated in autosomal-recessive juvenile parkinsonism (AR-JP, see also Section 3.2
below) and this leads to the accumulation of specific proteins among which the Pael
receptor [27].

The polyubiquitinated substrates are targeted for destruction to the 26S protea-
some [28]. The 20S core is a chamber that consists of two central rings containing
the catalytic β subunits, and two distal α rings. The 19S lid is a regulatory complex
required for binding of polyubiquitinated substrates and the site for deubiquitina-
tion. The exact mechanism of the delivery of polyubiquitinated cargo to the 26S
proteasome is not fully elucidated yet, but it is clear that a number of “escort-factors”
like Rad23, Dsk2 and Cdc48 are involved [29, 30]. The target protein is unfolded
and fed into the 20S core of the proteasome, where the protein is degraded by
three enzymatic activities residing in the β-rings: Trypsin-like, chymotrypsin-like
and PGPH-like [31].

5.2.3.2 Autophagy

Autophagy is a lysosomal pathway for the turn-over of organelles and long-lived
proteins and has been identified initially as a cellular survival response to star-
vation [32]. This involves the wrapping of an isolation membrane around cell
organelles or other structures, like proteins aggregates. This initial phagophore is
elongated and finally ends up as autophagosome when the edges of the membrane
fuse resulting in a double membrane structure. The autophagy process is regulated
and executed by autophagy related proteins (Atg’s), such as Atg 5 and Atg 16.
Although the exact function of these factors is largely unknown, the conjugation
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of the ubiquitin-like protein Atg 12 to Atg 5 appears to be an important step in
enlargement of the phagophore membrane [32]. During formation of the autophago-
some, the microtubule-associated protein light chain 3 protein (LC3) is recruited and
modified with phosphatidylethanolamine. This conversion from LC3-I to LC3-II
is a widely used marker of autophagy [33]. Subsequently, the outer membrane of
the autophagosome fuses with a lysosome to form an autophagolysosome, where
the sequestered material is degraded [34]. For long, autophagy was thought of as a
mechanism that is only used for degradation of proteins under extreme conditions
(i.e. amino acid starvation). However, recent studies of mice that are incapable to
activate autophagy due to a deficiency in Atg5 [35] or Atg7 [36], revealed accu-
mulation of protein aggregates. This occured most notably in neurons and the mice
presented with neurodegeneration. This shows that autophagy plays an important
role in protein quality control under normal conditions [37]. There is a growing
body of evidence that autophagy is triggered by proteasome impairment, indicating
that the two degradational pathways used by the ER are tighly coupled [38, 39].
ER activated autophagy has even been termed ERADII [40]. More importantly,
autophagy protects against ER stress toxicity [41, 42].

5.2.4 Stress Response: The Unfolded Protein Response

Accumulation of misfolded proteins in the ER leads to induction of the unfolded
protein response (UPR) [43]. The UPR is initiated by the binding of the ER Hsp70
chaperone BiP to the misfolded proteins. This releases BiP from three sensors
at the ER membrane that are subsequently activated: The RNA-activated protein
kinase R (PKR)-like ER kinase (PERK), activating transcription factor 6 (ATF6) and
inositol requiring enzyme 1 (Ire1). The activation of PERK is initiated by autophos-
phorylation, which results in translational attenuation through phosphorylation of
eukaryotic initiation factor2α (eIF2α) [44]. This prevents the further build-up of
protein load in the ER. Paradoxically, this leads to selective translation of activating
transcription factor 4 (ATF4). ATF4 contains short open reading frames upstream
in its 5′ UTR that inhibit translation of ATF4 under normal conditions [45]. When
eIF2α is phosphorylated and becomes limiting (e.g. during activation of the UPR),
this allows “leaky” scanning of the ribosome so that the ATF4 startcodon can be
used. ATF4 activates transcription of pro-survival genes, but also induction of the
pro-apoptotic gene C/EBP homologous protein (CHOP) is highly dependent on
ATF4 (see below). Dephosphorylation of eIF2α is facilitated by growth arrest- and
DNA damage-inducible gene (GADD) 34 and relieves the translation block [46].
Release of BiP from ATF6 allows its transport to the Golgi, where it is processed
by site1 and site2 proteases [47]. This releases ATF6 from the membrane after
which it translocates to the nucleus, where it activates transcription of ER stress
response genes. Ire1 is also activated by autophosphorylation upon BiP release. The
phosphorylation activates the endonuclease activity of Ire1, which leads to the non-
conventional cytoplasmic splicing of X-Box binding protein 1 (XBP1) mRNA [48].
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The splicing excises a 26 nt intron, shifting the reading frame and resulting in a
larger product the active transcription factor XBP1, that also activates transcription
of ER stress responsive genes. The shorter protein synthesized from the unspliced
XBP1 mRNA functions as a suppressor of the UPR, by sequestering the spliced
XBP1 and targeting it for degradation [49]. The transcriptional activation of ER
stress responsive genes is mainly mediated by ATF6 and XBP1 [50], resulting in
the increased expression of ER chaperones and ERAD components. Recently it has
become clear that different classes of genes differ in their requirement for either
ATF6 or XBP1 [51].

5.2.5 ER-Stress-Induced Cell Death

The UPR is aimed to restore homeostasis when misfolded proteins accumulate, but
prolonged stress will activate an apoptotic program (reviewed in [46]). This may
involve specific caspases; it has been suggested that caspase 12 in rodents and
caspase 4 in humans are responsible for ER stress mediated apoptosis [52, 53].
CHOP, also known as GADD153 [54] is an ER stress responsive gene, activated
by all UPR transducers (see above) and therefore an important protein in ER stress
mediated apoptosis [46]. CHOP deficient fibroblasts are more resistant to cell death
induced by ER stress [55]. One of the genes induced by CHOP is GADD34. The
resulting restoration of translation (see above) is thought to facilitate synthesis of
pro-apoptotic factors, in fact, inhibition of GADD34 inhibits ER stress toxicity [56].
In addition, ER stress activates apoptosis signal regulating kinase (ASK 1) through
formation of an Ire1-TRAF2-ASK1 complex, subsequently leading to activation of
apoptosis via the Jun Kinase pathway [57].

5.3 ER Stress in Neurodegenerative Disorders

Neurons are particularly vulnerable to the toxic effects of mutant or misfolded pro-
teins. Because they are post mitotic cells they rely on protein quality control and
stress responses like the UPR to adapt to and survive in a constantly changing envi-
ronment. Neurodegenerative disorders like Alzheimer’s disease (AD), Parkinson’s
disease (PD), prion disease, Huntington’s disease (HD), frontotemporal dementia
(FTD), and amyotrophic lateral sclerosis (ALS) are characterized by the aggrega-
tion and accumulation of misfolded proteins. Neurodegenerative diseases may also
be caused by specific mutant proteins that accumulate as misfolded proteins and
escape degradation, but more often this is not the case. Since age is an important risk
factor for several neurodegenerative disorders, age-related decrease in proteasome
activity and the increase of reactive oxygen species in the aging brain could con-
tribute to decreased removal and the increasing build-up of misfolded and unfolded
proteins [58–60]. The UPR- and ER stress-induced cell death are therefore likely to
be involved in the pathogenesis of several neurodegenerative disorders (for overview
see Table 5.1).
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Table 5.1 UPR markers in neuropathology

Neurodegenerative disorders
characterized by protein
aggregation

Toxic protein UPR markers described in
pathology

References

Alzheimer’s disease Aβ, tau BiP, pPERK, peIF2α,
hHRD1

[62–64, 67]

Parkinson’s disease α-synuclein BiP, pPERK, peIF2α [89]
Prion disease PrPSc BiP, caspase 12 [64, 93]
Tauopathy tau pPERK, peIF2α [64]
Polyglutamine disease polyQ not determined –
Amyotrophic lateral sclerosis SOD1 not determined –

White matter disorders

Multiple sclerosis – CHOP, BiP, XBP1 [113]
Vanishing White Matter

disease
– pPERK, peIF2α, ATF4,

CHOP, XPB1, GADD34,
ATF6

[118, 119]

5.3.1 Alzheimer’s Disease

AD is the most prevalent neurodegenerative disease and the most common form of
dementia. Deposits of aggregated proteins are a prominent neuropathological hall-
mark of AD: intracellular aggregates of tau in the neurofibrillary tangles (NFTs) and
extracellular aggregates of β-amyloid (Aβ) in the senile plaques. AD thus represents
a prime example of a protein folding disease [61].

Several reports of our group and others, have indicated that UPR activation is
increased in AD brain [62–64]. This is in contrast to other reports that either showed
a decrease of BiP in AD patients [65] or no differences at all between controls, spo-
radic or presenilin 1 (PS1) mediated familial AD patients [66]. These differences
may be explained by the use of different antibodies (a generic anti-KDEL antibody
and BiP specific antibodies in the other studies), or analysis of different brain areas.
Compared to nondemented control cases, increased protein expression levels of the
ER chaperone BiP, which is indicative for UPR activation, are found in the temporal
cortex and the hippocampus of AD cases [63]. Comparing the expression of BiP
in the different pathological stages of AD pathology (Braak stage) suggests that
UPR activation occurs relatively early in AD. It appears that BiP immunoreactivity
is primarily observed in healthy neurons [62, 63]. More direct evidence that the
UPR is activated in AD neurons is provided by the detection of phosphorylated
(activated) PERK and phosphorylated eIF2α [63, 67] (Fig. 5.1a,b). When activated,
PERK phosphorylates eIF2α, which subsequently inhibits the assembly of the 80S
ribosome and thereby facilitates the translational block of the UPR. Although eIF2α

can also be phosphorylated by protein kinase R, the similar distribution and colo-
calization of pPERK and peIF2α in AD brain (Fig. 5.1c,d) suggests that eIF2α

is directly phosphorylated by PERK upon induction of ER stress in AD neurons.
Double-labeling experiments on AD brain tissue show that neurons with increased
levels of BiP or pPERK do not contain NFTs as observed by immunoreactivity for
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Fig. 5.1 Immunohistochemical detection of UPR activation markers in Alzheimer’s and Parkin-
son’s disease. (A) AD cases show increased neuronal expression of pPERK (DAB, brown) in the
CA1 region and subiculum of the hippocampus. Nuclei are stained with haematoxylin. (B) Also
peIF2α (DAB, brown) expression in neurons in the hippocampus of AD cases is indicative of UPR
activation in AD. (C) pPERK (DAB, brown) and peIF2α (AEC, red) colocalize in AD neurons
in the hippocampus. (D) Double immunohistochemistry as shown in (C) analyzed using a spectral
imaging system [89]. The different reaction products were spectrally unmixed: green, pPERK; red,
peIF2α; blue, haematoxilin. (E) Double immunohistochemistry for pPERK (red) and α-synuclein
(blue) shows double-labeling of melanin containing dopaminergic neurons in the substantia nigra
in a PD case. (F) Staining as shown in (E) unmixed by spectral imaging: red, pPERK; green,
α-synuclein; blue, haematoxilin; white, neuromelanin

phosphorylated tau. However, pPERK immunoreactivity can be observed in neurons
that show diffuse labeling for phosphorylated tau. This suggests that an increase in
UPR precedes the formation of NFTs. Interestingly, in our studies we find that Rab6,
a protein involved in retrograde trafficking from the Golgi to the ER is upregulated
in AD in a manner that correlates strongly with the levels of ER stress [68]. Our
data indicate that the Rab6 pathway is a post-ER protein quality mechanism, and
therefore it appears that an array of protein quality control in the secretory pathway
is activated during AD pathogenesis [69].

Taken together, these data suggest that UPR activation is initiated as a protective
response in the early stages of AD pathology to increase ER associated protein
degradation. For instance, hHRD1, a recently identified ubiquitin ligase involved
in the ER-associated protein degradation [70], has been found to be expressed in
pretangle neurons in AD hippocampus [71].



5 Endoplasmic Reticulum Stress 119

Alternatively, ER stress may also aggravate the severity and/or accelerate the
onset of the disease by favoring amyloidogenic processing of the amyloid precur-
sor protein (APP) [72]. Although ER stress has been shown to be involved in AD
pathogenesis, the aggregated proteins, i.e. tangles and plaques, are not found in the
ER. This raises the question about the source of the ER stress. First indications
that suggested that protein quality control mechanisms are involved in AD came
from studies showing increased ubiquitin immunoreactivity. Ubiquitin colocalizes
with NFTs, neuritic plaques and neuropil threads [73] and it has been suggested
that dysfunction in ubiquitin-mediated proteolysis and the resulting accumulation
of ubiquitin-conjugated proteins may contribute to the origination of dystrophic
neurites and NFTs. However, it is unlikely that the UPR activation is secondary
to decreased proteasomal activity, as the latter is observed only in the final stages of
AD [74].

In vitro studies have demonstrated that Aβ1–42 is generated in the ER of neuronal
cells [75, 76] and although it is unclear how extracellular Aβ signals to the ER,
it has been shown that extracellular Aβ can induce the UPR [77–79]. Aβ induces
Ca2+ release from the ER [80] and inhibition of Ca2+ release, which concomitantly
attenuates the upregulation of BiP, partly relieves Aβ toxicity [77]. In contrast,
upregulation of BiP is also suggested to be protective in Aβ toxicity [78]. These
apparently contradicting observations may relate to the balance between protective
and destructive responses of the UPR in AD pathology [69]. A direct correlation
between intracellular Aβ and activation of the UPR during AD pathology needs to
be addressed in future studies.

5.3.2 Parkinson’s Disease

The typical clinical features of PD are caused by loss of dopaminergic neurons
from the substantia nigra pars compacta (SN). Pathologically, PD is characterized
by the accumulation of misfolded proteins [61, 81]. PD neurons show increased
presence of ubiquitinated protein deposits in the neuronal cytoplasm, called Lewy
bodies, and protein inclusions in the neurites. Lewy bodies are composed largely of
α-synuclein, a small presynaptic protein. The function of α-synuclein is still unclear,
but its involvement in PD pathogenesis is further indicated by a subset of familial
cases of PD that carry either a missense mutation in the α-synuclein gene or have a
duplication of the α-synuclein locus [82–85].

The involvement of the UPR in PD has, primarily, been shown in cellular
models using the PD mimetics 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-
pyridinium (MPP+) and rotenone [86]. More substantial evidence for a role of the
UPR in PD pathogenesis comes from a juvenile onset autosomal recessive form of
PD (AR-JP) that is caused by mutation of the parkin gene, which compromises the
ubiquitin ligase function of the protein [87]. This loss of activity results in accumu-
lation of a substrate of parkin in the ER of SN neurons, leading to ER stress and cell
death [27]. In addition, overexpression of wild-type or mutant α-synuclein induces
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UPR activation in yeast [88]. Although the involvement of the UPR in neuronal
cell death in PD pathogenesis is widely suggested, there is hardly any data on UPR
activation from post mortem studies on PD cases.

In a recent study we investigated the immunohistochemical expression and local-
ization of pPERK and peIF2α in the substantia nigra of PD and control cases [89].
Immunoreactivity for pPERK and peIF2α was absent in control cases and in PD
cases observed in neuromelanin containing neurons in the SN. Neurons in PD cases
positive for pPERK contained neuromelanin and increased immunoreactivity for
α-synuclein localized in the cytoplasm and/or α-synuclein positive Lewy bodies
(Fig. 5.1e,f). These data suggest a strong relation between α-synuclein and ER
stress in dopaminergic neurons. α-Synuclein could induce ER stress in different
ways. Overexpression of mutant forms of α-synuclein in neuronal cells leads to
formation of cytoplasmic aggregates and disruption of the UPS [90, 91]. Decreas-
ing protein degradation could induce the protein load in the ER, making the cell
more vulnerable for ER stress. Recently it was shown in different cellular mod-
els for PD that α-synuclein induces ER stress by disrupting ER-Golgi vesicular
trafficking [88].

The initial activation of the UPR in PD pathogenesis might have a neuropro-
tective role, in an attempt to remove the neurotoxic unfolded proteins. However,
on the long term ER stress and UPR activation play a critical role in neuronal cell
death in PD pathogenesis. In vitro studies indicate that ER stress is involved in
neuronal cell death promoted by parkinsonism-mimicking agents 6-OHDA, MPP+

and rotenone [86, 92]. Also α-synuclein aggregation in vitro results in protein accu-
mulation in the ER and activation of the UPR, resulting in cell death [88]. Removal
of this burden on the ER by stimulating protein trafficking out of the ER protects
dopaminergic neurons from α-synuclein induced cell death. These data indicate
that prolonged endurance of ER stress could determine the final outcome towards
neurodegeneration in PD.

5.3.3 Prion Disease

Prion disease or transmissible spongiform encephalopathies (TSEs) are fatal neu-
rodegenerative disorders that occur in humans (eg. Creutzfeldt-Jakob (CJD),
Gerstmann-Sträussler-Schenker disease (GSS), fatal familial insomnia (FFI), and
Kuru). These disorders are characterized by rapidly progressed neuronal loss and
by extracellular accumulation of the prion protein scrapie (PrPSc), a pathological
isoform of the normal cellular prion protein (PrP).

In prion-diseased patients that show no neurofibrillary pathology, no immunore-
activity for pPERK or peIF2α is observed [64]. Investigation of pPERK in brains of
scrapie-inoculated mice only showed low activation of PERK. These data suggest
no significant role for ER stress in neuronal death in prion diseases. Nonetheless,
increased caspase 12 activation and increased expression levels of ER-stress markers
Grp58, Grp78, Grp94 and Hsp70 in sporadic CJD and variant CJD human brain
samples have been reported [93]. It has been suggested that mutant PrP molecules
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are delayed in their exit from the ER and may therefore activate the UPR [94, 95].
In addition, the ER stress induced chaperone BiP interacts with mutant PrP retained
in the ER and mediates the degradation of PrP by the proteasomal pathway [95].
These data suggest that the BiP plays a role in maintaining the quality control in
the PrP maturation pathway. Nonetheless, activation of the UPR in prion disease
remains controversial. The pro-apoptotic transcription factor CHOP is not induced
in vitro in neuronal cells treated with PrPSc as well as in prion infected mice [96].
ER chaperones could be involved in the ER-associated degradation of PrP, however,
the absence of phosphorylated PERK, necessary for the induction of the proapop-
totic transcription factor CHOP, does not support that UPR activation is involved in
neuronal cell loss in prion disease [64, 96]. Because prion disease has a very rapid
progression, it is possible that the degeneration is too fast and severe at the time of
autopsy to allow detection of all UPR markers.

5.3.4 Tauopathies

Prominent filamentous tau inclusions and neurodegeneration in the absence of Aβ

deposits are hallmarks of tauopathies including sporadic corticobasal degeneration
(CBD), progressive supranuclear palsy (PSP), and Pick’s disease (PiD), as well as
hereditary FTD and parkinsonism linked to chromosome 17 (FTDP-17). Mutations
in the tau gene result in FTDP-17 and tau polymorphisms are genetic risk factors
for PSP and CBD. This indicates that tau abnormalities are linked directly to the
etiology and pathogenesis of these neurodegenerative disorders.

Unterberger and colleagues have described UPR activation in two cases with
tauopathy (CBD/PSP) [64]. In both cases, activated PERK was detected in the
frontal cortex and hippocampus, which also contained abnormal tau protein. In
addition to neurons, also in astrocytes and oligodendrocytes immunoreactivity for
pPERK could be observed. The presence of tau-positive glial inclusions is a consis-
tent feature in the brains of patients with PSP, CBD and PiD [97]. Remarkably, in the
tauopathy cases immunoreactivity for peIF2α could be observed in neurons, similar
to that seen in AD, but remained absent in the glia. Double labeling experiments
showed that pPERK colocalizes with phospho-tau in the neurons [64]. These data
together with the observation that pPERK is associated with phospho-tau containing
neurons in AD and prion disease cases [63, 64] suggest that UPR activation and
tau phosphorylation are closely linked during neurodegeneration. The link between
UPR activation and tau phosphorylation is still elusive. Several reports have shown
that ER stress results in increased activation of glycogen synthase kinase 3β (GSK-
3β) [98, 99]. GSK-3β is a physiological kinase for tau and is a candidate protein
kinase involved in the hyperphosphorylation of tau present in NFTs [100]. Alter-
natively, treating cells with nocodazole, which interferes with the polymerization
of microtubules, induces phosphorylation of eIF2α and increases the expression
of Grp94 [101]. Together these data suggest a connection between ER stress and
phosphorylation of tau in neurodegeneration.
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5.3.5 Polyglutamine Diseases

Expanded polyglutamine (polyQ) repeats found in different proteins can cause
human inherited neurodegenerative diseases, such as HD, spinobulbar muscular
atrophy, dentatorubral-pallidoluysian atrophy and spinocerebellar ataxia (SCA).
These disorders are characterized by accumulation of intracellular protein aggre-
gates and selective neuronal death. The role of the polyQ expansions in neuronal
death is under debate. So far it is unclear whether the polyQ protein aggregates are
deleterious for neurons or work neuroprotective. The induction of mitochondrial
dysfunction and subsequent excitotoxic injury, oxidative stress and apoptosis have
been suggested to be involved in the pathogenesis of polyglutamine diseases. It
has also been suggested that ER stress and UPR activation are involved in these
disorders. The cytoplasmic accumulation of polyQ triggers ER stress by inhibit-
ing the UPS, and subsequent caspase 12-mediated apoptosis [57, 102, 103]. Post
mortem brain samples from patients with HD show a decrease in ER-associated α-
glucosidase and fucosyl-transferase activities, suggesting that these changes reflect
highly specific alterations in glycoprotein synthesis and processing [104]. It remains
to be studied whether ER stress and UPR activation markers are present in brain
samples derived from patients afflicted by polyQ disorders.

5.3.6 Amyotrophic Lateral Sclerosis

ALS is characterized by the degeneration of motorneurons in the spinal cord, cortex
and brain stem, leading to muscle atrophy and paralysis [105]. Motor neuron loss is
accompanied by reactive gliosis, intracytoplasmic neurofilament abnormalities, and
axonal spheroids. In end-stage disease, there is significant loss of large myelinated
fibers in the corticospinal tracts and ventral roots as well as evidence of Walle-
rian degeneration and atrophy of the myelinated fibers [105]. Most ALS cases are
sporadic, but about 10% of the patients have an inherited variant of the disease,
called familial ALS (FALS). Some patients with FALS have mutations in the Cu/Zn
superoxide dismutase (SOD1) enzyme that is involved in quenching reactive oxygen
species.

The striking pathological and clinical similarity between familial and sporadic
disease suggests that animal models based on mutant SOD1 might provide insight
into mechanisms of both sporadic and familial disease. A feature common to
all examples of SOD1 mutant-mediated disease in mice is prominent ubiquitin-
positive, intracellular aggregates of SOD1 in motor neurons and astroctyes [106,
107]. Aggregated SOD1 may in conjunction with other proteins impair the function
of the UPS or adversely affect some other functions related to protein quality control
within motorneurons. Using biochemical and morphological methods it has been
demonstrated that mutant SOD1 accumulates inside the ER, where it forms insolu-
ble high molecular weight species and interacts with BiP [108]. In addition, pPERK
and peIF2α as well as activated caspase 12 have been observed in the spinal cord
of transgenic mice carrying the mutant SOD1 [109, 110]. Also other markers for
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ER stress, such as BiP, were altered in the ALS mice model. These data suggest
that ER stress contributes to FALS and motorneuron degeneration. Although there
is accumulating evidence for ER stress in SOD1 models, it remains to be resolved
whether UPR activation can be detected in motorneurons of FALS and sporadic
ALS patients.

5.3.7 White Matter Disorders

5.3.7.1 Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system
(CNS) associated with the development of large plaques of demyelination, oligo-
dendrocyte destruction, and axonal degeneration. Signaling pathways involved in
particular forms of cellular stress have been shown to be involved in the formation
of these plaques, for example oxidative stress and mitochondrial dysfunction [111]
and excitotoxicity [112]. Increased expression of CHOP, BiP, and XBP1 is detected
in multiple cell types, including oligodendrocytes, astrocytes, T cells, and microglia
in active MS lesions [113]. Unlike other neurodegenerative disorders, MS can not
directly be characterized as a disease where protein misfolding plays a central role
in disease pathogenesis. Probably, ER stress markers are upregulated in MS as
response to ischemic injury or occur in association with an inflammatory response.

The role of the UPR in MS pathogenesis could be dual. Although ER stress
could be involved in selective loss of oligodendrocytes, there are also indications
that (parts) of the UPR are involved in preventing demyelination. Interferon (IFN)-
gamma, which activates the ER stress response in oligodendrocytes, is believed
to play a critical role in regulating the immune response in MS and its mouse
model, experimental autoimmune encephalomyelitis (EAE). It is reported that CNS
delivery of IFN-gamma before EAE onset ameliorates the disease course and pre-
vents demyelination, axonal damage, and oligodendrocyte loss [114]. The beneficial
effects of IFN-gamma are accompanied by PERK activation in oligodendrocytes
and are abrogated in PERK-deficient animals. These results suggest that activation
of PERK, by IFN-gamma, might work beneficial in MS [114].

5.3.7.2 Leukoencephalopathy with Vanishing White Matter

Leukoencephalopathy with Vanishing White Matter (VWM), also termed Child-
hood Ataxia with CNS Hypomyelination, is an autosomal recessive white matter
disorder [115]. Its clinical course is chronic and progressive with intermittent
episodes of major and rapid neurological deterioration. These episodes are pro-
voked by minor head trauma and particularly febrile infections. VWM is caused
by mutations in any of the five genes encoding the subunits of the eIF2B [116].
eIF2B plays an important role in the regulation of protein synthesis. Mutant eIF2B
may impair the ability of cells to regulate protein synthesis under normal con-
ditions and in response to stress. For unknown reasons, the central white matter
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appears to be selectively affected in VWM and there is increasing evidence that
glial cell dysfunction is central to the pathophysiology of VWM. It has been shown
that oligodendrocytes are being subjected to conflicting cell death and survival
signals [117].

Recent studies demonstrate activation of the UPR in glial cells in patients with
VWM [118, 119]. At the immunohistochemical level pPERK was observed in
cells with the morphological feature of oligodendrocytes as well as in dysmorphic
astrocytes. In addition, pPERK was observed in oligodendrocytes with abundant or
foamy cytoplasm, which is characteristic of VWM. Next to pPERK also peIF2α,
ATF6, BiP, and XBP1 can be observed in astrocytes and oligodendrocytes in
cerebral white matter of VWM patients by immunohistochemistry [118, 119]. In
addition, mild immunoreactivity for ATF4 and nuclear staining of CHOP can be
detected in glial cells and cortical neurons. In comparison to normal controls ATF4
and CHOP were reported to be increased in VWM cases in protein extracts of the
white matter [118]. At the mRNA level, splicing of XBP1 mRNA was observed in
gray and white matter of VWM brain and not in control brain [119]. In addition,
a significant increase in BiP, CHOP and GADD34 mRNA levels was reported in
VWM brain compared to control brain.

These data show that activation of the UPR in VWM is mainly restricted to the
white matter. The enhanced expression of UPR markers is observed in the cells, i.e.
oligodendrocytes and astrocytes that are known to be involved in the pathology of
VWM. It is therefore suggested that inappropriate activation of the UPR may play a
role in the pathophysiology of VWM [119].

5.4 Conclusions

The UPR is activated in several neurodegenerative disorders (Table 5.1). Exploiting
the ER stress response, by stimulating protective pathways or inhibiting degener-
ative responses, may be beneficial for treatment of various neuronal injuries and
brain disorders. Pharmacological induction of molecular chaperones may protect
against aggregate toxicity [120]. The therapeutic potential of such a strategy is best
illustrated by treatment of mutant SOD1 mice with arimoclomol, a co-inducer of
heat shock proteins [121]. This treatment resulted in decreased neuronal loss and
consequently improved motorfunction, as well as increased lifespan. Another way to
employ protein quality control to tackle neurodegeneration is via the UPR. Recently,
the compound salubrinal was identified as an inhibitor of eIF2α dephosphorylation
and shown to protect against ER stress-induced cell death [56, 122]. Salubrinal is
protective in a PD cell model [123], and in ischemia induced ER stress in mice [124],
indicating its potential for the treatment of neurodegenerative diseases. A drawback
is that constitutive phosphorylation of eIF2α is unlikely to present a long-term treat-
ment opportunity [122], therefore more selective targeting should be investigated.
Valproate, a drug widely prescribed in the treatment of bipolar disorder and epilepsy,
has been shown to increase the levels of BiP and other ER chaperones [125, 126].
Although valproate increases the expression of ER chaperones it has been reported
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that ER stress induced cellular dysfunction is reduced by valproate through inhibi-
tion of GSK-3α/β [127]. Valproate could work protective in AD reducing ER stress
and reducing tau phosphorylation by GSK-3β. Currently, clinical trails have been
started investigating the effect of valproate on AD patients.

A very interesting finding was recently reported by Kondo and colleagues. They
report that a transcription factor called OASIS specifically stimulates BiP upreg-
ulation (a positive response), but down-regulates the ER stress induced cell death
pathways [128]. OASIS is specifically induced in astrocytes, but factors with sim-
ilar properties may exist in neurons as well, and present an ideal therapeutic target
by stimulating positive and down-regulating negative responses through a single
protein.

Nonetheless, in view of future therapeutic possibilities directed at protein quality
control in neurodegeneration it is important to know which role the UPR has in
neurodegeneration and to know more about which part of the ER stress response to
target. Despite the accumulating evidence for the presence of ER stress and UPR
markers in neurodegenerative disorders (Table 5.1), most research on ER stress
has mainly been performed on in vitro and in vivo models for neurodegenerative
disorders. Future studies on UPR markers in human brain tissue will increase our
knowledge on the role of ER stress in neurodegenerative diseases.
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Abbreviations

Aβ β amyloid
AD Alzheimer’s disease
ALS amyotrophic lateral sclerosis
AR-JP autosomal-recessive juvenile parkinsonism
ATF activating transcription factor
Atg autophagy related protein
BiP heavy chain binding protein
CBD corticobasal degeneration
CHOP C/EBP homologous protein
CJD Creutzfeldt-Jakob disease
CNS central nervous system
EAE experimental autoimmune encephalomyelitis
ER endoplasmic reticulum
ERAD ER associated degradation
eIF eukaryotic initiation factor
FALS familial amyotrophic lateral sclerosis
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FTD Frontotemporal dementia
FTDP-17 FTD and parkinsomism linked to chromosome 17
GADD growth arrest- and DNA damage-inducible gene
Grp glucose-regulated protein
GSK glycogen synthase kinase
HD Huntington’s disease
Hsp heath shock protein
IFN interferon
Ire1 inositol-requiring enzyme 1
LC3 light chain 3 protein
MPP+ 1-methyl-4-phenyl-pyridinium
MS multiple sclerosis
NFT neurofibrillary tangle
6-OHDA 6-hydroxydopamine
PD Parkinson’s disease
PERK protein kinase R (PKR)-like ER kinase
PiD Pick’s disease
polyQ polyglutamine
PrP prion protein
PSP progressive supranuclear palsy
SN substantia nigra pars compacta
SOD1 Cu/Zn superoxide dismutase
UPR unfolded protein response
UPS ubiquitin proteasome system
VWM vanishing white matter
XBP1 X-Box binding protein 1
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Chapter 6
Involvement of Alpha-2 Domain in Prion
Protein Conformationally-Induced Diseases

Luisa Ronga, Pasquale Palladino, Ettore Benedetti,
Raffaele Ragone and Filomena Rossi

Abstract A large number of human disorders, ranging from type II diabetes to
Parkinson’s and Alzheimer’s diseases, are associated with protein aggregation result-
ing from aberrant folding or processing events. Despite its fundamental biological
importance, little is known about the molecular basis or specificity of the general
phenomenon of protein aggregation. Transmissible spongiform encephalopathies,
also known as prion diseases, belong to this class. They are all characterized by
progressive neuronal degeneration. In almost all cases there is a marked extracellular
accumulation of an amyloidogenic conformer of the normal cellular prion protein
(PrPC), referred to as the scrapie isoform (PrPSc), which is thought to be responsible
for the disease symptoms.

PrP is an ubiquitous 231-amino acid glycoprotein whose physiological role is still
elusive. Its structure exhibits an N-terminal unfolded region and a C-terminal glob-
ular domain characterized by the presence of three α-helices (α1, α2 and α3), two
short β-strands and an interhelical disulphide bridge, which confers structural sta-
bility. Particularly fascinating is the notion that the protein possesses one or several
‘spots’ of intrinsic conformational weakness, which may lead the whole secondary
and tertiary structure to succumb in favour of more stable, but aggregation-prone
conformations, depending on pH, redox condition or glycosylation. The C-terminal
side of helix 2, containing four adjacent threonines, is decidedly suspected to be one
of such spots and, in this regard, has recently gained the attention of several investi-
gations. As α-helix 2 possesses chameleon conformational behaviour, gathering sev-
eral disease-associated point mutations, it can be toxic to neuronal cells and strongly
fibrillogenic and therefore, it is a suitable model to investigate both structural deter-
minants of PrPC misfolding and rational structure-based drug design of compounds
able to block or prevent prion diseases. Huge spectroscopical, computational and
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biological literature data underline the intriguing structural properties of the α-2
C-globular domain.

6.1 Conformational Diseases

An increasing family of neurodegenerative disorders such as Alzheimer’s, Parkin-
son’s and Huntington’s diseases and cystic fibrosis are currently classified as con-
formational diseases, which is a family of disorders where cellular functions are
compromised because of protein misfolding and aggregation [1, 2]. In this context,
prion diseases are a group of transmissible neurodegenerative disorders that enclose
scrapie in sheep, spongiform encephalopathy in cattle (BSE), Creutzfeldt–Jakob dis-
ease (CJD), fatal insomnia and Gerstmann–Sträussler–Scheinker (GSS) disease in
humans [1].

Since all members of this family of diseases are linked to a mechanism of aber-
rant protein folding, knowledge of the three-dimensional structure of the proteins
implicated, both in their healthy and pathological forms, is a prerequisite for under-
standing the mechanism of aggregate formation and, eventually, preventing it. Yet,
only relatively limited structural information is currently available. It is believed
that the pathogenesis of these diseases is to be ascribed to reduced or lacking effi-
ciency of physiological quality control systems, which leads to the formation of
toxic protein aggregates, possibly affecting cellular function and eventually causing
neuronal death [2]. Evidence has been accumulated that these aggregates possess
various supramolecular architectures and, in most cases, form insoluble fibrillar
deposits with well-defined structure, called amyloids [3]. A causative link between
aggregation and disease is not, however, universally acknowledged, because amy-
loid fibril formation might be simply the consequence of a pathogenetic mechanism
that could reside in causes yet to be identified [2]. The most widely accepted expla-
nation for aggregation and amyloid formation is that the native fold of a protein
isomerises to an improperly folded conformation prior to a structural reorganization
resulting in protein aggregation and deposition. Fibrils are not toxic in themselves,
but the quick β-strand-bonding-driven autolinkage of polypeptide chains may easily
cause further linkage that leads to insoluble macrostructures with inflammatory or,
more in general, toxic properties [4].

The term amyloidosis applies when deposition of such macrostructures in the
tissue is a dominant, histologically apparent feature [5]. Amyloidosis is character-
ized by the accumulation of abnormal proteinaceous deposits in cell compartments
and/or within the extra-cellular matrix, in which amyloid fibrils share a cross-β core
structure [3, 6]. Amyloid formation can also occur when the plasma concentra-
tion of normal proteins is persistently increased, as with acute-phase proteins and
immunoglobulins in chronic inflammation [7].

Such structural rearrangements likely take place in a class of degenerative neuro-
logical disorders involving the host-encoded prion protein (PrP), which are usually
identified as Transmissible Spongiform Encephalopathies (TSE) [8]. As the general
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features of prion diseases are common to other amyloid disorders [2], the prion
protein is adopted as a basic model for providing a comprehensive evaluation of
protein misfolding mechanisms.

6.2 Prion Biology

In the most accredited model of infectious prion formation and replication, it is
proposed that the pathogenic PrPSc acts as a template for direct interaction with the
endogenous PrPC substrate, thus driving the formation of nascent infectious prions
[8]. Characterizing the exact intracellular localization of PrPC and PrPSc is impor-
tant for identifying the compartment and mechanism that underlie prion formation.
Several studies have reported that the intracellular localization of some inherited
pathological PrP mutants is altered, thus supporting the view that PrPC misfolding
and/or malfunction may correlate with defects in its trafficking [9]. It is not yet clear,
however, whether mislocalization is the cause or the effect [10].

After modification with simple N-linked oligosaccharides and the glycosylphos-
phatidylinositol (GPI)-anchor in the endoplasmic reticulum and further oligosac-
charide addition in the Golgi apparatus, most PrPC arrives at the cell surface, where
it is largely located in detergent-resistant microdomains (DRM) known as rafts or
caveolae [11]. Transfected-cell studies have clarified that wild-type PrP cyclically
moves between the cell surface and an early endocytic compartment, by associ-
ation with clathrin-coated pits [12], which however may be completely bypassed
by migration to endosomes or lysosomes through caveolae-containing endocytic
structures [11]. Such classic and non-classic variations in PrPC endocytic trafficking
could be a sign of the cell type where exogenous PrP was expressed. Interference
in normal intracellular trafficking can cause retrograde PrPC transport toward the
endoplasmic reticulum, where PrPSc may abnormally accumulate. The exact local-
ization of PrPC to PrPSc conversion is not known, but DRM [12], the endosomal
pathway [13], and the endoplasmic reticulum (especially in familial TSE) are good
candidates [14]. Initial PrPSc propagation during intercellular spread could take
place in DRM, because insertion of PrPSc into the cell seems to be a prerequisite
for membrane-associated conversion. Indeed, cell-free conversion models strongly
suggest that physical contiguity is needed when different membrane components
house PrPC and PrPSc [15]. Converging evidence suggests that prion disorders are
the result of a delicate balance between PrPC synthesis followed by degradation and
cellular quality control mechanisms, since misfolded protein is not detectable under
usual conditions. Skillful alteration of biosynthetic and decomposition pathways
has identified possible mediators of the complex PrP-related toxic effects. When
proteasome activity is compromised, wild-type PrP accumulates in the cytoplasm,
which correlates with PrPSc–free toxicity and neurodegeneration [16, 17]. How-
ever, other studies suggest that cytoplasmic accumulation of PrPC may indicate
that transit of the nascent PrP peptide to the endoplasmic reticulum is absent when
PrP is overexpressed [18]. Nonetheless, as a common effect on the trafficking of
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PrP, several pathogenic mutations impair delivery of PrP to the cell surface and
cause its accumulation in the endoplasmic reticulum and cytoplasm in the absence
of proteasomal inhibition [14]. Cytosolic accumulation of PrP causes PrPSc-like
conversion and aggregation, which is able to self-perpetuate despite only transient
proteasome inhibition [16]. Thus, unlike other proteasomaly-degraded proteins, PrP
has an inherent capacity to promote and sustain its own conformational conver-
sion in mammalian cells. Importantly, in vitro toxic effects did not correlate with
appearance of PrPSc [17].

Overall, this suggests that age-related neurodegenerative diseases are governed
by a generic mechanism, which allows harmful accumulation of soluble conform-
ers as a consequence of compromise of quality control of endoplasmic reticulum
protein synthesis from whatever cause. Once present, post-translationally PrPC-
derived PrPSc seems to catalyze amplified conversion of PrPC to the abnormal
TSE-associated form, needing at least temporary specific PrPC-PrPSc interactions. In
a cell-free system composed of substantially purified constituents [18], this property
of PrPSc has been the basis for reproducing in vitro many of the species and strain
characteristics noted in TSE. Knowledge of the in vivo pathway that leads to the
transformation of PrPC into PrPSc needs further studies, although it is likely that
this proceeds through folding intermediates, including molten globule forms, with
stepwise acquisition of altered biophysical properties [12].

6.3 Approaches to TSE Therapy: Anti-Prion Compounds

Approaches to the therapy of TSE are studded with many difficulties. First of all,
the nature of the infectious agent is understood only in outline, and its composi-
tion, structure, and mode of replication are still shrouded in mystery. In addition,
the mechanism of pathogenesis is not well understood. And finally, because the
disease is usually recognized only after onset of severe clinical symptoms, only the
preclinical diagnosis of TSE would permit the prevention or delay of neurodegener-
ation [19].

On the basis of the present knowledge on prion diseases, potential therapeu-
tic strategies comprise: (a) stabilizing the structure of PrPC via the formation of
a PrPC-drug complex; (b) preventing the formation or induce the degradation of
amyloid aggregates; (c) hindering the conversion process of PrPC or its binding
to PrPSc; and (d) destabilizing the PrPSc structure or interfering with the cellular
uptake of PrPC/PrPSc. In this context, pharmacological studies are mostly focused
on molecules able to interfere with fibrillogenesis such as sulphated polyanions
[20–22], acridine-based compounds [23, 24], tetrapyrroles [25], the sulphonated
azo-dye Congo red and some of its synthesized derivatives [26, 27], antibiotics [28],
branched polyamines [29, 30], and synthetic peptides [31]. However, the intrinsic
cytotoxicity and pharmacokinetic properties of these compounds, as well as their
limited ability to pass the blood/brain barrier, strongly restrict their use, and the
development of adequate therapeutic strategies against prion diseases is still waiting
for an effective treatment.
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Amongst others, the antibiotic tetracycline (TC) was described as able to pre-
vent the aggregation of PrP-derived peptides, to reduce the protease resistance and
disruption of their aggregates, and to abolish the neurotoxicity and astroglial pro-
liferation induced by them. The anti-prion ability of TC has been investigated by
modelling in vitro [32] its interaction with PrP synthetic peptides homologous to
the N-terminal and C-terminal regions [32–34]. In an in vivo study [35], TC sig-
nificantly delayed the onset of clinical signs of disease and prolonged survival into
Syrian hamsters treated with scrapie-infected brain homogenates.

6.4 Immune Intervention

Since therapeutic and/or prophylactic intervention has at present few options avail-
able, new therapeutic strategies have turned to the possibility of developing means
for an active immunoprophylaxis against prion diseases. Although autotolerance is
a main problem in active immunization strategies [36], polyclonal anti-PrP auto-
antibodies have been induced employing dimeric PrP as an immunogen and shown
to be able to significantly inhibit PrPSc propagation in prion-infected cells [37].
In addition, vaccination approaches with recombinant mouse prion protein [38] or
by passive immunization are also promising [39]. Indeed, formation of protease-
resistant PrP in a cell-free system has been inhibited by anti-PrP antibodies [40],
which were also shown to prevent scrapie infection of susceptible mouse neurob-
lastoma cells [41] and inhibit prion replication in infected cells [42–44]. It is not
yet clear through which mechanism anti-PrP antibodies interfere with PrPSc repli-
cation, but either a disruption of the interaction between PrPC and PrPSc [42] or a
perturbation of PrPC trafficking and degradation [43] by the antibodies have been
hypothesized.

Although abundant data are now available on anti-PrP monoclonal antibodies,
poor knowledge on the mechanisms of prion diseases and the roles played by PrPC

and PrPSc in the brain dysfunctions limits their application in TSE therapy or diagno-
sis. Therefore, progress in therapy strongly depends on the basic comprehension of
TSE. As a first step, it could be of help identifying and structurally defining epitopes
of antibodies that cross-react with PrPC and PrPSc to obtain structural details directly
derived from the infectious agent involved in the mechanisms of PrPSc formation
and spreading in infected organisms.

Recently, Eghiaian and co-authors [45] have reported the X-ray structures of the
complexes between the C-terminal domain of three scrapie-susceptible sheep PrP
variants and a Fab fragment that cross-reacts with PrPC and PrPSc. The antibody
epitope basically consists of the last two turns of the sPrP helix 2, which is known to
be structurally invariant in the human protein. This has provided structural informa-
tion on the PrPC to PrPSc conversion. Hopefully, further structural characterization
of the PrPC to PrpSc conversion, and the subsequent development of a new class of
biomolecules with anti prion activity, will benefit from the availability of additional
antibodies, Fab fragments and molecules that bind to PrPC and/or PrPSc.
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6.5 Prion Protein Structure

The mammalian PrP gene encodes the PrPC protein as a 253 amino acid polypeptide
chain. The first 22 amino acids (signal peptide) are cleaved shortly after translation
commences (Fig. 6.1), and addition of a C-terminal GPI-anchor, which facilitates
glycolipid linkage of PrPC to the cell membrane, post-translationally modifies the
protein at residue 230 [46]. Recent studies on an anchorless, secreted version of
PrPC, expressed in transgenic mice, have clarified that membrane anchoring is a
crucial prerequisite for prion toxicity resulting in clinical TSE [47]. Two N-linked
glycosylation sites are located at residues 181 and 197. A nonapeptide followed by
four identical octapeptide repeats are normally located between residues 51 and 91.

As schematically depicted in Fig. 6.2, the structure of the ubiquitous benign cel-
lular form of PrP consists of an unstructured tail encompassing residues 23–125
and a globular domain, stabilized by an intramolecular disulphide bond (Cys179-
Cys214) [48], which comprises residues 126–231 organized as three α-helices and
a short β-sheet.

In a series of studies, Wüthrich and co-authors have reported the NMR struc-
ture of the globular C-terminal domain of recombinant human PrPC (hPrPC), also
investigating several recombinant prion proteins from other species [49–51]. The
overall structural organization of these PrPs is very similar, with residues 128–131,
144–154, 161–164, 173–195 and 200–228 forming the β-strand 1, the α-helix 1,
the β-strand 2, the α-helix 2 and the α-helix 3, respectively. Crystallographic studies
lend support to this monomeric structure, but in the dimeric form, an unusual domain
swapping of α-helix 3 is apparent, with creation of a novel short anti-parallel β-sheet
segment at the molecular interface [52].

As a consequence of a post-translational process, PrPC is converted into the aber-
rantly folded and disease-specific scrapie isomer, PrPSc, through a process whereby
a portion of its predominantly α-helical structure is refolded into β-sheet [5]. PrPSc

exhibits resistance to proteinase K digestion [53, 54]. It is also known that the con-
version of PrPC into PrPSc, whose high β-sheet content is an essential constituent
of putatively infectious prions [5, 55, 56], can also intrinsically occur as a result of
a genetic mutation, as in rare familial encephalopathies. More disturbingly, how-
ever, transgenetic studies argue that inoculated PrPSc can impart conformational

Fig. 6.1 Diagram of the prion protein sequence. The N-terminal segment, contains the octarepeat
domain (blue). The C-terminal domain (red) contains three α-helical segments, two β-strands, a
disulphide bond, and a glycosylphosphatidylinositol anchor
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Fig. 6.2 Cartoon of the hPrP structure. The sketch was drawn according to current information
[49–52]

variability to normal prions, thus triggering PrPC refolding into a nascent PrPSc

[5]. It can be concluded that the mechanisms that underlie pathological transitions
remain unclear, despite attention paid to their understanding, because the highly
aggregated state has hampered elucidation of the PrPSc structure at the atomic level.

6.6 Determinants of Prpc Conversion: The N-Terminal Region

Partially protease-resistant forms of PrP are believed to mediate the neurodegen-
eration observed in spongiform encephalopathies. In fact, the neuropathological
changes observed in prion disease are caused, at least in part, by the accumulation of
proteinase K-resistant PrPSc [52–54]. This view is supported by the observation that
the partially protease-resistant core of PrPSc displays a variety of pathogenic effects
in vitro, including neurotoxicity and the ability to interact with plasma membrane,
conferring an increased microviscosity. PrPSc accumulates in the central nervous
system of affected individuals, and its partially protease-resistant core aggregates
extracellularly into amyloid fibrils. The process is accompanied by nerve cell loss,
whose pathogenesis and molecular basis are not well understood. Frankenfield and
co-workers [57] compared the in vitro aggregation of a truncated portion (PrP[90–
231]) and of a full-length version (PrP[23–231]) of the prion protein, which contains
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the largely unstructured N-terminal region in addition to the α-helical C-terminal
one. They found that the full-length protein forms larger aggregates than the trun-
cated protein, which indicates that the N-terminal region may mediate higher-order
aggregation processes, possibly influencing the assembly state of PrP before aggre-
gation begins. Other studies [58] have confirmed that the N-terminal region has
a pivotal role in the development of prion misfolding and aggregation. Effects of
aggregation have been observed with a short synthetic peptide fragment encom-
passing residues 106–126 of hPrP, which is toxic to cultured neurons depending
on the expression of endogenous PrP. This synthetic peptide recapitulates several
properties of PrPSc, including the propensity to form β-sheet-rich, insoluble and
protease-resistant fibrils similar to those found in prion diseased brains [32]. Exper-
imental data indicate that PrP[106–126] does not induce the formation of abnormal
PrP species, suggesting, as an alternative explanation, that peptide toxicity depends
on triggering alteration of a physiological function of PrPC [59]. In fact, the N-
terminal truncated PrP is toxic only to neurons that lack endogenous PrP, while
PrP[106–126] is toxic only to neurons that express the endogenous protein. The
structure of PrP[106–126] is modulated by pH, and its β-sheet content is higher at
pH 5 than at pH 7. Furthermore, in the presence of lipids it acquires a predomi-
nantly β-sheet conformation. Extensive studies were performed to understand the
relationships between toxicity and physicochemical properties of amyloid peptides.
To determine the role of the hydrophobic palindromic sequence in PrP[106–126]
toxicity, Jobling et al. [60] have generated a series of mutant PrP[106–126] peptides
with hydrophilic substitutions in the hydrophobic core. The results of these studies
correlate the neurotoxic action of PrP[106–126] to its secondary structure and sub-
sequent fibril-forming propensity. The data suggest that the hydrophobic C-terminal
valines and the palindromic region from Ala113 to Ala120 of PrP[106–126] are
involved in the folding and/or stabilization of a β-sheet aggregate. These findings are
similar to those described for amyloid β-peptide aggregates and strengthen the view
of a common structure-function mechanism of amyloid generation in spongiform
encephalopathies and Alzheimer’s disease [2]. On the other hand, on considera-
tion that, in infectious and familial prion disorders, neurodegeneration is often seen
without deposits of PrPSc, Gu and co-workers [61] have shown that exposure of neu-
roblastoma cells to PrP[106–126] catalyses the aggregation of cellular prion protein
to a weakly proteinase K-resistant form and induces the synthesis of transmem-
brane prion protein, suggesting that neurotoxicity is mediated by a complex pathway
involving transmembrane prion protein and not only by deposits of aggregated and
proteinase K-resistant PrP.

6.7 Determinants of Prpc Conversion: The C-Globular Domain

In the X-ray structure of monomeric sheep PrPC (sPrPC), two potential loci of β-
structure propagation were identified [62]. The former locus (residues 129–131) is
involved in an intramolecular β-sheet with residues 161–163 and in lattice contacts
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about a crystal dyad to generate a four-stranded intermolecular β-sheet between
neighbouring molecules. Modelling on the latter locus (residues 188–204) sug-
gests that it is able to act as an α → β switch within the monomer. The α → β

isomerization of PrP is most frequently observed in vitro in the pH range from
4 to 7 [63–67], and it has been postulated to be induced in vivo by the low pH
of endosomal compartments [68]. A comparison between the C-terminus crystal
structures of monomeric sPrPC and dimeric hPrPC showed that the dimer results
from the swapping of the C-terminal α-helix 3 and rearrangement of the Cys179-
Cys214 disulphide bond. An interchain two-stranded antiparallel β-sheet is formed
at the dimer interface between the corresponding crystal-symmetry-related residues
190–194, which are located in α-helix 2 in the monomeric NMR structures [52].
The segment 188–201 (TVTTTTKGENFTET) is invariant across a wide variety
of species [69] and, on the basis of its primary structure, several features emerge
that might drive PrPC reorganization. In particular, the seven threonine residues
could confer the necessary conformational plasticity. Moreover, residues 188–201
in hPrP adopt an architecture that appears to be of lower stability as compared to
the rest of the structure. The high intrinsic β-propensity of four adjacent threonines
[70] makes this segment a good candidate to promote a local α → β transition,
which, under suitable conditions, could lead to PrPSc formation, even indepen-
dently of disulphide bridge rearrangement, since PrPSc monomers are not linked
by intermolecular disulphide bonds. Furthermore, PrPSc can induce the conversion
of the disulphide-intact form of the monomeric cellular prion protein to its protease-
resistant form without the temporary breakage and subsequent re-formation of the
disulphide bonds in cell-free reactions [71]. From the above studies, it emerges
that quite small conformational adjustments can convert the monomeric PrPC into a
potentially oligomeric nucleating unit. It is likely that some conformational weak-
nesses converging on the sequence 190–195 or a shorter surrounding region are able
to affect the whole protein architecture and promote the non-covalent association of
misfolded monomers. It has been also proposed [62] that the synergic propagation of
β-sheet association involving the whole molecule mediates protein oligomerization.
Thompson and co-authors [4] have investigated the conformational and aggregation
behaviour of synthetic peptides corresponding to PrPC helices in aqueous solutions.
The fragment corresponding to α-helix 1 exhibited a random coil CD spectrum at
any pH value from 3 to 12, whereas in TFE the peptide was 20% helical and did not
aggregate over time neither did it form amyloid fibrils. However, it has been also
shown that α-helix 1 possesses a remarkably high intrinsic α-helical propensity [72]
and retains significant helicity under a wide range of conditions, such as high salt,
pH variation, and presence of organic co-solvents [73]. Because of its high stability
against environmental changes, helix 1 is unlikely to be involved in the initial steps
of the pathogenic conformational change and it could unfold in the late stage of
the structural transition as a consequence of global conformational rearrangements
occurring in other parts of the prion protein [73]. The fragment corresponding to
α-helix 2 underwent a time dependent β-sheet rearrangement with formation of
aggregates over time. However, electron microscopy showed that aggregates taken
from CD samples were organized in fibrils, which were small at pH 7.2, but longer
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and more distinct at higher pH values. The fragment corresponding to α-helix 3
also underwent pH dependent β-sheet formation. The CD curve exhibited random
organization at pH 6.0 and 7.2, and β-sheet at pH 3, with an aggregation dependent
intensity decrease after 24 h. The precipitate did not show fibril formation indicating
that this peptide is not truly amyloidogenic under the conditions studied. There-
fore, it can be concluded from these observations, that the relationship between
amyloidogenicity and neurotoxicity remains unclear, because the fact that a pep-
tide is somehow prone to aggregate and readily form a β-sheet structure does not
necessarily imply that it forms amyloid fibrils. Additional evidence indicates that
an intermediate along the pathway to fibril formation could cause toxicity, whereas
large fibrils may not be toxic in themselves. Gallo and co-workers [74] have recently
reported that the conserved capping box (Thr199-Glu200-Thr201-Asp202) and, in
part, the ionic bond formed between Glu200 and Lys204 render the PrPC segment
corresponding to the α-helix 3 structurally autonomous, in contrast to α-helix 1
and α-helix 2 peptides. In fact, the D202N capping mutation associated to the GSS
disease almost completely destabilizes the isolated α-helix 3 peptide, thus possibly
initiating the PrPC pathogenic process associated with this substitution. Moreover,
cell culture data based on the NMR structure of mouse PrPC suggest that the highly
conserved hydrophobic side chain at residue 204 of α-helix 3 is required for folding
and maturation of PrPC, providing an essential stabilization of α-helix 1 structure
by interacting with Phe140, Glu145, Tyr148, and Tyr149. Disruption of α-helix 1
prevented attachment of the GPI anchor and the formation of complex N-linked gly-
cans. In the absence of a C-terminal membrane anchor, however, α-helix 1 induced
the formation of deglycosylated and partially protease-resistant PrP aggregates [75].
This result is confirmed by molecular dynamics simulations, in which disturbances
of the folding and maturation process of PrPC have been interpreted as consequences
of mutation-induced structural changes in PrP, involving α-helix 1 and its attachment
to α-helix 3 [76]. A number of results on cellular toxicity [4], fibrillization capabil-
ities [48], and metal binding properties [77] of synthetic variants of the α-helix 2
point to an important contribution of this region to the overall biological behaviour
of the prion protein. In fact, perturbations leading to structural rearrangements that
may strongly affect the stability of the α-helix 2 could involve deglycosylation of
Asn181 [48] and/or copper binding to His187 [77]. Rearrangements of the α-helix
2 could promote β-sheet-mediated protein association leading to a further α → β

transition and subsequently to aggregation. In a novel thermodynamic study, the
α → β conversion of the N- and C-termini blocked peptide corresponding to the
α-helix 2, PrP[173–195], has been characterized by measuring α-helical and β-
structure formation propensities in the temperature interval from 280 K to 350 K
[78]. The scheme reported in Fig. 6.3 shows that the two ordered conformations
were found to be separated by 5–8 kJ/mol, with an entropic advantage of 0.04 kJ
mol−1 K−1 favouring the α-helical organization. This subtle free energy difference
was interpreted as denoting the chameleon-like character of PrP[173–195], which
could be governed, in the protein, by the cellular microenvironment, according to
the finding that slight conditional changes may cause chameleon sequences to fold
into either α- or β-structure [79]. In this context, it is worth noting that, in the
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Fig. 6.3 Conformational energetics of the PrP(173–195) peptide [78]

whole PrPC, the close packing of the first three turns of the α-helix 2 against the
α-helix 3 generates a complementary interface [49, 52] that strongly stabilizes the
helix up to around residue 188, with the glycosyl moiety bound to Asn181 provid-
ing further stabilization [48]. Conversely, the region spanning residues 190–195 is
rather apart from the α-helix 3, which is well characterized only up to Thr219 in
the NMR structures of mouse PrPC [80] and found in β-conformation in the dimeric
crystal structure of hPrPC [52], suggesting that this site is one of the most prone
to structural rearrangements upon suitable perturbation. Thus, the short C-terminal
end of the full length α-helix 2 could be involved in the nucleation process of prion
misfolding and oligomerization, possibly in cooperation with the N-terminal frag-
ment 82–146, whose intrinsic properties are dependent upon the integrity of the
C-terminal region [81].

6.8 Prion-Metal Ion Binding

Research over the past few years clarified that PrPC can exist in a Cu-metalloprotein
form in vivo [82] and displays high selectivity for Cu2+ [83]. Screens against other
divalent cations, such as Ca2+, Co2+, Mg2+, Mn2+ and Ni2+, failed to find high-
affinity interactions. In order to extract functional information, many efforts have
been devoted to the structural characterization of Cu2+ binding sites [79, 82–85].
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The emerging consensus is that most copper binds in the octarepeat domain, com-
prising the HGGGW segment as the fundamental unit involved in Cu2+ coordination
[86, 87]. The crystal structure of the complex reveals equatorial coordination of
Cu2+ by the histidine imidazole, two deprotonated glycine amides, and a glycine
carbonyl, along with an axial water bridging to the Trp indole, consistently with
companion experiments in solution [87]. This somewhat unusual copper binding
site is by no means unprecedented. In most copper binding proteins, side chain
moieties such as histidine imidazole or cysteine thiol enter into contact with the
metal ion [88]. Previous studies showed that unstructured peptides containing his-
tidines coordinate in a fashion similar to that now identified for PrP [89]. The pKa

of amide protons is typically 13–15, and consequently the amide nitrogen is not
ionised at pH 7. However, nitrogen and Cu2+ are well matched on the hard-soft scale
of Lewis acid–base interactions. Thus, with the histidine imidazole anchoring the
metal ion close to the polypeptide backbone, Cu2+ may be uniquely able to displace
a nearby amide proton at physiological pH [90]. Modelling, electron paramagnetic
resonance spectroscopy (EPR) and companion spectroscopic studies on peptides
as well as full length protein provide, however, evidence that additional copper
sites are located in the region connecting the unstructured N-terminal segment to
the C-terminal globular portion of PrP [83]. Accordingly, it has been proposed that
an additional copper-binding site compared with the four of the octarepeat domain
binds around His 96 and/or His 111, a region of the PrP molecule known to be
crucial for prion propagation [91–93]. In fact, proteolysis of PrPSc at approximately
residue 90 does not result in loss of infectivity. This suggests that the octarepeat
domain, and hence copper, do not play a role in TSEs and may not be necessary
to PrP conversion and disease, but a modulating role in kinetics and pathology
cannot be excluded. Indeed, the octarepeat domain and copper have been directly
implicated in neurological disease. Finally, recent studies show that binding of a
single copper rapidly and reversibly induces PrPC to become protease-resistant and
detergent-insoluble [94]. There is experimental evidence that binding takes place
at His96 in full-length PrP, that is outside both the octarepeat and the C-globular
domains [92, 93]. The amyloidogenicity and neurotoxicity of PrP[106–126] are
common to the Alzheimer’s disease amyloid β peptide. Given that the biophysical
behaviour and activity of amyloid β peptide are governed by transition metals, the
effect of metals has been also studied on PrP[106–126]. The fibrillization of this
peptide is completely inhibited in a metal-depleted buffer, and Cu2+ and to a lesser
extent Zn2+ have been found to restore its aggregation [85]. The metal binding site
was found to comprise the N-terminal amino group, His111 and Met112. This sup-
ports the view of a common structure-function mechanism of amyloid generation in
spongiform encephalopathies and Alzheimer’s disease [73–75].

Most recently, the stimulatory potential of Cu2+, Mn2+, Zn2+, and Al3+ in
inducing defective conformational rearrangements that trigger aggregation and fib-
rillogenesis has been investigated in the recombinant hPrP fragment spanning
residues 82–146 [95]. This region has been identified as a major component of
the amyloid deposits in the brain of patients affected by GSS disease. Amino acid
substitution in the neurotoxic 106–126 core sequence, reduced its amyloidogenic
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potential. However, alteration of the 127–146 sequence, which comprises a segment
of the C-terminal globular domain, also caused strong inhibition of the fibrillo-
genesis, thus suggesting that integrity of this region was essential both to confer
amyloidogenic properties on GSS peptides and to activate the stimulatory poten-
tial of the metal ions. Notably, only a few studies have been carried out on metal
interaction with peptides derived from the C-terminus of PrP, which contains the his-
tidine residues (H140, H177 and H187) and the helical region. Recent spectroscopic
experiments [77, 96] exclude the involvement of H140 in Cu2+ binding, but the
aggregation of model peptides hampered characterization of the metal interaction
with H177 and caused uncertainty about Cu2+ binding to His 187 at physiological
pH. Incidentally, it has been found [97, 98] that the only known histidine vari-
ant associated with familial encephalopathy could be associated with the H187R
mutation in the PrP gene.

6.9 The α-2 Helix Domain: What Role?

A computational analysis illustrates that native PrP exhibits large regions of con-
formational ambivalence and suggest that it is only a marginally stable protein [76].
Other simulations also indicate that the conformational variability of the entire prion
protein sequence is unusually high compared with other proteins of similar length
[99]. Moreover, the tendency to increase the β-structure content is very likely an
intrinsic characteristic of the prion protein fold, irrespective of thermodynamic or
structural conditions [100]. In the C-globular domain, unusually low α-helical and
β-sheet propensities feature the segment 173–195, corresponding to α-helix 2, in
spite of the fact that this segment retains a helical conformation in the whole protein.
In addition, the unusually high density of disease-promoting mutations in α-helix 2
also points to the particular importance of this helix for conformational transition
of PrP. More specifically, it seems reasonable that a single amino acid replacement
in the vicinity of the α-helix 2 may significantly affect the organization of the entire
α2-α3 helical part, enhancing the propension of this region for the β-conformation
and facilitating structural rearrangements.

Further support to this hypothesis comes from the finding that the hPrPC mutants
T183A and F198S, which are associated to inherited prion diseases, severely affect
folding and maturation of PrPC in the secretory pathway of neuronal cells in vitro,
adopting misfolded and partially protease-resistant conformations [101]. These
pathogenic mutations interfere with folding and attachment of the GPI anchor [101].
Indeed, based on a refined NMR structure, it was predicted that they would specif-
ically destabilize the PrP C-terminal globular domain, because they involve key
interactions in the hydrophobic core [80]. The resulting three-dimensional arrange-
ment could account for the defect in maturation and the efficiency of the GPI anchor
attachment. The hypothesis that the segment comprising the C-terminus of α-helix 2
and the adjacent loop may be partially unfolded and represent a potential oligomer-
ization site is also supported by crystallographic data [52]. Furthermore, the α-helix
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2 fragment, also depending on the glycosylation state and the presence of metals
[48, 77, 102] can be toxic to neuronal cells and strongly fibrillogenic, adding a
further clue to the working hypothesis that it is involved in the protein aggregation
process and in the toxicity associated to the scrapie variant. On this basis, it is appar-
ent that the human prion protein helix 2 domain may influence a conformational
change of the whole protein. Indeed, most recent literature data point to a crucial
role for the α-2 helix in the misfolding mechanism of the whole PrP [103–106].

6.10 Solution Structure of Prp[173–195] and Its Analogues

Following the thread of these arguments, large efforts have been devoted to the
structural characterization of α-helix 2-derived peptides. CD spectra of peptides
derived from the N-terminal and the C-terminal part of the full length α-helix
2, PrP[173–179] and PrP[180–195], respectively, are those typical of random and
β-type organization, respectively. Thus, it seems reasonable to infer that the occur-
rence of disordered structure in the full length α-helix 2 peptides, which both include
the 173–179 segment, is associated with the N-terminal segment. As a matter of
fact, CD spectra of PrP[173–195] and PrP[173–195]D178N, do not show the β-type
peculiarities exhibited by PrP[180–195] [103]. SDS titration of the D178N mutant
goes to completion in a range of detergent concentration much narrower than that
observed for the wild type peptide. Probably, the absence of the negative charge
carried by the Asp178 side-chain permits stronger electrostatic interaction between
SDS and the protonated His177 side-chain. Moreover, the higher β-inducing propen-
sity of Asn may also contribute to favour reorganization of PrP[173–195]D178N
into a β-type conformation. Overall, this suggests that the Asn side-chain renders
the mutant peptide more prone to form β-structure. In agreement with that, the
TFE-induced recovery of α-helical conformation is larger for the wild type peptide
as compared to the D178N mutant [107].

In addition, the fact that PrP[180–195] is able to assume β-arrangement at neu-
tral pH even without SDS and that conformation doesn’t dramatically change even
in presence of TFE, suggests that the 180–195 parental region in PrPC strongly
contributes to the chameleon conformational behaviour of the segment correspond-
ing to the full-length α-helix 2 [78] and plays a role in determining the structural
rearrangements of the entire PrPC-globular domain.

CD spectra show that these α-helix 2 derived peptides do not possess the same
α-helical conformation as that observed in the cellular prion protein. It is known that
the lack of mutual interactions has dramatic effects on the integrity of the whole heli-
cal domain of the prion protein, and the stability of one single helical region strongly
suffers from ablation of the other helical segments as well as of the disulphide
bridge. However, native-like conditions can be to some extent restored choosing
a medium that may help extract useful information using the peptide fragment
approach. Thus, TFE has been used as the most suitable environment to investigate
structural similarities between these synthetic peptides by NMR spectroscopy. As
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Fig. 6.4 The bundles of PrP helix-2 regions of the best 30 DYANA structures obtained by best
fitting of the backbone [107] [pdb codes: 2iv4; 2iv5; 2iv6]

a matter of fact, both PrP[173–195] and PrP[180–195] were found to be helices,
whereas the PrP[173–195]D178N mutant was not even able to retain a fully helical
arrangement in an α-inducing environment (Fig. 6.4) [107].

The major result from these NMR studies is that the conformation of the wild
type peptide is significantly affected by replacing the negatively charged Asp178
with a neutral Asn residue. In the mutant peptide, increased conformational freedom
characterizes all residues downstream Gln188, which ultimately causes unwinding
and bending of the wild type fully helical structure. As a consequence, structural
rearrangement leads to the formation of two short helices separated by a kink centred
on Lys185 and Gln186. In this bent structure, His177 and His187 approach to each
other as compared to the parent helical peptide, forming two major conformational
families, characterized by proximal and distal imidazole rings, respectively. The
negative charge of Asp178 plays a key role in forcing the entire 173–195 fragment
to assume a full helical conformation.

Notably, the shorter 180–195 fragment still retains an almost fully helical struc-
ture, whether or not it is embedded in the 173–195 sequence, suggesting that helix
unwinding in the region 180–187 is provoked by the D178N substitution. Indeed,
though the sequence of the shorter peptide includes residues involved in the bend-
ing of the D178N analogue (Lys185 and Gln186), it does not show any kink in its
structure, nor does the wild type peptide. This confirms that the D178N mutation
destabilizes the region in which it is located, thus causing unwinding and bending
of the wild type fully helical structure.

These observations are best compared with the recent finding that helix-2 unwind-
ing influences the stability of the whole PrP [105]. Analysis of H/D exchange data
permitted to map the H-bonded β-sheet core of PrP amyloid to the C-terminal region
that in the native structure of PrP monomer corresponds to α-helix 2, a major part of
α-helix 3, and the loop between these two helices, whereas no extensive hydrogen
bonding was detected in the N-terminal part of PrP90–231 fibrils, arguing against
the involvement of residues within this region in stable β-structure [106].
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6.11 Metal Ion Titration

Titration with Cu2+ of PrP[173–195] and PrP[173–195]D178N dissolved in the
same medium as that used for the above NMR investigations showed that increas-
ing metal cation aliquots did not perturb NMR spectra in any specific way. The
chemical shifts of all resonances did not vary, as it could be expected in the case of
metal-peptide complex formation, and the overall effect was a progressive broad-
ening of all relevant resonances. Indeed, increasingly higher metal aliquots caused
irreversible concentration-dependent aggregation, possibly owing to ionic strength
increase and/or to water addition on metal cation titration. However, CD spec-
tra, where aggregation did not occur due to the lower peptide concentration, were
unaltered on Zn2+ or Cu2+ addition, thus apparently confirming that the interac-
tion of the metal with the peptide backbone is non-specific. Further experiments
in mixed water/TFE solvent suggested that water-induced effects largely dominate
structural rearrangements, rendering metal-induced modifications, if any, hard to
discriminate.

It is worth emphasizing here that, in studies performed on metal interaction
with peptides derived from the hPrP C-terminus, the use of the α-helix-inducer
TFE may lead to conclusions at odds with those obtained in buffer solution.
For example, characterizing the formation of metal complexes in blocked and
free C- and N-termini analogues of the hPrPC α-helix 2-derived peptide 180–193
(VNITKQHTVTTTT), Brown et al. [75] suggested that the His187 residue in the
structured region of the protein is a binding site for Cu2+ and drives the metal
coordination environment towards a common binding motif in different regions
of the prion protein. Other studies [4] showed that the PrP[178–193] peptide
has both structural and bioactive properties in common with the amyloidogenic
Alzheimer’s disease βA[25–35] peptide and that the second helical region of PrP
could be involved in modulation of Cu(II)-mediated toxicity in neurons during prion
disease.

We would suggest that, in the peptide fragment approach, it is unlikely that
aqueous buffer is the most suitable environment to analyse metal interaction
with peptide fragments, because the parent segments in the native protein may
experience different environmental conditions. Thus, it can be argued that the
conclusion that metal cations bind to peptide fragments derived from the C-
terminal globular domain is ambiguous, owing to the fact that the structural orga-
nization of these peptides may be rather different from that assumed in PrPC.
We believe that it is crucial to force peptides into a conformation close to the
one that has been found in PrPC when designing experiments aimed at inves-
tigating peptide-metal cation interaction. Although it is currently believed that
the major structural modifications involved in PrP protein misfolding involve
the unstructured N-terminal region, this evidence also suggests that the N- and
C-terminal prion domains play a different role in the protein conversion, stress-
ing that the former region is most likely the natural target of metal bind-
ing [83].
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6.12 Anion-Induced Effects

Environmental conditions, like pH, salts, and presence of nucleic acids or gly-
cosaminoglycans, seem to affect the structural stability of prion proteins to a much
larger extent than other proteins [108, 109]. It was suggested that this unusual
behaviour could be ascribed to the ability of PrPC N-terminal region to interact
with anions, which leads to destabilization of the prion core structure [110]. Also,
in an extensive analysis on the interaction of anti-prion compounds and amyloid-
binding dyes with a carboxy-terminal domain of prion protein, it has been found
that sulphonates, like Congo red and phthalocyanine tetrasulphonate, bind with high
affinity [111]. It has also been reported that anion identity affects far UV CD spectra
of two PrPC α-helix 2-derived wild type and mutant analogues, PrP[180–195] and
PrP[180–195]H187A, which strongly hydrated anions cause to fold to β-structure
and α-helix, respectively [112]. Such large conformational modifications can be
rationalized via the ion charge density dependence that is typical of Hofmeister
effects [113, 114] (Fig. 6.5).

Anions like Cl−, ClO−
4 , and H2PO−

4 are weakly hydrated because of their
low charge density, and their interaction with water molecules is weaker than
that of water with itself. This causes them to behave as water structure breakers
(chaotropes), which make the bulk solution a better solvent. As a consequence, pep-
tides maximize their solvent accessible surface area, favouring the formation of the
unstructured conformation. On the other hand, multiply charged ions, like SO2−

4 and
HPO2−

4 , exhibit stronger interactions with water molecules than water with itself
because of their high charge density. These ions are water structure makers (kos-
motropes) and make the bulk solution a poorer solvent. Thus, they encourage helix-2
related prion peptides to minimize their solvent accessible surface area and assume

Fig. 6.5 Effect of chaotropic and kosmotropic anions on the peptide conformation [112]
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β-sheet-like or α-helix-like conformations. It is likely that the compactness of these
structures predisposes peptides to self-association, which may be a preliminary step
toward fibril formation.

The different conformational behaviour of the PrP[180–195] wild type pep-
tide as compared to the PrP[180–195]H187A mutant peptide in the presence of
kosmotropic anions at neutral pH is likely caused by the His side chain, which
displays an α-inducing ability lower than the Ala side chain. Nevertheless, in the
prion protein, the segment containing the His187 residue is still able to retain an
α-helical conformation owing to tertiary interactions [78]. Furthermore, in acidic
solution, His protonation and increased proton exchange [109] could play a role
in the destabilization of the helical architecture. These data also confirm that the
helix 2 domain possesses chameleon-like character [78], suggesting that preferential
binding with naturally occurring anions, rather than non-specific interactions, such
as ionic strength-dependent ones, plays an important role in prion protein misfolding
and amyloid fibril growth.

Understanding ion-specific effects is a central theme of biology. Unfortunately,
the complication of ‘ion confounding’ is extremely common in all disciplines con-
cerned with ion-based research because ions are generally manipulated through the
use of salts. It occurs because changing the concentration of a single cation or anion
using a single salt results in a simultaneous change of the associated co-ion, which
causes the main effect associated with that ion to be confounded with the effects
caused by changing the concentration of the co-ion [115]. It is therefore worth
stressing that, even in studies on prion and derived peptides, anion-bound effects
may overlap the largely explored cation-bound effects. Unfortunately, experiments
are not always designed so that the species that cause the modification can be
unequivocally perceived. In conclusion, we highlight that the sensitivity of prion
derived peptides, as well as the whole protein [77, 82, 96] or other amyloido-
genic systems [116], to environmental modifications suggests that the complication
of anion involvement cannot be neglected anymore, either in investigating metal
effects on peptide conformation [77, 82, 83, 96, 116] or in checking the inhibition
of amyloid formation by unusual agents [117, 118].

6.13 Conclusions

As the general features of prion diseases are common to other amyloid disorders
[2], the prion protein can be used as a model to provide the bases for a comprehen-
sive evaluation of the general protein misfolding mechanism. Conformation based
approaches to the study of PrP can give useful hints both on the region/residues
potentially important for the PrPC → PrPSc conversion and on the identification or
development of anti-prion compounds.

Interest in the study of α-helix 2 comes from evidence that this segment possesses
chameleon conformational behaviour [78], gathering several disease-promoting
point mutations, and therefore it can be strongly fibrillogenic and toxic to neuronal
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cells [4], suggesting its involvement in the protein aggregation process and in the
toxicity associated to the scrapie variant. Overall, all peptide-based data on the con-
formational landscape of α-helix 2 strongly suggest a crucial role played by this
domain in the misfolding mechanism of PrPC to the scrapie isoform.

A single amino acid replacement is sufficient to affect the organization of the
173–195 α-helix 2-derived peptide, enhancing the propension of this region for
the β-conformation and facilitating structural rearrangements. Indeed, in the CJD-
associated D178N mutant peptide, the substitution of a neutral Asn for an Asp
residue weakens the helical arrangement of the 173–195 segment in TFE. Also,
the PrP[173–195]D178N peptide shows a higher β-type propensity in SDS com-
pared to that exhibited by the wild type peptide in the same condition. Furthermore,
neurotoxicity assays have shown that the PrP[180–195] and PrP[173–195]D178N
peptides display a toxicity higher than that of the wild type peptide, suggesting
a linkage between β-conformation propensity and toxicity [103]. Finally, environ-
mental conditions, such as pH and salts, can affect the conformational behaviour
of the α-helix 2 domain. This confirms the chameleon-like character of this PrP
fragment [78], suggesting that preferential binding with naturally occurring anions
and pH changes may play an important role in prion protein misfolding and amyloid
fibril growth.

NMR and CD titrations have shown that no specific interaction of Zn2+ or Cu2+

with helical α-helix 2-derived peptides occurs, providing further support to evidence
accumulated in the literature that N- and C-termini domains play a different role in
the PrP conversion, and stressing that the N-terminal domain is likely the natural
target of metal binding [83]. The intriguing structural properties of the α-helix 2
domain make it a primary target for therapeutic strategies and a suitable model
to investigate rational structure-based drug design of compounds able to block or
prevent prion diseases.
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landscape of a chameleon sequence in explicit water and its inherent alpha/beta bifacial
property. Proc Natl Acad Sci USA 95:11667–11672

81. Salmona M, Morbin M, Massignan T, Colombo L, Mazzoleni G, Capobianco R, Diomede L,
Thaler F, Mollica L., Musco G et al. (2003) Structural properties of Gerstmann-Straussler-
Scheinker disease amyloid protein. J Biol Chem 278:48146–48153

82. Brown DR, Qin K, Herms JW, Madlung A, Manson J, Strome R, Fraser PE, Kruck T, von
Bohlen A, Schulz- Schaeffer W et al. (1997) The cellular prion protein binds copper in vivo.
Nature 390:684–687



156 L. Ronga et al.

83. Millhauser GL (2007) Copper and the prion protein: methods, structures, function, and
disease. Annu Rev Phys Chem 58:299–320

84. Luczkowski M, Kozlowski H, Stawikowski M, Rolka K, Gaggelli E, Valensin D, Valensin G
(2002) Is a monomeric prion octapeptide repeat PHGGGWGQ specific ligand for Ca2+ Ions?
J Chem Soc Dalton Trans 2269–2274

85. Jobling MF, Huang X, Stewart LR, Barnham KJ, Curtain C, Volitakis I, Perugini M, White
AR, Cherny RA, Masters CL et al. (2001) Copper and zinc binding modulates the aggregation
and neurotoxic properties of the prion peptide PrP106–126. Biochemistry 40:8073–8084

86. Aronoff-Spencer E, Burns CS, Avdievich NI, Gerfen GJ, Peisach J, Antholine WE, Ball HL,
Cohen FE, Prusiner SB, Millhauser GL (2000) Identification of the Cu2+ binding sites in
the N-terminal domain of the prion protein by EPR and CD spectroscopy. Biochemistry
39:13760–13771

87. Burns CS, Aronoff-Spencer E, Dunham CM, Lario P, Avdievich NI, Antholine WE, Olmstead
MM, Vrielink A, Gerfen GJ, Peisach J et al. (2002) Molecular features of the copper binding
sites in the octarepeat domain of the prion protein. Biochemistry 41:3991–4001

88. Lippard SJ, Berg JM (1994) Principles of Bioinorganic Chemistry, University Science Books,
Mill Valley, CA

89. Bryce GF, Gurd FRN (1966) Visible spectra and optical rotatory properties of cupric ion
complexes of L-histidine-containing peptides. J Biol Chem 241:122–129

90. Sundberg RJ, Martin RB (1974) Interactions of histidine and other imidazole derivatives with
transition metal ions in chemical and biological systems. Chem Rev 74:471–517
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Chapter 7
Synuclein Structure and Function
in Parkinson’s Disease

David Eliezer

Abstract The protein alpha-synuclein is implicated in the etiology of both spo-
radic and hereditary Parkinson’s disease. Structural studies of both the intrinsically
disordered free state of the protein and of more ordered states, adopted when
alpha-synuclein self assembles into fibrils or binds to lipid membranes or detergent
micelles, have begun to provide insights into factors that likely influence both the
pathological aggregation of the protein and its normal functions. Residual secondary
structure and transient long-range interactions within the free state can be detected
and may influence alpha-synuclein aggregation pathways. Structure within the amy-
loid fibril form of alpha-synuclein can also provide clues regarding the assembly
pathways of the protein. Alpha-synuclein folds upon binding to lipid membranes
and the experimentally determined topology of the bound protein likely mediates its
physiological functions. The influence of disease-linked mutations on the structural
properties of the free, fibrillar, and bound states has also been evaluated in order to
examine the basis for altered aggregation kinetics and possible functional impair-
ments of the mutant proteins. Comparative structural studies of the other human
synuclein family members, β-synuclein and γ-synuclein have also been performed
to clarify features that differentiate them from alpha-synuclein in both pathological
and functional contexts. This chapter provides an up to date review of structural
studies of the human synuclein family and of the implications of these studies for
understanding synuclein pathways in biology and disease.

7.1 Background

7.1.1 The Discovery of Synucleins

Alpha-synuclein (αS) was discovered as a protein highly enriched in synaptosome
preparations from the electric organ of the electric ray T. californica [1]. The pro-
tein was determined to localize to presynaptic nerve terminals, as well as to the
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interior of the nuclear membrane, giving rise to the name synuclein. The partial
segregation of the protein with synaptic vesicles and its localization to the nuclear
membrane suggested a membrane-associated function for the protein. Subsequently,
the protein and two close homologues, β-synuclein (βS) and γ-synuclein (γS) were
discovered in other vertebrates and humans [2–6]. All synuclein proteins contain
a series of imperfect 11-residue repeats, each of which contains a more highly
conserved 6-residue motif. These repeats bear similarity to those found in the
apolipoprotein family [7], further suggesting that synucleins are involved in lipid
interactions. The primary structure of all synucleins consists of two regions, an N-
terminal membrane-binding domain and a highly acidic C-terminal tail. Within the
membrane-binding domain of αS is a region commonly referred to as the NAC (non-
amyloid-β component) region, based on its identification as a proteolytic fragment
in Alzheimer’s disease plaques [2].

7.1.2 Synuclein Mutations in Parkinson’s Disease

The gene encoding αS (SNCA/PARK1) was the first gene to be associated with famil-
ial Parkinson’s disease (PD) [8]. Mutations in the gene, leading to a point mutation
(A53T) in the primary sequence of the protein, were shown to be responsible for an
autosomal dominant form of PD in the Italian-American Contursi kindred [9]. Sub-
sequent to the discovery of the A53T mutation, two further mutations in αS, A30P
[10] and E46K [11] were linked to familial forms of Parkinsonism. Furthermore,
either triplication [12] or duplication [13] of the SNCA gene also lead to familial PD
In contrast, to date no mutations in either βS or γS have been clearly associated with
PD or other human disease [14–16].

7.1.3 Synuclein in Lewy Bodies

Synuclein mutations are a rare cause of PD, with most cases of the disease consid-
ered to be sporadic or idiopathic. Nevertheless, αS was implicated in the latter forms
of PD as well by the discovery that it is the primary protein component of the amy-
loid fibril aggregates found in Lewy body deposits [17]. Lewy bodies are spheroidal
proteinaceous deposits found in surviving neurons of the substantia nigra region of
PD brains. Indeed, the presence of Lewy bodies is considered to be a requirement
for the post-mortem diagnosis of PD [18]. The identification of αS as the amyloid
component of Lewy bodies therefore suggests a role for αS-related pathways in both
familial and sporadic forms of PD.

7.1.4 Synuclein Toxicity

PD results from the death of dopamine-producing neurons in the substania nigra
region of the brain. The cause of death of these cells remains unclear, but a num-
ber of hypotheses regarding the involvement of αS in cellular toxicity have been
proposed. Perhaps the most obvious proposal is that the amyloid fibril filled Lewy
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body deposits themselves may mechanically perturb cellular homeostasis and cause
cell death. This idea, however, is countermanded by recent evidence that deposits
formed of mature amyloid fibrils may in fact be protective [19]. The fact that Lewy
bodies are found primarily in surviving neurons of the substantia nigra may also
be interpreted as supporting this idea. Numerous other proposals for how αS may
be toxic exist, including its potential involvement in oxidative reactions, its inhi-
bition of proteasomal protein degradation, and its possible involvement in forming
membrane-permeabilizing channels or pores, or otherwise influencing lipid bilayer
integrity, but all of these mechanisms require further confirmation.

7.1.5 Synuclein Function

Just at as the precise mechanism of αS toxicity remains to be determined, the precise
physiological role or function of the synucleins remains unclear. The association of
αS with synaptic vesicles suggests a role in the regulation of neurotransmission, and
indeed knockout or knockdown of αS has been shown to influence neurotransmitter
release [20–23]. Such studies have also suggested that the absence of αS affects
the size of synaptic vesicle pools in neurons [21, 24], although this result was not
obtained in another study [25]. Furthermore, αS is capable of rescuing a severe neu-
rodegenerative phenotype associated with the absence of a protein (cysteine string
protein α) that functions as part of the chaperone system that resets the synaptic
vesicle fusion machinery [26]. The absence of αS in mice also leads to increased
levels of the protein complexin, which is thought to regulate SNARE-mediated
membrane fusion [25]. Yeast models of synuclein function have suggested a role
in vesicular trafficking as well [27, 28]. αS has also been shown to be an inhibitor
of the enzyme phospholipase D [29], which itself may play a role in facilitating
synaptic vesicle formation or fusion [30]. Most recently, attention has returned to
a possible function of αS in the nucleus, with a number of reports documenting
the presence of the protein in this organelle [31–34], but a specific nuclear function
for synuclein remains to be determined. An early study in songbirds also identified
synucleins as playing a role in learning processes [6].

7.2 Free State Structure

7.2.1 Residual Secondary Structure

Early studies of synuclein structure based on optical methods such as circular dicho-
rism and Fourier-transform infrared spectroscopy revealed that αS was “natively
unfolded”, or intrinsically disordered [35], a relatively unusual observation at the
time. Subsequent solution NMR studies confirmed this conclusion and provided a
highly detailed picture of the local structural preferences of αS, including a weak
preference for helical structure throughout the N-terminal lipid-binding domain, and
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for more extended conformations in the C-terminal tail [36]. The strongest indi-
cations for helical structure were found near the position of the A30P PD-linked
mutation, which was shown to locally disrupt the helical propensity of the protein
[37]. The A53T mutation also led to a local decrease in helical character. Similar
NMR studies of the free states of βS [38, 39] and γS [38, 40] showed that both
proteins retain a weak preference for helical structure in their lipid-binding domains,
and more extended structure in their C-terminal tails.

7.2.2 Role of Residual Structure in Aggregation

Based on the observed effects of PD-linked mutations on residual secondary struc-
ture, two models were proposed for the role of local structure preferences in
modulating αS aggregation [37]. The first model suggested simply that by decreas-
ing the local preference of the protein for helical conformations, mutations might
facilitate the conversion of the protein into the highly β-sheet rich amyloid fib-
ril structure. It was pointed out that the PD-linked mutations (A30P in particular)
may concurrently decrease the propensity of the protein to adopt the highly helical
membrane-bound conformation (see below) and thereby could increase the popu-
lation of aggregation-competent free protein. Alternately, a second model for the
effects of the A30P mutation postulated that transient amphipathic helical struc-
ture formed around position 30 could interact in an intramolecular fashion with
the hydrophobic NAC region of αS and that such interactions could decrease the
probability of NAC-mediated intermolecular interactions leading to aggregation
and fibril formation. Perturbation of the transient amphipathic helical structure by
the A30P mutation would disrupt such intramolecular contacts and facilitate inter-
molecular interactions and oligomerization. Finally, the incompatibility of proline
with β structure could account for the previously observed [41] reduction in the rate
of conversion of A30P oligomers to mature fibrils. A weakness of this model is that
position 30 does not appear to be integrated into the structured core of αS amyloid
fibrils [42–44], but recent studies [44] suggest that the region around position 30
may still play a role in modulating fibril formation and/or structure.

7.2.3 Transient Long-Range Interactions

Subsequent to the suggestion that long-range intramolecular contacts could influ-
ence αS aggregation, the first detailed evidence for such contacts was obtained using
paramagnetic relaxation enhancement (PRE) studies [45, 46], which suggested the
presence of transient contacts between the C-terminal tail of αS and either the N-
terminal or NAC regions of the protein. Following the logic of the previous model
described above, it was proposed that release of such long-range interactions would
increase exposure of the hydrophobic NAC region and thereby favor aggregation.
Such a release could be induced by the direct binding of polycations [47–49] or
metals such as copper [50, 51] to the C-terminal tail of αS, or possibly by PD-linked
mutations. Indeed, a subsequent study [52] argued, based on changes in PRE and
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residual dipolar coupling (RDC) data, that the PD-linked A30P and A53T mutations
led to such a release of contacts between the C-terminal tail and the rest of the
protein. Thus, the idea that transient long-range intramolecular interactions could
protect αS from aggregation has gained widespread attention.

Despite the emergence of the long-range contact model, evidence also exists
that contraindicates this hypothesis. Earlier studies using X-ray scattering and size
exclusion chromatography [53] and NMR diffusion measurements [54], as well
as more recent experiments employing fluorescence or electron transfer methods
[55–57] showed that αS was more compact than would be expected if the protein
populated a fully unfolded conformational ensemble, consistent with the detection
of long-range intramolecular contacts by NMR. However, compaction was shown
to correlate with an increased propensity to aggregate, rather than with protection
from aggregation [53]. Also, PRE measurements from βS and γS show that both
of these proteins exhibit few or no long-range contacts [38], despite the fact that
both proteins aggregate less readily than αS [53, 58]. Furthermore, PRE data from
PD-linked mutants of αS continue to show robust indications of long-range contacts
between the C-terminal and lipid-binding domains [52], and suggest at best a small
decrease in such contacts. The βS and γS studies [38] also strongly indicate that
large RDCs in the C-terminal tails of the synucleins are not necessarily related to
long-range contacts, calling into question whether the RDC changes observed in the
PD-linked αS mutants [52] reflect the release of long-range contacts. Finally, recent
studies of the effects αS phosphorylation at serine 129 show that such phosphoryla-
tion profoundly interferes with long-range contacts between the C-terminal tail and
the N-terminal lipid-binding domain, but rather than enhancing the self-assembly
of the protein, Ser 129 phosphorylation dramatically decreases the rate at which αS
aggregates [59].

At present, it appears clear that transient long-range intramolecular contacts exist
in the free state of αS. However, the role of such contacts in either limiting aggrega-
tion by protecting hydrophobic regions from inter-molecular contacts or enhancing
oligomerization by favoring compact aggregation-prone states, remain to be clari-
fied. Other properties of αS that are likely to profoundly influence the aggregation
rate of the protein include local properties of the polypeptide such as secondary
structure propensity, hydrophobicity and charge, and the electrostatic self-repulsion
that is likely to result from the large negative charge carried by the C-terminal tail
of the protein [60].

7.3 Fibril Structure

The structure of fibrillar αS was shown early on to belong the class of amyloid
aggregates [61, 62], characterized by the so-called cross-beta structure consisting
of β-strands running perpendicular to the long axis of the fibrils, with inter-strand
hydrogen bonds running in the direction of the fibril axis, forming β-sheets that span
the length of the fibrils [63]. Nevertheless, higher-resolution information regarding
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the detailed structures of amyloid fibrils has only recently become available, pri-
marily as a result of advances in solid state NMR (SSNMR) methods [64], but also
complemented by the application of electron spin resonance (ESR) methods [65].

For αS, a number of recent reports have shed light on which regions of the protein
are involved in the core cross-β structure, where precisely β-strand structure exists in
this core, and where it is interrupted. It was shown that the N-terminal ∼35 residues
of αS are not a part of the rigid fibril core [42, 43] although this region of the protein
does exhibit somewhat restricted mobility [44, 66]. The C-terminal ∼40 residues of
the protein are also not part of the core region, but unlike the N-terminal region,
they remain highly mobile. Within the core region of approximately 65 residues,
the combined SSNMR [44, 67, 68] and ESR [42, 66] data suggest extensive and
highly immobile β-strand structure, with, however, a number of interruptions. Most
prominent appears to be a turn or loop region around positions 63–65 (ESR data) or
66–68 (SSNMR data), and a second such break likely exists around positions 83–86
(both SSNMR and ESR data). The most robust indications for a continuous β-strand
are found between these two break regions, from positions 69–83. Other probable β-
strand locations, based on the SSNMR data in combination with hydrogen exchange
measurements [68], include positions 37–43, 52–59, 62–66 and 86–92, although the
thirrd of these strands exhibits significant mobility according to ESR data [66]. It is
also clear from the ESR data that the strands in αS fibrils are arranged in a parallel
fashion. Although the effects of PD-linked mutations on the structure of αS amyloid
fibrils have not yet been characterized in complete detail, one study of A53T fibrils
suggests the possible presence of a sixth β-strand, extending the C-terminal end of
the core region of the fibrils [69].

The most recent model to emerge from SSNMR, hydrogen exchange, and elec-
tron microscopy studies of αS fibrils [68] posits that the five individual β-strands
identified are stacked sequentially on top of one another in a single layer of the
protofibril, which is therefore proposed to consist of five stacked β-sheets. This
geometry is consistent with that observed in earlier studies of the structure of fibrils
formed by the smaller amyloid-beta (Aβ) peptide [70, 71], but contrasts with a recent
structure of the comparably sized prion domain of the fungal protein HET-s, in
which different β-strands pair with each other in the plane of the fibril-long β-sheets,
such that each individual polypeptide chain forms two sheet layers rather than one
[72]. Further investigation will be required to verify and/or refine the current model
of fibrillar αS.

7.4 Lipid-Bound Structure

7.4.1 A Role for Synuclein Function in Disease?

Because the function of αS appears to revolve around neurotransmitter-carrying
synaptic vesicles, and because PD is fundamentally characterized by a deficit in
the brain of the neurotransmitter dopamine, it remains possible that perturbation of
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some aspect of normal synuclein function is responsible for the involvement of the
protein in PD. This idea is not inconsistent with a role for αS aggregation in PD,
as aggregation would almost certainly interfere with αS function, and could easily
do so in a genetically dominant fashion. It is also not necessarily inconsistent with
the observations that αS knockout animals are essentially normal and do not exhibit
a PD-like phenotype because PD, despite being the second most common neurode-
generative disorder, occurs relatively rarely and only at an advanced age, and it is
therefore unclear under what circumstances knockout animals might be expected to
exhibit a PD phenotype. Furthermore, while the fact that transgenic overexpression
of αS has led to a number of PD models in mice, flies and worms [73–75], these
models do not entirely recapitulate salient aspects of the human disease. Therefore,
a clear understanding of the normal physiological function of αS may ultimately
prove crucial for understanding the role of the protein in PD.

Because αS binds to synaptic vesicles and appears to function in the regu-
lation of the formation, trafficking and fusion of such vesicles, the lipid-bound
form of the protein is thought to be predominantly responsible for mediating its
physiological function(s). This reasoning is supported by the observation that the
membrane-bound structure of αS is required for its interactions with its best charac-
terized interaction partner, the lipid-modifying enzyme phospholipase D [76], as
well as with more recently identified partners [77]. Thus, insights into the con-
formation adopted by αS in the presence of lipid membranes should improve our
understanding of the basis for αS function.

7.4.2 Secondary Structure

Early studies using circular dichroism spectroscopy showed that in the presence
of phospholipid vesicles, αS undergoes a disorder-to-order transition involving the
adoption of helical structure by a significant fraction of the polypeptide chain [78–
80]. Although the precise disposition of this helical structure could not be delineated
by this method, a model was presented, based on the previously noted similarity [6]
between the repeats found in the sequence of αS and those found in apolipoproteins
[7], in which lipid-bound αS was predicted to form 5 independent helices, all of
which were surface associated rather than adopting a trans-membrane position [81].

Higher resolution studies of the structure of lipid-bound αS have largely relied on
the use of small spheroidal detergent micelles to mimic larger phospholipid vesicles
while retaining a particle size that is accessible to solution state NMR methods.
The first such study [36] demonstrated that the micelle-binding domain of αS did
indeed adopt a helical structure and extended to approximately residue 102, while
the remaining C-terminal tail of the protein remained largely unstructured and did
not interact strongly with detergent micelles. This same study also confirmed that
the same domain boundaries were observed when the protein was bound to phospho-
lipid vesicles, supporting some degree of similarity between the conformations of
micelle-bound and vesicle-bound αS. Follow up studies were able to delineate more
precisely the location of helical structure in the micelle-bound N-terminal domain
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and showed that this domain formed two long helices interrupted by a single break
[82, 83], rather than five shorter helical segments, but that the helices did indeed
remain on the micelle surface, as predicted, rather than adopting a trans-micelle
orientation [84, 85]. It was subsequently shown that the two helices did not form
inter-helical contacts [84], and a detailed structure for micelle-bound αS was ulti-
mately obtained using new NMR methods developed for analyzing structures of
non-compact proteins [86].

7.4.3 Topology

The two helices of micelle-bound αS were shown to adopt an anti-parallel ori-
entation despite the absence of any tertiary contacts between them [86]. A study
using pulsed ESR to measure distances in αS bound to detergent micelles of dif-
fering diameters also demonstrated an anti-parallel orientation of the helices, but
further showed that when the protein was bound to larger micelles, the two helices
splayed further apart, suggesting that their anti-parallel orientation was at least in
part imposed by the geometry of the micelle surface [87]. Earlier studies which
noted the unusual periodicity of the helices formed by αS [82, 84, 88] proposed
that the protein could adopt a single extended helix encompassing the entire lipid-
binding domain when bound to the surface of lipid vesicles. Direct evidence for the
extended helical conformation has not been published as yet, but an indication that
this conformation likely exists is provided by a recent and elegant circular dichroism
study [89].

7.4.4 Effects of Parkinson’s Disease-Linked Mutations

The effects of PD-linked mutations on the structure of lipid-bound αS have also been
investigated. Earlier work demonstrated that the A30P mutation decreases the affin-
ity of the protein for membrane surfaces [80, 90, 91], while neither the A53T nor
the E46K mutations do so [90, 92]. Structurally, the A30P mutation was shown to
result in a highly localized perturbation of the helical structure of the micelle-bound
protein, while the A53T mutation did not result in any evident structural changes
[93, 94]. The micelle-bound structure of the E46K mutant has not been character-
ized in detail but a preliminary study indicates that both helices are likely intact,
suggesting that any structural perturbations are likely to be minor for this mutant
as well [95]. From these studies, it appears that the A30P mutation could perturb
αS function by interfering with the membrane localization of the protein, both by
reducing the helical propensity of the free state and by perturbing the structure of the
bound state. In contrast, to the extent that the A53T and E46K mutations disrupt αS
function, they likely do so without dramatically altering the presumably functional
membrane-bound conformation. Instead, they may exert their effects either by inter-
fering with protein-protein interactions that are necessary for synuclein function or
possibly by perturbing the ability of the protein to undergo conformational changes
that are required for its proper function.
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7.4.5 β- and γ -Synuclein

Because βS and γS bear a very high sequence homology to αS, it seems likely
that the three proteins have somewhat similar functions. βS in particular exhibits
a similar distribution to that of αS, being found predominantly in the central ner-
vous system [2, 4, 96], while γS appears to be more broadly distributed [5, 97–99].
While structural studies of the free states of βS and γS have been performed to gain
insights into the relationship between synuclein primary sequence, residual struc-
ture, and aggregation [38–40], the structures of the micelle- and membrane-bound
forms of both proteins may be expected to provide insights into differences between
the functions of the three proteins.

NMR studies of βS and γS bound to spheroidal detergent micelles [100] revealed
that the lipid-binding domains of αS and γS adopt highly similar conformations,
with both of the helices that were observed in the case of αS being preserved in
the micelle-bound structure of γS. Based on this observation, it was suggested that
functional differences between αS and γS may be primarily related to the high
degree of sequence divergence in the C-terminal tails of the two proteins. Since
the C-terminal tail of αS is thought to mediate protein-protein interactions, such
sequence variations would suggest that γS interacts with a different set of binding
partners than αS, which could result in the presumed functional differences.

In the case of βS, it was found that the micelle-bound structure of the protein
differs significantly from that of αS in the second of the two micelle-bound helices.
In αS, helix 2 extends from residue 45 through 92, but exhibits a kink at positions
66–68 [82, 86]. In βS, the first part of helix 2 remains intact, but the second part, past
position 65, exhibits clear indications of decreased helicity and increased mobility,
suggesting that the C-terminal half of this helix is destabilized and becomes decou-
pled from the N-terminal half. This effect is most probably caused by the absence
of 11 residues in the βS sequence corresponding to αS positions 74–85. Because of
this structural difference in the lipid-binding domains of αS and βS, and because
their C-terminal tails are more highly similar to each other than in the case of γS,
it was postulated [100] that functional differences between αS and βS may relate
more strongly to their membrane interactions, affinity, and localization than to their
protein binding partners. Supporting this hypothesis is the observation that both
αS and βS were identified in a screen for inhibitors of the protein phospholipase
D, while γS was not [29]. More detailed investigations of differences in the lipid
preferences and interactions of αS and βS are underway.

7.5 New Model for Synuclein Function

Despite extensive efforts, the physiological function of αS remains poorly under-
stood. A consensus exists that the protein is involved in the regulation of the synaptic
vesicle life cycle, including the crucial fusion step. However, apparently conflicting
observations have suggested that αS can both down- and up-regulate synaptic vesi-
cle fusion and neurotransmitter release. Overexpression of αS leads to a reduction in
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vesicle fusion in several model systems [28, 101] and synuclein knockouts exhibit
enhanced dopamine release under repeated stimulation [20, 102], suggesting that
αS acts to inhibit vesicle fusion. At the same time, αS can compensate for deficits
in the SNARE vesicle fusion machinery [26] and deletion of αS and βS leads to
the up-regulation of the protein complexin, which is thought to be required for
proper SNARE function [25], suggesting that αS can play a role in promoting vesi-
cle fusion. In addition to this apparent contradiction, it has also been puzzling that
despite its interaction with synaptic vesicles, αS appears to bind to vesicles weakly
and reversibly [1, 90, 93] and is highly mobile in synaptic nerve terminals [103].

These observations, combined with the structural studies of micelle- and lipid-
bound αS described above, have led to the formulation of a new model for αS
function [60]. This model postulates that αS can adopt both an extended helix
conformation and the anti-parallel broken helix conformation when bound to mem-
branes, and that the specific conformation is determined by the membrane topology.
When presented with a (synaptic) vesicle surface, the extended conformation is
adopted. However, when presented with two closely apposed membrane surfaces,
the broken helix conformation is favored. In vitro, the latter situation occurs when
the protein is presented with the small highly curved spheroidal micelle surface. In
vivo, a similar situation is postulated to occur when the vesicles to which the protein
is bound (in the extended conformation) approach the plasma membrane. When the
two membranes are sufficiently close, the model posits that αS can adopt the broken
helix conformation to bridge the two membranes. The extended helix conformation
is proposed to be weakly bound, in part because of the mismatch between the period-
icity of the synuclein sequence and that of a canonical α-helix [82, 84, 88] while the
broken helix conformation is proposed to be more tightly bound. When the protein
is in the bridging configuration, it can act to stabilize docked vesicles, thereby down-
regulating the efficiency of vesicle fusion. In the absence of the proper vesicle fusion
machinery, however, αS could still stabilize vesicles in close proximity to the plasma
membrane, facilitating a low level of spontaneous or assisted vesicle fusion that can
support viability. Such a model makes a number of testable predictions, and provides
an example of how structural studies of αS can be used to develop new hypotheses
regarding the function of this unusual and important PD-associated protein.

Abbreviations

alpha-synuclein (αS)
electron spin resonance (ESR)
NAC (non-amyloid-β component)
paramagnetic relaxation enhancement (PRE)
Parkinson’s disease (PD)
residual dipolar coupling (RDC)
solid state NMR (SSNMR)
β-synuclein (βS)
γ-synuclein (γS)
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Chapter 8
Inhibition of α-Synuclein Aggregation
by Antioxidants and Chaperones
in Parkinson’s Disease

Jean-Christophe Rochet and Fang Liu

Abstract Parkinson’s disease (PD) is a neurodegenerative disorder involving a loss
of dopaminergic neurons from the substantia nigra. A characteristic feature of the
post-mortem brains of PD patients is the presence in surviving neurons of Lewy
bodies, cytosolic inclusions enriched with fibrillar forms of the presynaptic protein
α-synuclein. Upon prolonged incubation at physiological temperature, α-synuclein
converts from a natively unfolded protein to β-sheet-rich fibrils. α-Synuclein fibril-
lization involves a transient buildup of ‘protofibrils’, prefibrillar oligomers that may
elicit neurotoxicity by permeabilizing phospholipid membranes and/or by inter-
fering with cellular protein clearance mechanisms. The formation of α-synuclein
protofibrils is stimulated by post-translational modifications (e.g. tyrosine nitration,
dopamine adduct formation, methionine oxidation) that occur readily under condi-
tions of oxidative stress. α-Synuclein self-assembly is inhibited by the antioxidant
repair enzyme methionine sulfoxide reductase A, antioxidant compounds, and var-
ious proteins with molecular chaperone activity. The upregulation of antioxidant-
and chaperone-dependent mechanisms may be a reasonable therapeutic strategy for
suppressing α-synuclein aggregation and toxicity in PD.

8.1 Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized
by muscle rigidity, slow movements, and reduced balance [1]. These symptoms
result largely from a loss of dopaminergic neurons in the substantia nigra. A hall-
mark of PD is the presence in surviving neurons of cytosolic inclusions named Lewy
bodies [1]. Biochemical studies have revealed a defect of mitochondrial complex I
in the postmortem brains of PD patients [2, 3]. The decrease in complex I activity is
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predicted to cause an accumulation of reactive oxygen species (ROS) that damage
proteins, lipids, and DNA [4, 5]. In addition, dopaminergic neurons in the substantia
nigra have high basal levels of ROS due to the metabolism and auto-oxidation of
dopamine [5, 6].

Lewy bodies are enriched with fibrillar forms of α-synuclein, a 14 kDa presynap-
tic protein expressed exclusively in the nervous system [7, 8]. Autosomal-dominant
mutations in the α-synuclein gene have been identified in patients with early-onset,
familial PD. The mutations include substitutions (A30P, E46K, and A53T [9–11])
and mutations that increase the copy number of α-synuclein [12, 13]. These neu-
ropathological and genetic data have prompted the hypothesis that α-synuclein
aggregation is involved in PD pathogenesis.

The goal of this chapter is to provide an overview of current knowledge relat-
ing to the role of α-synuclein aggregation in PD and other diseases involving
α-synuclein aggregation (collectively referred to as ‘synucleinopathy disorders’). In
Part I, we focus on the molecular details of α-synuclein aggregation, addressing the
following questions: (i) Which species are formed on the α-synuclein self-assembly
pathway? (ii) Which of these species are responsible for neurotoxicity? and (iii)
How is α-synuclein aggregation modulated by cellular perturbations such as oxida-
tive stress and membrane binding? In Parts II and III, we review evidence that
α-synuclein aggregation and toxicity are inhibited by antioxidants and molecular
chaperones. From this evidence, we conclude that upregulation of antioxidant and
chaperone-dependent mechanisms represents a powerful strategy for the treatment
of PD and other synucleinopathy disorders.

8.2 Molecular Details of α-Synuclein Aggregation

8.2.1 α-Synuclein Is a Natively Unfolded, Presynaptic Protein

α-Synuclein was first identified as the precursor of the ‘non amyloid-beta
component’ (NAC), a peptide that is present in addition to the amyloid-beta
peptide in amyloid preparations from the brains of Alzheimer’s disease patients [14].
α-Synuclein exists as cytosolic and membrane-bound forms and is co-
localized with synaptophysin in the presynaptic terminal [7, 15, 16]. This subcel-
lular distribution is consistent with evidence that the protein modulates synaptic
vesicle release [17–19], dopamine uptake [20], and SNARE complex assembly
[21]. Data from far-ultraviolet circular dichroism (far-UV CD), Fourier transform
infrared (FTIR), and nuclear magnetic resonance (NMR) measurements indicate
that recombinant α-synuclein exists as a ‘natively unfolded’ protein with a
primarily random-coil structure in dilute aqueous solution [22, 23]. However, the
protein has been shown to adopt an α-helical structure upon binding to anionic
phospholipids by far-UV CD, NMR, and electron paramagnetic resonance
[23–27].
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8.2.2 α-Synuclein Forms Fibrils and Protofibrils

A number of groups have shown that purified, recombinant α-synuclein forms fibrils
in aqueous solution upon prolonged incubation at elevated temperatures. The fibrils
have several properties of classic amyloid fibrils, including elevated β-sheet content
[28, 29], the ability to bind dyes with a high affinity for extended β-sheet structure,
including thioflavin T and Congo red [29–31], and X-ray and electron diffraction
patterns consistent with a cross-β structure [32]. Both the A53T and E46K mutants
of α-synuclein have been shown to fibrillize more readily than wild-type α-synuclein
via measurements of thioflavin T fluorescence or by monitoring the loss of soluble
protein [28, 32–38]. In contrast, A30P fibrillizes less rapidly than the wild-type
protein, E46K, or A53T [35–38].

α-Synuclein fibrillization involves the formation of pre-fibrillar, oligomeric
intermediates, referred to as ‘protofibrils’. Evidence from atomic force microscopy
(AFM) and electron microscopy imaging suggests that protofibrils consist of spheres,
chains, rings, and tubular species, and far-UV CD data indicate that they are
enriched with β-sheet secondary structure [29, 31, 35, 39–43]. Both the A30P and
A53T mutants form protofibrils more rapidly than wild type α-synuclein [35, 44].

8.2.3 α-Synuclein Protofibrils Permeabilize Membranes

Because α-synuclein interacts with phospholipids, Lansbury and colleagues [39, 45]
characterized α-synuclein protofibrils in terms of their ability to bind and permeabi-
lize lipid membranes. The authors showed via surface plasmon resonance (SPR) that
protofibrillar α-synuclein binds to phosphatidylglycerol vesicles with much higher
affinity than the monomeric or fibrillar protein, and far-UV CD data revealed that
the membrane-bound protofibrils are enriched with β-sheet structure. In addition,
α-synuclein protofibrils (but not the monomer or fibrils) triggered the release of
molecules encapsulated in phosphatidylglycerol vesicles, with an apparent pref-
erence for low-molecular weight species [39, 45]. Protofibrillar α-synuclein also
bound brain-derived membrane fractions with higher affinity than the monomeric
protein, and AFM analyses revealed the presence of membrane-bound annular
protofibrils [40]. Together, these data suggested that α-synuclein protofibrils elicit
neurotoxicity by permeabilizing membranes, possibly via a mechanism involving
the formation of ion channels similar to β-sheet-rich pores generated by bacterial
toxins [39, 40, 42, 45].

Protofibrillar A30P, A53T, and mouse α-synuclein have a greater propensity to
permeabilize phosphatidylglycerol vesicles (on a per mole basis) than the human
recombinant wild-type protein [45]. In contrast, E46K has a decreased propensity
to form protofibrils compared to wild-type α-synuclein, and protofibrillar E46K
exhibits a decreased specific membrane permeabilization activity [38]. These find-
ings suggest that E46K elicits neurotoxicity via a mechanism unrelated to protofib-
ril formation or membrane permeabilization. Alternatively, cellular perturbations
in addition to the E46K substitution (e.g. post-translational modifications) may
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increase the propensity of this variant to form protofibrils and/or permeabilize
membranes in vivo [38].

The results outlined above suggest a model in which α-synuclein protofibrils
elicit neurotoxicity by forming pore-like structures that permeabilize membranes
and perturb ionic gradients required for cellular homeostasis [39, 42, 45]. Con-
sistent with this hypothesis, other investigators have reported that α-synuclein
oligomers elicit an increase in phospholipid bilayer conductance [46, 47]. The
data from one study indicated that α-synuclein oligomers caused an increase in
conductance across a membrane without forming discrete, channel-like structures
[46]. In a second study, treatment of a bilayer with oligomers formed from the
NAC peptide led to an increase in conductance and the appearance of channel-
like structures detectable by AFM [47]. Because these analyses were carried out
using the NAC peptide, it is unclear whether full length α-synuclein would exhibit
similar channel-like activity in this bilayer model. Finally, a recent report revealed
that monomeric α-synuclein forms well-defined conducting channels enriched with
α-helical structure in phosphatidylethanolamine-rich bilayers subjected to a trans-
membrane potential [48]. In summary, these findings indicate that α-synuclein has
a membrane permeabilizing activity which may involve the formation of pore-like
structures by β-sheet-rich oligomers, although different mechanisms of membrane
disruption may be operative under different conditions.

8.2.4 α-Synuclein Self-Assembly Is Promoted by Membranes

Data from several groups suggest that phospholipid membranes stimulate
α-synuclein aggregation. Membrane-bound α-synuclein was shown to form
oligomeric species more rapidly than the cytosolic protein in rat brain homogenates
[49]. Other studies revealed that long-chain polyunsaturated fatty acids promote
α-synuclein self-assembly [50, 51], and electron microscopy data indicate that
α-synuclein forms fibrils at the surface of synaptosomal membranes [52]. In addi-
tion, the protein undergoes accelerated fibrillization in the presence of anionic deter-
gent micelles or when incubated with phospholipid vesicles at high protein-lipid
ratios [53–56]. Finally, synthetic vesicles enriched with the ganglioside GM1 inhibit
α-synuclein fibrillization but promote the formation of β-sheet-rich oligomers [57].

8.2.5 α-Synuclein Aggregates Disrupt Protein Clearance
Mechanisms

Emerging evidence suggests that α-synuclein elicits toxicity by interfering with
cellular mechanisms of protein degradation. Several groups have shown that α-
synuclein is degraded by the ubiquitin-proteasome pathway (UPP), chaperone-
mediated autophagy (CMA), and macroautophagy [58–62]. However, the UPP is
impaired in cells over-expressing α-synuclein [63–65], and the 26S proteasome
exhibits reduced proteolytic activity upon incubation with protofibrillar α-synuclein
in cell-free systems [66–68]. In addition, the A30P and A53T mutants inhibit CMA,
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apparently by binding to the lysosomal LAMP2A receptor [60]. Because these
mutant forms of α-synuclein are readily converted to protofibrils, the latter species
may be responsible for inhibiting CMA. In turn, impairment of the UPP and CMA
by α-synuclein may induce neurotoxicity by triggering a build-up of misfolded
polypeptides.

8.2.6 α-Synuclein Is Post-Translationally Modified
in Parkinson’s Disease

Neuropathological data indicate that α-synuclein is post-translationally modified
in the brains of patients with PD and other synucleinopathies, including demen-
tia with Lewy bodies (DLB), the Lewy body variant of Alzheimer’s disease, and
multiple system atrophy (MSA). Lee, Trojanowski, and colleagues [69] showed
that α-synuclein is nitrated at various tyrosine residues in synucleinopathy inclu-
sions by staining with site-specific antibodies. The protein was also shown to be
phosphorylated at serine 129 in DLB cortical inclusions via matrix-assisted laser
desorption ionization mass spectrometry (MALDI-MS) and immunohistochemical
analysis [70]. Subsequently, Anderson and colleagues [71] identified α-synuclein
phosphorylated at serine 129 (“P-S129 α-synuclein”) and a number of truncated
α-synuclein species in inclusions from patients with DLB, MSA, and familial
PD. In this thorough study, the authors characterized post-translationally modi-
fied α-synuclein isoforms via immunoblotting, ELISA, and liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS). The results indicated that
P-S129 α-synuclein is the most abundant modified isoform in Lewy bodies [71].

Post-translational modifications of α-synuclein have also been characterized
in cellular and animal models of PD. Using an affinity purification method coupled
with MS/MS, Mirzaei et al. [72] showed that α-synuclein is modified at various
C-terminal residues in dopaminergic PC12 cells exposed to the complex I inhibitor
rotenone. Specific modifications identified using this model include: (i) methionine
oxidation at positions 116 and 127; (ii) tyrosine phosphorylation, nitration, or ami-
nation at positions 125, 133, and 136; and (iii) serine phosphorylation at position
129 [72] (Schieler and Rochet, unpublished observations). Data from other stud-
ies suggest that α-synuclein undergoes an increase in serine 129 phosphorylation
in SH-SY5Y neuroblastoma cells treated with H2O2 [73], an increase in tyrosine
nitration in mice exposed to the mitochondrial toxin, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [74], and an increase in both modifications in A30P
α-synuclein transgenic mice [75].

8.2.7 α-Synuclein Self-Assembly Is Stimulated by Oxidative
Modifications

A number of groups have reported that oxidative stress promotes α-synuclein aggre-
gation and/or toxicity. Data from early works revealed that recombinant α-synuclein
undergoes accelerated oligomerization in solutions containing H2O2 and Fe2+ or
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Cu2+ [76, 77]. Subsequently it was demonstrated that the rate-limiting step in
the nucleation of α-synuclein fibrillization is the oxidative formation of dityrosine
cross-linked dimers [78, 79]. Consistent with this finding, Zhou and Freed [80]
showed that α-synuclein variants in which tyrosine 39 or tyrosine 125 is replaced
with a cysteine residue (Y39C and Y125C, respectively) have an increased propen-
sity to form dimers and inclusions and to elicit neurotoxicity in a dopaminergic cell
line compared to the wild-type protein, especially in the presence of an oxidizing
insult. The authors’ rationale of replacing tyrosine 39 or 125 with cysteine was that
disulfide bonds are predicted to form more rapidly than dityrosine under conditions
of oxidative stress [80].

Data from other studies indicate that α-synuclein oligomer formation is stim-
ulated, whereas fibrillization is inhibited, as a result of tyrosine nitration [81, 82]
or upon exposing the protein to metal ions [83] or dopamine [84, 85]. Several
groups have reported that α-synuclein reacts with quinone derivatives of dopamine
(e.g. indole-5,6-quinone) to form covalent adducts, which in turn inhibit the con-
version of oligomers to fibrils [84–87]. The dopamine-α-synuclein adduct inhibits
CMA, resulting in a buildup of misfolded polypeptides [88]. Other data sug-
gest that the dopamine oxidation product, dopaminochrome, promotes α-synuclein
oligomerization and suppresses fibril formation via non-covalent interactions with a
C-terminal segment of the protein [89, 90]. Dopamine oxidation products have also
been shown to induce the dissociation of preformed α-synuclein fibrils [89, 91].
Cyclooxygenase-2, an enzyme that is upregulated in PD brain, induces dopamine
oxidation and α-synuclein aggregation in a dopaminergic cell line [92]. Together,
these findings suggest that oxidized derivatives of dopamine modulate α-synuclein
self-assembly via covalent and non-covalent interactions.

α-Synuclein oligomerization and fibrillization are inhibited following the oxi-
dation of all four methionine residues (M1, M5, M116, and M127) to methio-
nine sulfoxide. This inhibitory effect is proportional to the number of methion-
ine sulfoxides [93] and is reversed when the oxidized protein is incubated with
various metal ions, including Ti3+, Zn2+, Al3+, and Pb2+ [94]. Interestingly, a
buildup of oligomers but not fibrils occurs in mixtures of methionine-oxidized
and unoxidized α-synuclein [93, 95, 96], suggesting that interactions between
oxidized and unoxidized isoforms result in inhibition of the protofibril-to-fibril
conversion.

The aggregation of α-synuclein is also modulated by oxidation products of
molecules found in biological membranes. Two products of lipid peroxidation,
4-hydroxy-2-nonenal (HNE) [97] and acrolein [98], stimulate α-synuclein oligomer-
ization but inhibit fibrillization via covalent modification of the protein. In contrast,
oxidized cholesterol metabolites promote the formation of α-synuclein protofibrils
and fibrils, apparently without a requirement for covalent adduct formation [99].
These effects of HNE, acrolein, and oxidized cholesterol metabolites on α-synuclein
aggregation are likely to be relevant in vivo given the affinity of the protein for
biological membranes.



8 Inhibition of α-Synuclein Aggregation 181

8.2.8 α-Synuclein Aggregation Is Modulated by Phosphorylation

A number of groups have examined whether α-synuclein aggregation is modulated
by the phosphorylation of serine 129, a modification induced by oxidative stress
(see above). In one study, P-S129 α-synuclein was found to generate oligomers and
fibrils more rapidly than the wild-type protein in a test-tube model [70]. However,
Lashuel and colleagues [100] recently showed via far-UV CD and NMR that the
phosphorylated protein has increased flexibility and a diminished ability to form
fibrils. The reason for this discrepancy is unclear, although even subtle differences in
the experimental conditions used for α-synuclein fibrillization may have accounted
for the different reported outcomes [101].

Other research has addressed whether α-synuclein aggregation and neurotoxicity
are affected by the phosphorylation of serine 129 in vivo. α-Synuclein toxic-
ity was shown to be enhanced in transgenic Drosophila by replacing serine 129
with aspartate, a phosphoserine mimic, or by co-expressing the wild-type pro-
tein with G protein-coupled receptor kinase 2, previously shown to phosphorylate
serine 129 [102, 103]. In contrast, the S129A mutant exhibited decreased neu-
rotoxicity and enhanced inclusion formation in the transgenic fly model. These
results suggested that the phosphorylation of serine 129 promotes neurodegener-
ation but inhibits α-synuclein aggregation [103]. Contrary to these results, recombi-
nant adeno-associated virus (rAAV) encoding human S129A produced more rapid
dopaminergic cell death upon injection in rat substantia nigra than rAAV encoding
human wild-type α-synuclein, whereas S129D-encoding rAAV did not exhibit neu-
rotoxicity in this model [104]. It is unclear why opposite results were obtained in rats
versus flies, although interactions between the over-expressed human variants and
the endogenous protein in rats (but not in flies, which lack α-synuclein) may have
contributed to this discrepancy. Importantly, data from studies of S129D and S129E
in vivo should be interpreted with caution, based on recent evidence that these vari-
ants do not faithfully recapitulate the conformational properties and self-assembly
behavior of P-S129 α-synuclein in a test-tube model [100].

8.2.9 Summary (Part I)

α-Synuclein self-assembly involves the formation of protofibrils and fibrils (Fig. 8.1).
Multiple lines of evidence suggest that protofibrils are more toxic than fibrils,
perhaps due to their ability to permeabilize membranes and/or interfere with pro-
tein degradation via the UPP or CMA. The formation of α-synuclein protofibrils
is stimulated by the familial mutations A30P and A53T and by binding of the
protein to phospholipid membranes. In addition, data from studies involving test-
tube, cellular, and animal models indicate that post-translational modifications
induced by oxidative stress, including tyrosine nitration, dopamine adduct forma-
tion, and methionine oxidation, promote the conversion of α-synuclein to potentially
toxic oligomers. Accordingly, α-synuclein aggregation and neurotoxicity may be
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Fig. 8.1 Model illustrating α-synuclein self-assembly and neuroprotective mechanisms. (a) Reac-
tive oxygen species (ROS) react with dopamine to form dopamine oxidation products, which
stimulate α-synuclein oligomerization via non-covalent interactions. The formation of poten-
tially toxic α-synuclein oligomers is also accelerated by familial mutations (A30P, A53T) and
by membrane binding. (b) ROS also induce α-synuclein protofibril formation via direct oxidative
modification of the protein, yielding variants with nitrated tyrosine residues, covalently attached
dopamine, or oxidized methionine residues. (c) α-Synuclein protofibrils undergo further self-
assembly to form fibrils, which ultimately become incorporated into Lewy bodies. Dopamine
oxidation products and antioxidant compounds promote the dissociation of fibrils to oligomers.
(d) α-Synuclein protofibrils may elicit neurotoxicity by permeabilizing phospholipid membranes.
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mitigated by upregulating cellular antioxidant mechanisms. Moreover, molecular
chaperones may suppress α-synuclein toxicity by inhibiting protofibril formation
and/or by improving the efficiency of protein homeostasis.

8.3 Inhibition of α-Synuclein Aggregation by Molecules
with Antioxidant Activity

As described above, oxidative stress promotes the conversion of α-synuclein to
potentially neurotoxic aggregates. Accordingly, intensive research has been carried
out to determine whether α-synuclein aggregation and toxicity are suppressed by
proteins or small molecules with antioxidant activity. In this section, we highlight
studies of (i) methionine sulfoxide reductase A (MsrA), an enzyme involved in the
cellular response to oxidative stress, and (ii) antioxidant compounds that interfere
with α-synuclein fibrillization.

8.3.1 Inhibition of α-Synuclein Aggregation by MsrA

The enzyme MsrA converts the S-stereoisomer of methionine sulfoxide (including
protein-bound methionine sulfoxide) to reduced methionine. MsrA over-expression
in Saccharomyces cerevisiae and mammalian cells leads to enhanced resistance
to oxidative stress, whereas the downregulation of MsrA increases sensitivity to
oxidative insults [105–108]. In addition, MsrA knock-out mice have a reduced
lifespan and are sensitized to oxidative stress [109, 110]. MsrA activity decreases
with age in rat [111], whereas increased expression of the enzyme in Drosophila
results in increased longevity [112]. Two mechanisms have been proposed for the
protective effect of MsrA [113]. First, the enzyme may preserve the functions of
essential cellular proteins via the repair of oxidized methionine residues. Second,
MsrA engages in cycles of methionine oxidation and reduction, with the net effect
of depleting (or ‘scavenging’) intracellular ROS. Exposed methionine residues on

�
Fig. 8.1 (e) Oxidatively damaged forms of α-synuclein may be eliminated by the ubiquitin pro-
teasome pathway (UPP) or by chaperone-mediated autophagy (CMA). However, these clearance
pathways are disrupted by α-synuclein protofibrils, resulting in a vicious cycle that triggers further
α-synuclein oligomerization. (f) MsrA and antioxidant compounds deplete cellular ROS, thereby
preventing a buildup of dopamine oxidation products and oxidatively damaged α-synuclein. DJ-1
also suppresses ROS by upregulating glutathione (GSH). (g) Some antioxidant compounds (e.g.
EGCG) inhibit the formation of toxic, β-sheet-rich protofibrils by instead promoting the formation
of unstructured (non-toxic) oligomers. (h) MsrA suppresses α-synuclein self-assembly by repairing
oxidized forms of the protein. (i) α-Synuclein self-assembly is abrogated by molecular chaperones.
Hsp70, αB-crystallin, and DJ-1 may inhibit α-synuclein fibrillization by binding protofibrils and
promoting their conversion to non-toxic species. DJ-1 also suppresses α-synuclein aggregation and
toxicity by upregulating Hsp70. Geldanamycin mitigates α-synuclein toxicity by inhibiting Hsp90,
resulting in increased Hsp70 expression
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the surfaces of proteins are thought to play an important role in this cycling mech-
anism, and in so doing they may protect other essential residues from oxidative
damage [113].

MsrA is abundant throughout the brain including the substantia nigra [114], the
major region of neuronal loss in the brains of PD patients. This observation suggests
that the enzyme may inhibit dopaminergic cell death elicited by PD-related insults.
To address this hypothesis, Liu et al. [115] tested whether MsrA over-expression
protects dopaminergic neurons against α-synuclein aggregation and toxicity in pri-
mary cultures isolated from embryonic rat mesencephalon. These cultures consist
of a mixed population of dopaminergic and non-dopaminergic neurons and glial
cells, similar to the native environment of the midbrain. Therefore, the use of this
cellular model is a powerful approach to investigate neurotoxic and neuroprotec-
tive mechanisms in PD. MsrA and the A53T mutant of α-synuclein were expressed
in the midbrain cultures from lentiviruses previously shown to transduce neurons
with an efficiency of 80–90% [116]. The relative viability of dopaminergic neu-
rons (stained by an antibody specific for tyrosine hydroxylase) was dramatically
reduced in cultures expressing A53T α-synuclein, and this toxic effect correlated
with the appearance of SDS-resistant oligomers in the soluble fraction of the cell
lysate (detectable via Western blotting). A53T aggregation and neurotoxicity were
both partially rescued by co-expressing MsrA, whereas the small-molecule antiox-
idant N-acetyl-cysteine inhibited α-synuclein aggregation and neurotoxicity to a
much lesser degree. Because N-acetyl-cysteine protects against oxidative stress by
scavenging free radicals [117–119], this finding suggests that MsrA interferes with
α-synuclein toxicity and oligomerization by directly repairing oxidized α-synuclein
rather than by depleting ROS. In support of this idea, Liu et al. [115] showed
that recombinant bovine MsrA repaired a variant of human wild-type α-synuclein
that had been oxidized at all four of its methionine residues via pretreatment
with H2O2.

These results suggest an apparent inconsistency: N-acetyl-cysteine was not pro-
tective against α-synuclein, yet this antioxidant molecule should suppress oxidative
stress upstream of MsrA-catalyzed reduction. One possibility is that the antioxi-
dant activity of N-acetyl-cysteine may not be sufficiently high to fully suppress
α-synuclein methionine oxidation. In support of this idea, α-synuclein was found to
readily undergo methionine oxidation in PC12 cells in the absence of an oxidizing
treatment, most likely because these dopaminergic cells have high basal levels of
ROS and because the natively unfolded structure of α-synuclein renders the protein
susceptible to oxidative damage [72, 115]. Therefore, MsrA may play a critical role
in preventing methionine oxidation of α-synuclein in dopaminergic neurons, even
under basal conditions [115].

Preferential expression of human α-synuclein in the dopaminergic neurons of
transgenic Drosophila results in a loss of tyrosine hydroxylase-immunoreactive cells
and reduced spontaneous locomotor activity, and these deficits are overcome by co-
expression of bovine MsrA [120]. The protective effect of MsrA was reproduced by
supplementing the fly diet with S-methyl-L-cysteine (SMLC), a methionine analog
that is readily oxidized to a species which is then a substrate for MsrA period. The
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authors inferred that SMLC causes a net depletion of ROS in the fly brain by acti-
vating a redox cycle catalyzed by endogenous MsrA [120]. These findings suggest
that MsrA inhibits α-synuclein-induced cell death by scavenging ROS, a result that
conflicts with evidence that MsrA protects primary dopaminergic neurons against
α-synuclein toxicity primarily via its repair activity (see above). The discrepancy
between the results obtained from studies of Drosophila and primary midbrain
cultures may indicate that different MsrA-dependent protective mechanisms are
operative in the two models. Evidence suggests that α-synuclein over-expression
does not trigger a buildup of ROS, determined by measuring glutathione depletion
and an increase in 8-oxo-deoxyguanosine levels, in primary midbrain cultures (Liu
and Rochet, unpublished observations) [116, 121]. In contrast, oxidative stress may
play a more central role in dopaminergic cell death in the brains of α-synuclein
transgenic flies [122, 123], and, therefore, the consumption of ROS via repeated
rounds of SMLC oxidation and reduction may be beneficial. It is also possible that
MsrA-mediated repair and ROS scavenging occur to some degree in both models
[115]. Ultimately, these issues will be resolved by investigating whether SMLC pro-
tects against α-synuclein neurotoxicity in primary midbrain cultures, and whether
α-synuclein over-expression causes increased oxidative damage in the fly model.

Previous studies revealed that methionine-oxidized α-synuclein exhibits a
decreased propensity to form fibrils and interferes with the fibrillization of the
unoxidized protein [95]. In addition, potentially toxic, soluble oligomers have
been shown to accumulate in mixtures of unoxidized and methionine-oxidized
α-synuclein [84, 96]. Accordingly, MsrA may protect against α-synuclein neuro-
toxicity by preventing a buildup of oxidized isoforms with a high propensity to
generate harmful oligomers.

A goal of future studies will be to identify methionine residues of α-synuclein
that are repaired in dopaminergic cells, and to assess whether substitutions that
mimic or prevent the oxidation of these residues promote or suppress the forma-
tion of toxic α-synuclein oligomers. Additional research is also necessary to assess
whether the neuroprotective function of MsrA against α-synuclein toxicity occurs in
the cytosol or mitochondria, given that each protein is present in both compartments
[115, 124–126]. Finally, it is unknown whether methionine sulfoxide reductase B
(MsrB), the enzyme responsible for reducing the R-stereoisomer of methionine
sulfoxide, also protects dopaminergic neurons from PD-related insults.

8.3.2 Inhibition of α-Synuclein Aggregation by Small-Molecule
Antioxidants

Various antioxidant compounds have been tested for their effects on α-synuclein
self-assembly. In one set of studies, Fink and colleagues [127, 128] showed that the
flavonoid baicalein (5–50 μM) and the antibiotic rifampicin (10–100 μM) inhibit
α-synuclein fibrillization and disaggregate preformed fibrils, resulting in a buildup
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of non-fibrillar α-synuclein oligomers. The inhibition of fibrillization was more pro-
nounced under oxidizing conditions, which favor auto-oxidation of the compounds
to a quinone derivative. Moreover, spectrophotometric data revealed that both com-
pounds form a covalent adduct with α-synuclein, and the results of mass spectral
analyses implied that the quinone form of baicalein forms a Schiff base with a lysine
residue [127, 128].

Other groups have reported that the fibrillization of recombinant α-synuclein
is inhibited by a broad spectrum of antioxidant compounds, generally with a
half-maximal effective concentration (EC50) in the low micromolar range [129–
132]. These compounds include: (i) polyphenolics (e.g. baicalein, curcumin, (–)-
epigallocatechin gallate (EGCG), ferulic acid, myricetin, nordihydroguaiaretic acid
(NDGA), rosmarinic acid, tannic acid) (Fig. 8.2); and (ii) non-polyphenolics (e.g.
amphotericin B, perphenazine, rifampicin) (Fig. 8.3). Curcumin also inhibits the
aggregation of A53T α-synuclein fused to red fluorescent protein in a neuroblas-
toma cell line [132]. The inhibitory effect of some molecules (e.g. curcumin, EGCG,
myricetin) on the fibrillization of recombinant α-synuclein correlates with a buildup
of soluble oligomers detectable as high molecular weight species by SDS-PAGE
or gel filtration [129, 131, 132]. In addition, several polyphenolic compounds (e.g.
curcumin, myricetin, NDGA, rosmarinic acid, tannic acid) induce the dissociation of
preformed fibrils with EC50 values in the low micromolar range [130]. Some of these
compounds consist of two 3,4-dihydroxyphenyl rings (NDGA, rosmarinic acid) or
4-hydroxy-3-methoxyphenyl rings (curcumin) joined by a hydrocarbon linker, and
these structural motifs may promote binding of the compounds to soluble and/or
fibrillar α-synuclein [130].

Collectively, these observations suggest that the antioxidant compounds described
above may alleviate α-synuclein toxicity in synucleinopathy disorders, both by sup-
pressing oxidative stress and by interfering with α-synuclein fibrillization. However,
many of these compounds promote the accumulation of α-synuclein oligomers,
and it is critical to determine whether these species are benign or neurotoxic. Epi-
demiological evidence suggests that flavonoids reduce the risk of neurodegenerative
disease – for example, there is a decreased risk of PD in India, where the typical diet
is enriched with curcumin [128, 132]. From these observations, one would infer that
α-synuclein oligomers formed in the presence of these compounds are non-toxic. In
addition, Wanker and colleagues [131] demonstrated via far-UV CD measurements
that α-synuclein oligomers generated in the presence of EGCG lack significant
β-sheet structure, and, therefore, they are conformationally distinct from the β-
sheet-rich, toxic protofibrils previously shown to permeabilize membranes [39, 45].
α-Synuclein oligomers formed in the presence of EGCG and other compounds were
also shown to be non-toxic when added to neuronal cell lines in tissue-culture
models [129, 131]. Another study revealed that baicalein protects differentiated
PC12 cells from the toxic effects of E46K α-synuclein [133], suggesting that the
α-synuclein oligomers stabilized by this compound are non-toxic. A potential limi-
tation of the cell-culture models used in these studies is that they may only provide
limited insight about α-synuclein toxicity in the brain. For example, oligomers that
are non-toxic when applied to the exterior of cells may in fact elicit toxicity upon
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Fig. 8.2 Structures of polyphenolic small-molecule inhibitors of α-synuclein self-assembly

accumulating intracellularly, and oligomers that cause little damage to immortalized
neuronal cells may in fact be toxic to post-mitotic neurons. These caveats can be
addressed by testing whether the compounds mitigate α-synuclein aggregation and
neurotoxicity in primary mesencephalic cultures or in animal models of PD.

8.3.3 Summary (Part II)

α-Synuclein self-assembly is inhibited by the antioxidant enzyme MsrA and by
various antioxidant compounds (Fig. 8.1). MsrA suppresses α-synuclein aggrega-
tion and neurotoxicity by repairing oxidized methionine residues and by depleting
ROS via a redox cycling mechanism. Antioxidant compounds inhibit α-synuclein
self-assembly and promote dissociation of preformed fibrils by interfering with
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intermolecular interactions necessary for fibril formation and/or stability (presum-
ably, these compounds also suppress α-synuclein aggregation in cells by scav-
enging ROS). A number of antioxidant compounds have been shown to promote
a buildup of α-synuclein oligomers, and it is unclear whether these species are
benign or neurotoxic. One way to address this problem is to prove that the α-
synuclein oligomers formed in the presence of a compound are structurally distinct
from toxic, β-sheet-rich protofibrils (as in the case of the high molecular weight
α-synuclein species stabilized by EGCG). Ultimately, the best way to validate
the therapeutic potential of these small molecules will be to demonstrate that
they alleviate α-synuclein neurotoxicity in preclinical models of neurodegenerative
disease.

8.4 Inhibition of α-Synuclein Aggregation by Molecular
Chaperones

Cells rely on a number of ‘surveillance’ mechanisms to prevent a buildup of harm-
ful protein aggregates. One such mechanism is provided by molecular chaperones,
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cellular proteins that interfere with protein misfolding and aggregation [134, 135].
Molecular chaperones play different roles under different conditions. In some cases,
they interact with misfolded proteins and promote their correct refolding. Alterna-
tively, chaperones target misfolded or aggregated polypeptides for degradation by
the UPP or via autophagy [134]. Many chaperones are heat shock proteins that are
upregulated under different stress conditions, including elevated temperatures and
other insults that cause a build-up of misfolded proteins. Examples of heat shock
proteins in eukaryotic cells include Hsp27, Hsp40, Hsp70, and Hsp90. Because
molecular chaperones interfere with protein misfolding and aggregation, substantial
research efforts have focused on developing strategies to prevent the formation of
toxic α-synuclein assemblies by enhancing chaperone activity. In this section, we
highlight studies of Hsp70, Hsp27, αB-crystallin, Hsp90, torsinA, and DJ-1.

8.4.1 Inhibition of α-Synuclein Aggregation by Hsp70

Heat shock protein 70 (Hsp70) has been characterized extensively in terms of
inhibition of α-synuclein aggregation and toxicity. Hsp70 was shown to interfere
with α-synuclein fibrillization by interacting with prefibrillar oligomers on the α-
synuclein self-assembly pathway [136, 137]. In contrast, no interactions between
Hsp70 and monomeric α-synuclein were detected by NMR [136]. Results obtained
by comparing the rates of ‘seeded’ α-synuclein fibrillization in the absence or pres-
ence of Hsp70 revealed that the chaperone inhibits fibril elongation by binding to
prefibrillar oligomers, and gel-filtration data indicated that the chaperone does not
induce dissociation of these species to the monomer [136, 137]. Moreover, Hsp70
was found to decrease membrane permeabilization by oligomeric α-synuclein, sug-
gesting that binding of the chaperone converts α-synuclein protofibrils to non-toxic
aggregates [137].

Hsp70 was shown to protect against α-synuclein toxicity in the brains of trans-
genic Drosophila [138]. In this model, targeted expression of human α-synuclein to
dopaminergic neurons in the fly brain results in progressive dopaminergic cell death
and a buildup of Lewy-like inclusions. Co-expression of human Hsp70 rescued the
loss of dopaminergic neurons, whereas the number of inclusions was unchanged.
In addition, the inclusions stained positive for human Hsp70, suggesting that the
chaperone interacted with the α-synuclein aggregates. These findings implied that
Hsp70 converts toxic α-synuclein aggregates to non-toxic forms (alternatively, the
aggregates detected by immunohistochemistry may not be involved in neurotoxi-
city). Inactivation of the major constitutively-expressed fly Hsp70 protein, Hsc4,
resulted in accelerated dopaminergic cell death in α-synuclein-transgenic flies. This
result further supported the idea that Hsp70 plays a critical role in suppressing
α-synuclein-mediated neurotoxicity in Drosophila.

Subsequently it was discovered that geldanamycin (GA), a small-molecule inhi-
bitor of Hsp90, suppresses α-synuclein-induced neurodegeneration in transgenic
Drosophila [139]. GA activates the endogenous stress response by releasing the
transcription factor heat shock factor 1 (HSF1) from Hsp90, thereby upregulating
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the expression of HSF1-dependent proteins including Hsp27, Hsp40, and Hsp70
[135]. Interestingly, the protective effect of GA in the transgenic flies was not asso-
ciated with a decrease in the levels of Lewy-like aggregates. Rather, Western blot
analyses revealed that GA treatment increased the levels of detergent-insoluble α-
synuclein in the brains of the flies, suggesting that (i) α-synuclein aggregation and
toxicity are not necessarily coupled phenomena, and (ii) Lewy body formation may,
in fact, be neuroprotective.

Hsp70 also protects against α-synuclein aggregation and toxicity in mammalian
cell-culture and animal models. In one study, the chaperone was shown to inhibit
α-synuclein oligomer formation in a mesencephalic cell line exposed to rotenone
[140]. Another group showed that the accumulation of high molecular weight
and detergent-insoluble forms of α-synuclein is abrogated by Hsp70 upregulation
in H4 human neuroglioma cells transfected with an Hsp70-encoding construct
[141] or treated with GA [142]. The same group showed that Hsp70 interferes
with α-synuclein oligomerization monitored in living H4 cells using bimolecular
fluorescence complementation (BiFC) [143]. The inhibitory effect of Hsp70 on
α-synuclein aggregation in H4 cells correlates with a decrease in α-synuclein tox-
icity [141, 143]. Hsp70 was also found to suppress α-synuclein aggregation in the
brains of α-synuclein transgenic mice [141], although it was not determined whether
the chaperone alleviates the motor deficits and loss of dopaminergic nerve terminals
characteristic of this transgenic mouse model [144]. Together, these data suggest
that Hsp70 plays a major role in mitigating α-synuclein aggregation and toxicity in
synucleinopathy disorders.

8.4.2 Inhibition of α-Synuclein Aggregation
by αB-Crystallin and Hsp27

The small heat-shock proteins αB-crystallin and Hsp27 are molecular chaperones
that consist of low-molecular weight subunits assembled into large multimeric com-
plexes. Data reported by Carver and colleagues [145] indicate that αB-crystallin
suppresses α-synuclein fibril formation in a test-tube model, apparently by favoring
conversion of the protein to nonfibrillar aggregates. Evidence from gel-filtration,
mass spectrometry, and NMR analyses suggests that αB-crystallin and α-synuclein
form a complex [145], and kinetic data obtained via dual polarization interferome-
try indicate that the chaperone interacts with prefibrillar species on the α-synuclein
self-assembly pathway [146]. The authors also showed that the inhibitory effect
of αB-crystallin on α-synuclein fibrillization is potentiated by lysine, arginine, and
guanidine, presumably because these positively charged molecules induce sub-
tle conformational changes in the chaperone and/or the α-synuclein target [147].
Results reported by other groups indicate that the chaperone activity of αB-crystallin
against α-synuclein aggregation is: (i) enhanced by phosphorylation of the chaper-
one at three serine residues (S19, S45, and S59) [148]; and (ii) largely reproduced by
two peptides from the conserved α-crystallin core domain, spanning residues 73–85
and 101–110 [149].
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Both αB-crystallin and Hsp27 have been shown to inhibit α-synuclein aggre-
gation and toxicity in various cell-culture models. In one study, Hsp27 was found
to suppress apoptosis triggered by wild-type or mutant α-synuclein in a neuronal
cell line [150]. Subsequently, McLean, Hyman, and colleagues [151] reported that
αB-crystallin and Hsp27 interfere with α-synuclein toxicity in H4 cells, and Hsp27
inhibits dopaminergic cell death elicited by A53T α-synuclein in primary midbrain
cultures. The authors also reported that Hsp27 suppresses α-synuclein inclusion
formation in neuroglioma cells [151]. These findings, together with evidence that
αB-crystallin and Hsp27 are present in synucleinopathy inclusions [151, 152], sug-
gest that both chaperones interfere with α-synuclein aggregation and neurotoxicity
in vivo.

8.4.3 Interaction Between α-Synuclein and Hsp90

Hsp90 was recently shown to be the major heat-shock protein co-localized with
α-synuclein in filamentous lesions associated with PD, DLB, MSA, and other
synucleinopathy disorders [153]. Western blot analyses of brain homogenates from
patients with these diseases revealed a redistribution of α-synuclein and Hsp90, but
not Hsp70 or Hsp40, to the detergent-insoluble fraction. A similar co-localization
of Hsp90 and α-synuclein was observed in the brains of A53T α-synuclein trans-
genic mice. Moreover, the authors showed that a complex of Hsp90 and α-synuclein
can be immunoprecipitated from an oligodendroglial cell line, and the chaperone
was found to be co-localized with α-synuclein fibrils in nigral Lewy bodies from
PD patients. From these results, it was inferred that Hsp90 may play a role in
suppressing α-synuclein aggregation and/or promoting α-synuclein degradation.

The observations outlined above imply that upregulation of Hsp90 function
may protect against α-synuclein neurotoxicity. However, this hypothesis has yet
to be tested. A recent study showed that Hsp90 forms a complex with leucine-
rich repeat kinase 2 (LRRK2), mutant forms of which are thought to contribute
to the pathogenesis of familial and sporadic PD via a gain-of-toxic-function mech-
anism [154]. Disruption of the Hsp90-LRRK2 interaction with the Hsp90 inhibitor
PU-H71 was found to stimulate proteasomal degradation of LRRK2 and rescue
axonal growth defects in transgenic mice expressing the LRRK2 mutant G2019S.
These findings, together with evidence that the Hsp90 inhibitor GA suppresses α-
synuclein aggregation and toxicity by upregulating Hsp70, suggest that inhibition
rather than activation of Hsp90 may be a more promising strategy for the treatment
of synucleinopathy diseases.

8.4.4 Inhibition of α-Synuclein Aggregation by TorsinA

Another molecular chaperone with the ability to inhibit α-synuclein self-assembly
is torsinA, a member of the AAA+ family of cellular ATPases [155]. Autoso-
mal dominant mutations in the gene encoding torsinA have been identified in
patients with early-onset torsion dystonia. Immunohistochemical data indicate that
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torsinA is closely associated with α-synuclein in Lewy bodies from patients with
synucleinopathy disorders [156, 157]. In addition, wild-type torsinA, but not a
familial mutant form of the protein, inhibits α-synuclein aggregation in H4 neu-
roglioma cells [157]. Another study revealed that torsinA suppresses dopamin-
ergic cell death elicited by α-synuclein in a C. elegans model [155]. Collec-
tively, these findings suggest that torsinA inhibits α-synuclein aggregation and
neurotoxicity.

8.4.5 Inhibition of α-Synuclein Aggregation by DJ-1

Autosomal-recessive mutations in the gene encoding DJ-1 have been identified in
patients with early-onset PD [158–163]. The mutations include a deletion of the first
six exons and missense mutations encoding the DJ-1 variants M26I, A39S, E64D,
E163K, and L166P. DJ-1 is a homodimer of ∼20 kDa subunits, each of which has
a classic alpha/beta fold [164–168]. The crystal structure reveals the presence of a
readily oxidized cysteine residue (cysteine 106) located at the subunit interface, and
the protein exhibits a decrease in pI under conditions of oxidative stress due to the
conversion of cysteine 106 to the sulfinic acid [168–170]. Studies of the effects of
DJ-1 over-expression or silencing in cellular and animal models have demonstrated
that the protein protects neurons against various oxidative insults [169–176]. DJ-1 is
partially present in mitochondria, implying that it carries out its antioxidant function
by quenching ROS which accumulate during electron transport [177]. Data reported
by Cookson and colleagues [169] suggest that DJ-1 associates with mitochondria
under oxidizing conditions via a mechanism requiring the oxidation of cysteine 106
to the sulfinic acid. DJ-1 may also act as an antioxidant by upregulating glutathione,
potentially via stabilization of Nrf2 (nuclear factor erythroid 2-related factor 2), a
master regulator of the antioxidant response [116, 121, 178].

DJ-1 was initially hypothesized to have a chaperone function due to its structural
similarity with the molecular chaperone Hsp31 [166]. In support of this hypothesis,
DJ-1 was shown to inhibit the aggregation of citrate synthase and luciferase in a
test-tube model [166]. A subsequent study revealed that wild-type DJ-1, but not the
familial mutant L166P, suppresses the heat-induced aggregation of citrate synthase,
glutathione-S-transferase, and α-synuclein [179]. DJ-1 interfered with α-synuclein
self-assembly by inhibiting the formation of oligomers and fibrils, monitored by
Western blotting and Congo red staining, respectively. The DJ-1 chaperone func-
tion was ablated upon exposing the protein to the reducing agent dithiothreitol
(DTT), but it was restored by treating the reduced protein with H2O2. In addition,
the C53A mutant of DJ-1 exhibited no chaperone activity (in contrast to C106A,
which behaved similarly to the wild-type protein) [179]. These data implied that the
formation of a disulfide bond involving cysteine 53 is necessary for the chaperone
function of DJ-1 under oxidizing conditions.

Data reported by Fink and colleagues [180] indicated that human wild-type DJ-1
inhibits α-synuclein fibrillization monitored by thioflavin T fluorescence and elec-
tron microscopy. In this study, a variant of DJ-1 in which cysteine 106 was converted
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to the sulfinic acid (termed the ‘2O’ form of DJ-1) exhibited maximal chaperone
activity. In contrast, unoxidized DJ-1 or isoforms oxidized more exhaustively than
the 2O form had a dramatically reduced propensity to inhibit α-synuclein fibril-
lization. Despite this evidence that 2O DJ-1 carries out a chaperone function against
α-synuclein self-assembly, a complex of the two proteins was not detected by gel fil-
tration, nondenaturing PAGE, far-UV CD, or fluorescence spectrophotometry [180].
One explanation for this result may be that the authors tested the binding of DJ-1
to monomeric α-synuclein, whereas DJ-1 may in fact carry out its chaperone func-
tion by sequestering α-synuclein oligomers, similar to Hsp70. In support of this
idea, data from our laboratory indicate that DJ-1 interacts with purified α-synuclein
protofibrils, and this interaction is diminished by replacing C106 of DJ-1 with
alanine (Hulleman and Rochet, unpublished observations). Collectively, these data
suggest that DJ-1 suppresses α-synuclein self-assembly via a mechanism involving
the oxidation of cysteine 106 to the sulfinic acid.

Results from several groups indicate that DJ-1 alleviates α-synuclein neurotox-
icity in cell-culture models [116, 121, 181]. In two of these studies, DJ-1 was also
shown to protect dopaminergic neurons against oxidative insults by upregulating
glutathione [116, 121]. However, DJ-1 had no impact on glutathione levels in α-
synuclein-expressing cells, and the protective effect of DJ-1 against α-synuclein was
not reproduced by the small-molecule antioxidant, N-acetyl-cysteine [116, 121].
These observations imply that the suppression of α-synuclein-mediated neurode-
generation by DJ-1 does not involve an antioxidant mechanism. Instead, evidence
suggests that DJ-1 inhibits α-synuclein aggregation and toxicity by inducing the
expression of Hsp70 [116, 121, 181]. Data from RT-PCR analyses indicate that DJ-
1-dependent upregulation of Hsp70 occurs at the transcriptional level [121, 181].
By expressing Hsp70 at the same level as in DJ-1-expressing cells, Liu et al.
[116] demonstrated that the DJ-1-mediated upregulation of Hsp70 is sufficient to
inhibit α-synuclein aggregation and toxicity. Surprisingly, however, the results of
RNA silencing experiments indicated that Hsp70 upregulation is necessary for DJ-
1-mediated suppression of α-synuclein aggregation, but not α-synuclein toxicity
[116]. This finding suggests that DJ-1 protects against α-synuclein neurotoxicity via
multiple pathways – for example, by activating anti-apoptotic signaling mechanisms
in addition to preventing the formation of toxic α-synuclein oligomers via Hsp70
upregulation [175, 176, 182–184]. Moreover, DJ-1 may bind α-synuclein oligomers
and alter their conformation, thereby reducing their toxicity [179, 180] (Hulleman
and Rochet, unpublished observations). Presumably, redundant mechanisms of DJ-1
protection play a critical role in mitigating α-synuclein-induced neurodegeneration
in vivo [116].

In summary, evidence suggests that DJ-1 suppresses α-synuclein aggregation and
neurotoxicity by acting directly as a chaperone and/or by upregulating Hsp70. The
extent to which DJ-1 carries out a direct chaperone function in neurons is unclear.
Data reported by Liu et al. [116] indicate that DJ-1 induces an increase in Hsp70
solubility, perhaps by relieving the heat shock protein of its load of misfolded sub-
strates. This finding implies that the direct chaperone function of DJ-1 may be
operative under some conditions in vivo.
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8.4.6 Summary (Part III)

A number of molecular chaperones protect against α-synuclein-induced cell death,
presumably by preventing a buildup of toxic α-synuclein assemblies (Fig. 8.1).
Data from test-tube analyses imply that Hsp70, αB-crystallin, and DJ-1 inhibit
α-synuclein fibrillization by binding and sequestering protofibrils. DJ-1 also inter-
feres with α-synuclein aggregation in neurons via a mechanism involving
Hsp70 upregulation. Importantly, small molecules that upregulate molecular chap-
erones (e.g. GA) hold promise as therapies for PD and other synucleinopathy
disorders.

8.5 Concluding Remarks

The PD field was transformed a little over ten years ago by the discovery of α-
synuclein gene mutations in patients with familial forms of the disease. Since this
discovery, intensive research efforts have yielded remarkable insights into the role of
α-synuclein in neurodegeneration. A large body of evidence suggests that the protein
elicits dopaminergic cell death in the substantia nigra by forming neurotoxic aggre-
gates. The question of whether prefibrillar oligomers (protofibrils) or amyloid-like
fibrils are responsible for α-synuclein toxicity remains a matter of debate. How-
ever, two familial mutations accelerate the formation of protofibrils, suggesting that
the latter may play a central role in PD pathogenesis. Protofibrillar α-synuclein
may elicit toxicity by permeabilizing membranes and/or interfering with protein
clearance mechanisms. Other factors (in addition to familial mutations) that stimu-
late the conversion of monomeric α-synuclein to protofibrils include phospholipid
membranes and oxidative modifications. Conversely, α-synuclein self-assembly is
inhibited by molecules with antioxidant or chaperone activity.

Advances in our understanding of α-synuclein pathophysiology have revealed
various strategies for the treatment of PD. Notably, small-molecule antioxidants
that inhibit α-synuclein aggregation (in addition to quenching ROS) have the poten-
tial to alleviate nigral neurodegeneration and, therefore, should be characterized
extensively in preclinical models. Moreover, α-synuclein neurotoxicity may be
suppressed by upregulating endogenous protective mechanisms, including cellular
responses activated by DJ-1 or MsrA. In support of this idea, compounds that pre-
vent the over-oxidation of DJ-1 were recently shown to ameliorate DJ-1-mediated
neuroprotection against oxidizing insults [185]. Ultimately, strategies aimed at
activating various neuroprotective responses (including antioxidant defenses and
chaperone-dependent mechanisms) may represent the best approach for treating PD
and other synucleinopathy disorders.
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Abbreviations

atomic force microscopy (AFM)
chaperone-mediated autophagy (CMA)
circular dichroism (CD)
dementia with Lewy bodies (DLB)
(–)-epigallocatechin gallate (EGCG)
geldanamycin (GA)
heat shock protein (Hsp)
leucine-rich repeat kinase 2 (LRRK2)
mass spectrometry (MS)
methionine sulfoxide reductase A (MsrA)
multiple system atrophy (MSA)
non amyloid-beta component (NAC)
nordihydroguaiaretic acid (NDGA)
Parkinson’s disease (PD)
reactive oxygen species (ROS)
recombinant adeno-associated virus (rAAV)
S-methyl-L-cysteine (SMLC)
ubiquitin-proteasome pathway (UPP)
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Chapter 9
Novel Proteins in α-Synucleinopathies

Christine Lund Kragh and Poul Henning Jensen

Abstract α-Synucleinopathies are a group of neurodegenerative disorders char-
acterized by the presence of intracytoplasmic Lewy bodies in Parkinson’s dis-
ease and dementia with Lewy bodies as well as glial cytoplasmic inclusions in
multiple system atrophy. The main component of these inclusions is aggregated
α-synuclein which supports a strong link between α-synuclein and disease patho-
genesis. The mechanisms responsible for α-synuclein aggregation and subsequent
degeneration are largely unknown. However, several factors have been shown to
accelerate the aggregation of α-synuclein in vitro and suggested to contribute to
the pathogenesis of α-synucleinopathies. Several different proteins can stimulate
the aggregation process in vitro and have been shown to colocalize with aggre-
gated α-synuclein in pathological brain tissue. We review our current knowledge on
proteins with a putative involvement in α-synuclein-dependent degeneration based
on aggregatory properties, colocalization with aggregated α-synuclein, or genetic
evidence.

9.1 Introduction

The α-synucleinopathies comprise Parkinson’s disease (PD), Dementia with Lewy
bodies (DLB) [1–4], multiple system atrophy (MSA) [1, 5–8] as well as neurodegen-
eration with brain iron accumulation type I and Lewy body variant of Alzheimer’s
disease (AD) [9, 10]. The disorders are neuropathologically hallmarked by the
presence of intracellular inclusions containing aggregated α-synuclein. These inclu-
sions are deposited in selective populations of neurons and glia varying among the
disorders [11–13].

Several lines of evidence demonstrate a key role of α-synuclein in the patho-
genesis of α-synucleinopathies; (i) missense mutations in the α-synuclein gene
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(SNCA) cause autosomal dominant PD and DLB [14–16]; (ii) multiplications of
the normal SNCA gene resulting in an increased expression of the α-synuclein
protein cause autosomal dominant PD and DLB [17, 18]; (iii) the presence of α-
synuclein aggregates and intracytoplasmic inclusions in the hereditary cases are
indistinguishable from those found in sporadic cases of PD [4, 8, 19, 20]. The
mechanism whereby α-synuclein contributes to cellular degeneration is unclear,
but aggregation of α-synuclein is thought to play a central role. Firstly, aggre-
gates of α-synuclein are present in all α-synucleinopathies and the disease-causing
mutations stimulate the aggregation of the α-synuclein protein in vitro [21–23].
The α-synucleinopathies thus resemble other neurodegenerative diseases caused
by mutations in specific genes leading to aggregation and neurodegeneration, e.g.
tau or amyloid precursor protein (APP) [24]. Secondly, transgenic modelling of
the α-synucleinopathies has been achieved in different organisms and inhibition of
aggregation has been protective toward the degeneration in a Drosophila model of
PD [25].

The events responsible for aggregation and subsequent degeneration are
largely unknown, but several studies have suggested complex mechanisms encom-
passing phenomena such as posttranslational modifications e.g. phosphorylation,
oxidation, and C-terminal proteolysis [26, 27], and impairment in protein cata-
bolism [28].

The pivotal role of α-synuclein in neurodegeneration raises a fundamental ques-
tion regarding triggers of α-synuclein aggregation in common sporadic α-
synucleinopathies. Other proteins are able to stimulate the aggregation of α-
synuclein, e.g. p25α, tau, and histones [29–32], and are colocalized with aggregated
α-synuclein in pathological brain tissue. Different scenarios can place α-synuclein

Fig. 9.1 Mechanisms of cytotoxicity caused by α-synuclein aggregation. α-synuclein aggregation
and subsequent cell death occur during the development of α-synucleinopathies. Genetic evidence
from familial cases harboring mutations in the SNCA gene encoding α-synuclein demonstrates that
missense mutations and gene multiplications stimulate the process. The effects can be modeled
in vitro where the missense mutations stimulate the process of aggregation as does an increased
concentration of α-synuclein. Aggregation in the sporadic α-synucleinopathies may be stimulated
by additional mechanisms among which the coexpression of α-synuclein with proteins possess-
ing aggregate-promoting activity in vitro is a strong candidate. Coexpression with p25α has thus
been demonstrated in neurons abnormally expressing p25α in Parkinson’s disease and Lewy body
dementia and in oligodendroglia in multiple system atrophy where α-synuclein is abnormally
expressed with the resident p25α. Coexpression with histones has been shown in neurons where
nuclear α-synuclein may play prominent pathogenic roles
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in a milieu which triggers its aggregation and thereby initiate a final pathway
in the degenerative process. These scenarios could include dysexpression of pro-
aggregatory proteins and abnormal expression of α-synuclein within cells, e.g. in
the nucleus, or in non-neuronal cells such as oligodendrocytes in MSA (Fig. 9.1).

This review will provide an update on proteins that may stimulate α-synuclein-
dependent degeneration based on direct aggregatory properties, colocalization with
aggregated α-synuclein, or genetic evidence.

9.2 The α-Synucleinopathies

PD is the most common movement disorder in the elderly and is characterized by
tremor, rigidity, and bradykinesia. It is a progressive disorder that involves diverse
neurons in the human nervous system [33]. Affected neurons eventually develop
inclusions termed Lewy bodies (LBs) in their perikarya and Lewy neurites (LNs)
in their processes [34]. A staging procedure for LB and LN pathology has been
proposed and states that the pathological process spreads from the lower brain stem
and olfactory bulb and progresses in a predictable sequence in six stages. Parts of the
limbic system and the motor system have been shown to be particularly vulnerable
to damage, although some nuclei in the substantia nigra (SN) also undergo major
changes [35].

Genetic screening of families with PD has demonstrated that mutations in spe-
cific genes are responsible for a small number of disease cases whereas the vast
majority of cases are sporadic [36]. The first gene associated with PD to be iden-
tified was the α-synuclein gene in which three pathogenic mutations (A30P, E46K,
and A53T) associated with autosomal dominant PD have been discovered [14–
16]. Additionally, genomic multiplications of the SNCA gene have been found to
cause early-onset PD [17, 18]. As reviewed elsewhere [36, 37], several additional
genes and genetic loci have also been implicated in recessive and autosomal PD.
The recessive PD genes may trigger special kinds of PD as their relation to α-
synuclein cytopathology is dubious. By contrast, mutations in the LRRK2 gene
cause autosomal dominant PD and can be associated with α-synuclein pathology
[38, 39]. Shortly after it was reported that mutations in α-synuclein were respon-
sible for disease, a series of studies demonstrated that α-synuclein is the major
building block in the filaments that form the amyloid inclusions characteristic of the
neurodegenerative disorders now known as the α-synucleinopathies [4, 8, 19, 20].

DLB is the second most common cause of dementia in the elderly and is charac-
terized by dementia, parkinsonism, and psychiatric symptoms. Neuropathological
findings include widely distributed LBs within the brain [40, 41]. A mutation in α-
synuclein (E46K) has been described in a large Spanish pedigree involving patients
with both DLB and PD [16].

MSA is characterized clinically by parkinsonism, autonomic failure, and cere-
bellar ataxia [42]. The neuropathological hallmarks are neuronal loss, gliosis, and
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myelin pathology particularly in the striatonigral system. In affected white mat-
ter, oligodendroglia contain glial cytoplasmic inclusions (GCIs) with deposited,
filamentous α-synuclein [43, 44]. Furthermore, neuronal cytoplasmic and nuclear
inclusions are also pathological findings in MSA [44, 45].

9.3 α-Synuclein

The common hallmark of hereditary as well as sporadic α-synucleinopathies is the
presence of aggregated α-synuclein in LBs, LNs, or GCIs supporting a strong link
between α-synuclein and disease pathogenesis [4, 8, 19, 20]. Normally, α-synuclein
is localized in presynaptic terminals where it associates with synaptic vesicles
[46] and may regulate vesicular release and other synaptic functions in the central
nervous system [47, 48].

α-Synuclein is a natively unfolded protein [49] but has an increased propensity
to aggregate owing to its hydrophobic domain, which is localized in the middle
region of the protein [50, 51]. A direct role for α-synuclein aggregation in the
development of α-synucleinopathies is demonstrated by genetic evidence. Auto-
somal dominant PD can be induced by expression of mutant α-synuclein (A30P,
E46K, and A53T) [14–16] demonstrating that a single mutation in the human
α-synuclein gene is sufficient to cause the PD phenotype. All three PD-related muta-
tions have been shown to accelerate aggregation of α-synuclein in vitro suggesting
that accelerated fibrillization of α-synuclein is responsible for the development of
early-onset PD in patients harbouring these mutations [21–23]. The link between
aggregated α-synuclein and autosomal dominant PD suggests a toxic gain-of-
function of α-synuclein due to its structural alteration from monomer to aggregate.
The transition from monomeric to filamentous α-synuclein is characterized by a lag
phase in which soluble, oligomeric α-synuclein species assemble. These oligomers
might then self-assemble into fibrillar structures that are insoluble [52, 53]. Increas-
ing evidence suggests that prefibrillar oligomers and protofibrils, rather than mature
fibrils of α-synuclein, are the pathogenic species in α-synucleinopathies (reviewed
in [54]). α-synuclein oligomers permeabilize synthetic vesicles and form pore-like
assemblies, a putative mechanism of cytotoxicity [55].

The mechanisms underlying the aggregation of α-synuclein are still unknown,
but several factors and events have been demonstrated to influence the aggregation
process. Recombinant wild-type α-synuclein assembles into amyloid, fibrillar struc-
tures in vitro [51]. Multiple events have been reported to stimulate the aggregation
process in vitro including posttranslational modifications such as phosphoryla-
tion [26] and C-terminal truncations [3]. α-synuclein is predominantly found in
a non-phosphorylated state in vivo [26]. However, enhanced levels of Ser129-
phosphorylated α-synuclein have been detected in inclusions in all α-
synucleinopathies indicating that phosphorylation at this specific residue may be
a significant event in aggregation [26, 56, 57]. Other factors known to stimulate the
aggregation process include oxidative and nitrative modifications [27, 58, 59] and
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dopamine conjugation [60]. Interactions with other proteins such as p25α [30] and
tau [61] accelerate the aggregation of α-synuclein and hence may be involved in the
development of sporadic α-synucleinopathies.

9.4 Proteins Involved in α-Synuclein Aggregation

α-Synuclein is known to interact with a large variety of proteins (reviewed in
[62]) perhaps owing to its flexible and dynamic structure. Some of these pro-
teins have been shown to stimulate the aggregation process in vitro at substo-
ciometric concentrations as well as to colocalize with α-synuclein in inclusions
in α-synucleinopathies. The identification of proteins stimulating aggregation of
α-synuclein in vitro suggests that dysregulation of the expression of such proteins
can trigger α-synuclein aggregation in vivo. Proteins with a putative involvement in
α-synuclein aggregation based on in vitro and in vivo observations will be presented
below.

9.4.1 Brain-Specific Protein p25α/TPPP

A search for proteins interacting with aggregated α-synuclein led to the identifica-
tion of the brain-specific protein p25α [30]. p25α preferentially binds to aggregated
α-synuclein through motifs in its C-terminal and stimulates its aggregation at substo-
ichimetric concentrations in vitro [30]. p25α is an oligodendroglial-specific protein
present in all parts of the brain [63, 64] although neuronal expression has been
demonstrated in nucleus supraopticus in rat [30]. Within the oligodendrocyte, p25α

is expressed in the perinuclear cytoplasm [30, 65] as well as in myelin [66]. Inves-
tigations of the expression profile of p25α have revealed that it is detectable in the
developing rat brain from the time of onset for myelination [67].

The p25α protein was originally isolated from bovine brain co-purified with a tau
kinase [63]. It is a heat-stable protein of 219 amino acids, which has been shown by
nuclear magnetic resonance (NMR) and circular dichroism (CD) spectroscopy to be
a natively folded protein [68]. Two additional members of the p25 protein family
have been identified. These proteins are designated p25β and p25γ, and share a very
high degree of sequence identity with p25α in the middle and C-terminal regions,
including a highly conserved Rossmann fold known to be involved in nucleotide
binding [69, 70]. The putative unstructured N-terminal region is missing in p25β

and p25γ.
The physiological function of p25α has not yet been clarified, albeit several

interaction partners have been identified.
p25α interacts with tubulin in a 1:2 complex [68] and induces aberrant tubu-

lin assemblies and bundling of microtubule and is therefore also known as tubulin
polymerization promoting protein (TPPP) [71]. At low expression levels, p25α colo-
calizes with the microtubule cytoskeleton in transfected HeLa cells in a dynamic
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process that changes during the phases of mitosis as p25α dissociates from micro-
tubules at the prophase and reassociates at later phases. At higher expression levels,
p25α causes the formation of aggresome-like bodies at the centrosome region [72].
Moreover, injection of bovine p25α into dividing Drosophila embryos expressing
tubulin-GFP fusion protein inhibited mitotic spindle assembly and nuclear envelope
breakdown [73].

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been identified as an
interacting partner of p25α. GAPDH was long considered exclusively as a house-
keeping enzyme, but recent studies have assigned multiple functions to the protein
such as membrane function, transcriptional control, DNA repair [74], and involve-
ment in apoptosis [75]. It was demonstrated that GAPDH and p25α interact in
vitro and colocalize in aggresome-like aggregates formed in HeLa cells expressing
p25α. Furthermore, immunohistochemical studies of LBs from PD brain revealed a
colocalization between GAPDH and p25α [76].

p25α interacts with complexin [77] which belongs to a family of small brain
proteins involved in regulating fast transmitter release at the synapse [78]. The
interaction between p25α and complexin was demonstrated in homogenate from
rat hippocampus and shown to be decreased in rats exposed to a spatial mem-
ory task, suggesting that p25α might be involved in the process of spatial mem-
ory [77].

The oligodendroglial protein myelin basic protein (MBP), a major component in
myelin, binds directly to p25α and forms a 1:1 complex [66]. p25α colocalizes with
MBP in brainstem myelinated fiber tracts and this colocalization is lost in MSA
brains, where p25α relocates toward the cell body of the oligodendroglia. Along
with the relocalization of p25α from myelin, a degradation and relocalization of
MPB occurs. These data suggest that disruption of the normal cellular function of
p25α could lead to pathogenic signals by reducing the stability of MBP and accumu-
lating p25α in expanded cell bodies, and thereby favouring subsequent deposition
and aggregation of α-synuclein [66].

p25α is subject to phosphorylation by different kinases e.g. ERK2 [79], cyclin-
dependent kinase 5 (Cdk5) [63, 80], LIM kinase 1 (LIMK1) [81], glycogen synthase
kinase 3β, protein kinase A [80], and protein kinase C isoforms [82]. Phosphoryla-
tion by ERK2, Cdk5, and LIMK1 blocks the microtubule-assembling activity of
p25α [79, 81].

p25α and α-synuclein are not normally coexpressed in the adult nervous sys-
tem as p25α is expressed in oligodendrocytes and α-synuclein in neurons [46, 64]
However, p25α colocalizes with aggregated α-synuclein in LBs in PD and DLB
suggesting an abnormal expression of the protein in affected nerve cells. Addition-
ally, p25α colocalizes with α-synuclein in GCIs in MSA and immunohistochemical
analyses of MSA brains show that p25α accumulates in expanded cell bodies of
dystrophic oligodendrocytes containing GCIs [30, 65, 66, 83, 84]. Thus, dysreg-
ulation of p25α expression could be a contributing factor in cases of sporadic
α-synucleinopathies. Based on these findings, it has been suggested that p25α

may serve as a new marker of α-synucleinopathies [84]. However, a number of
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neuronal cytoplasmic inclusions have been shown to contain p25α but not α-
synuclein [83, 85] indicating that abnormal p25α expression precedes α-synuclein
accumulation or constitutes an independent cellular lesion.

Moreover, p25α induces α-synuclein-dependent degeneration in an oligoden-
droglial cell culture model which is elicited by aggregation of α-synuclein (Kragh
C.L., unpublished data).

9.4.2 Tau

Tau proteins are microtubule-binding proteins that act by stabilizing and promoting
microtubule polymerization in neuronal perikarya and processes. Alternative RNA
splicing yields six different tau isoforms that differ in part by the number of tan-
dem repeats in the microtubule binding region [86, 87]. Tauopathies are a group of
neurodegenerative disorders characterized by the presence of tau inclusions in neu-
rons, oligodendrocytes, or astrocytes [29, 88]. These inclusions are characterized
by the presence of hyperphosphorylated tau, which is deposited as neurofibrillary
tangles (NFTs) in AD, the most common tauopathy [29]. Other tauopathies include
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and fron-
totemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) in
which tau is deposited within neurons and glia [89, 90]. FTDP-17 is caused by
mutations in the gene encoding tau [91].

Although rare, the presence of inclusions containing both tau and α-synuclein
has been reported in several neurodegenerative diseases including PD, MSA, AD,
and Down’s syndrome [92]. There is an age-related increase in the occurrence
of inclusions composed of both tau and α-synuclein within the brains of normal
aged individuals. However, the occurrence of these aggregates in neurodegenera-
tive disorders is greater than that accounted for by normal aging alone [92]. The
co-occurrence of inclusions containing α-synuclein and tau indicates that com-
mon mechanisms may be involved in their formation. Indeed, both α-synuclein
and tau are unfolded proteins in solution, but acquire a β-sheet conformation
upon amyloid fibril formation. α-synuclein is capable of self-polymerizing in vitro
[50, 93], whereas tau requires co-factors to fibrillize [94]. Examination of α-
synuclein from LBs and tau from NFTs has shown that both proteins undergo similar
post-translational modifications including hyperphosphorylation [26, 29], nitration
[58, 95], and ubiquination [29, 96, 97]. It has also been reported that tau and α-
synuclein synergistically promote each others aggregation in vitro [61]. The ability
of α-synuclein to stimulate the formation of tau inclusions has further been demon-
strated in vivo using transgenic mouse models. Mice harbouring the A53T mutation
in transgenic human α-synuclein develop tau inclusions in a subset of cells [61].
These findings clearly demonstrate that α-synuclein can act as a pathological initia-
tor of tau amyloid formation and that fibril formation by α-synuclein and tau may
share common mechanisms. However, these mechanisms remain poorly understood.
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9.4.3 Synphilin-1

A protein-protein interaction study using yeast two hybrid screening, led to the iden-
tification of synphilin-1 as an α-synuclein binding protein [98]. This interaction was
later confirmed by fluorescence resonance energy transfer studies using transfected
neuroglioma cells [99]. Synphilin-1 is a protein of 919 amino acids, and contains
ankyrin-like repeats, a coiled-coil domain, and a putative ATP,GTP-binding domain
[100]. Like α-synuclein, synphilin-1 localizes to the presynapse where it binds to
synaptic vesicles and may thereby affect dopamine release [101].

Coexpressing α-synuclein and synphilin-1 in human embryonic kidney (HEK)
293 cells, causes the formation of eosinophilic cytoplasmic inclusions resembling
LBs [98]. Phosphorylation of Ser129 in α-synuclein has been shown to be critical
for inclusion formation as expression of S129A decreased the development of inclu-
sions [102]. Synphilin-1 is a ubiquitination target for various E3 ubiquitin ligases,
such as SIAH, parkin, and dorfin [103–105]. Synphilin-1 ubiquitination by SIAH
results in proteasomal degradation [105]. Coexpression of SIAH and synphilin-1 in
the presence of proteasome inhibitors results in the accumulation of polyubiquinated
synphilin-1, and a marked enhancement in the occurrence of inclusion bodies [106].
These inclusions are positive for ubiquitin and can recruit α-synuclein. Due to the
presence of SIAH in LBs, it has been suggested that SIAH plays an active role in
the recruitment of synphilin-1 and α-synuclein into LBs [106].

Synphilin-1 has been found to colocalize with α-synuclein in LBs from PD and
MSA brains [107, 108]. GCIs have also been shown to be synphilin-1-positive,
suggesting that this protein is connected with the aggregation of α-synuclein in
the different inclusion-bearing cells [108]. Recently, a new isoform of synphilin-
1, termed synphilin-1A, has been identified [109]. Synphilin-1A is an alternative
splice variant of synphilin-1. It has shown to be an aggregation-prone and neurotoxic
protein, which interacts with α-synuclein and synphilin-1, thereby promoting their
recruitment into inclusion bodies. The synphilin-1A isoform has also been found in
LBs in PD as well as those of other α-synucleinopathies [109].

9.4.4 TAR-DNA-Binding Protein 43 (TDP-43)

TAR-DNA-binding protein 43 (TDP-43) is a main component of the inclusions char-
acterizing TDP-43 proteinopathies, which include frontotemporal lobar degenera-
tion (FTLD) and amyotrophic lateral sclerosis (ALS) [110]. TDP-43 proteinopathies
are distinct from most other neurodegenerative disorders because the TDP-43 inclu-
sions do not contain amyloid deposits. TDP-43 is considered a highly specific
marker for FTLD and ALS. However, TDP-43-positive inclusions co-existing with
LBs and NFTs were recently found within neurons and oligodendroglia in brains
from patients with AD and DLB [111, 112]. Thus, TDP-43 pathology may very
well be associated with pathogenic pathways in α-synucleinopathies although no
direct interaction has been demonstrated between TDP-43 and α-synuclein.
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9.4.5 Leucine-Rich Repeat Kinase 2 (LRRK2)

Mutations in the leucine-rich repeat kinase 2 (LRRK2) or dardarin gene cause auto-
somal dominant PD [38, 39]. LRRK2 encodes a large 2527 amino acid multidomain
protein containing a Rho-Ras-like GTPase domain, a protein kinase domain, and
leucine-rich, and WD-40 repeat domains. The physiological function of LRRK2 has
not been established, but it has been suggested that the protein may regulate neu-
rite maintenance and neuronal survival [39, 113]. LRRK2 mutation carriers display
a diverse neuropathology, including α-synuclein- and tau-positive inclusions, indi-
cating that LRRK2 has an upstream role in the aggregation process of pathogenic
proteins [39]. Recently, LRRK2 was found to colocalize with α-synuclein in LBs
from PD brains [114].

9.4.6 FK506-Binding Proteins

α-Synuclein aggregation is accelerated by the presence of FK506-binding proteins
(FKBPs) in vitro [115]. FKBPs are members of the immunophilin family of proteins
that bind specific immunosuppressant molecules and possess chaperone activities
[116]. The immunosuppressant, FK506, has been ascribed neuroregenerative and
neuroprotective properties in cell culture and in vivo models. It promotes neurite
outgrowth in PC12 cells [117] and increases recovery and nerve regeneration fol-
lowing peripheral nerve injury in vivo [118]. Oral administration of FK506 to a
MPTP mouse model of PD, causes a decreased loss of striatal tyrosine hydroxylase
immunoreactivity, which further supports a role for FK506 in neuroprotection [119].

Two members of the FKBP family, FKBP12 and FKBP52, are expressed in the
SN and in the grey matter of the human brain [120]. The expression of FKBP12 is
increased in the brain of patients with PD, AD, and DLB. Furthermore, FKBP12
has been demonstrated to colocalize with α-synuclein in LBs and LNs suggesting a
relation to α-synuclein pathology [120].

9.4.7 Histones

Intranuclear inclusions containing α-synuclein are present in patients with MSA
[45] and in dopaminergic cells of transgenic mice overexpressing α-synuclein [121].
Moreover, α-synuclein colocalizes with histones in murine nigral neurons upon
paraquat administration [122]. In fact, histones have been reported to form a tight
complex with α-synuclein in vitro, resulting in enhanced fibrillization of α-synuclein
[123]. These observations indicate that the formation of histone-α-synuclein com-
plexes may be relevant in the pathogenesis of α-synucleinopathies. These data
have further been corroborated by a recent study showing that α-synuclein tar-
geted to the nucleus promotes neurotoxicity in cell culture and transgenic flies,
where α-synuclein associates with histones and inhibit their acetylation resulting
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in toxicity [124]. Inhibition of histone deacetylase was demonstrated to protect
against α-synuclein-dependent neurotoxicity [124, 125]. These data may suggest
that α-synuclein acts in the nucleus to promote degeneration of neurons through an
interaction with histones.

Another nuclear protein may be implicated in the aggregation of α-synuclein.
It has been shown that the transcriptional co-factor, high mobility group protein 1
(HMGB-1), is able to bind to aggregated α-synuclein in vitro. HMGB-1 was also
shown to be present in LBs isolated from PD and DLB brain [126].

9.4.8 Other Proteins Involved in α-Synuclein Aggregation

Cytoskeletal proteins, including tau, tubulin, microtubule-associated protein 1B
(MAP1B), MAP2, and torsinA all interact with α-synuclein in vitro and colocalize
with α-synuclein aggregates in LBs [127–132]. The relevance of these interactions
remains uncertain, but such interactions may contribute to the hypothesized roles
for α-synuclein in perturbing axonal transport [48], modulation of synaptic vesicle
recycling [133], and modulation of the function of neurotransmitter transporters e.g.
the dopamine transporter [134].

Agrin, an extracellular matrix and transmembrane glycoprotein, has been demon-
strated to bind to α-synuclein and accelerate the formation of α-synuclein aggregates
in vitro. Furthermore, agrin and α-synuclein were found to colocalize in LBs in the
SN of PD brain [31]. Agrin has also been implicated in AD as it has been found
to be associated with lesions characteristic of AD including Aβ senile plaques and
NFTs [135, 136].

9.5 Concluding Remarks

Abnormal protein aggregation is a common characteristic of neurodegenerative
disorders and α-synuclein aggregation is the hallmark of the α-synucleinopathies.
The pivotal role of α-synuclein aggregation in the degenerative process has been
underscored by the rare familial cases caused by mutations in the α-synuclein gene.
However, the factors initiating the aggregation in the common sporadic cases are
unknown but changes in the microenvironment of α-synuclein are likely to be
involved. Such changes can be caused by (i) abnormal expression of proteins that
trigger α-synuclein aggregation, (ii) expression of α-synuclein in abnormal subcel-
lular compartments such as the nucleus, (iii) ectopic expression of α-synuclein in
non-neuronal cells such as oligodendrocytes in MSA.

Our understanding of the nature of these changes in gene expression or in the
cellular and subcellular expression of α-synuclein is incomplete. However, further
studies will elucidate mechanisms underlying the α-synucleinopathies and facilitate
the generation of models amenable for future drug development.
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Abbreviations

AD Alzheimers disease
DLB Dementia with Lewy bodies
FKBP FK506-binding protein
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GCI Glial cytoplasmic inclusion
LB Lewy bodies
LN Lewy neurite
LRRK2 Leucine-rich repeat kinase 2
MBP Myelin basic protein
MPTP 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine
MSA Multiple system atrophy
NFT Neurofibrillary tangle
PD Parkinson’s disease
SN Substantia nigra
TDP-43 TAR-DNA-binding protein 43
TPPP Tubulin polymerization promoting protein
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Chapter 10
TPPP/p25: A New Unstructured Protein
Hallmarking Synucleinopathies

Ferenc Orosz, Attila Lehotzky, Judit Oláh and Judit Ovádi

Abstract There is increasing evidence that unfolded and misfolded proteins initi-
ate a cascade of pathogenic protein-protein interactions that culminate in neuronal
dysfunction. This is a multistep process which results in toxic protein aggregates;
thus they are potent targets for development of early diagnosis and of drugs to
improve therapies of conformational diseases. The hallmark proteins of these dis-
eases such as Parkinson’s, Alzheimer’s or Huntington’s diseases, are α-synuclein,
tau or mutant huntingtin, respectively, which do not have well-defined 3D structures
and require protein partners to express their pathological functions. In this paper
we review a new unstructured protein denoted Tubulin Polymerization Promoting
Protein, TPPP/p25, from the discovery to its enrichment in human pathological
inclusions characteristic for synucleinopathies with specific emphasis on its pursuits
in single cells. There is a gappy area in the research of unfolded proteins referring
to their structure-derived physiological and pathological functions. The studies of
TPPP-homologous proteins at different levels of organization, molecular, cellular
and tissue levels, rendered possible to reveal some TPPP/p25 specific structural and
functional features, in addition to the general items for the role of the unfolded
regions of the highly flexible proteins in their physiological and/or pathological
functions.

10.1 Occurrence of TPPP Proteins

We isolated and identified a “new” protein which significantly enhanced the tubu-
lin polymerization rate in the presence of brain but not in the presence of muscle
extract [1]. We noticed by screening the protein databases that this protein, p25, had
already been found as a contaminant of a tau kinase (cyclin-dependent kinase-5,
Cdk5) fraction by a Japanese group [2]; and its complete sequence was determined
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from bovine brain [3] and human neuroblastoma [4] cDNA libraries. As we have
pointed out [5], TPPP/p25 differs completely from the extensively characterized
protein p25, which is a truncated form of p35 that regulates Cdk5 activity by causing
prolonged activation and mislocalization of the kinase [6]. To avoid further con-
fusion about the name of this protein, we suggest using the term TPPP (Tubulin
Polymerization Promoting Protein), which highlights its characteristic action on
tubulin [1, 5].

TPPP/p25 is the first member of a new protein family, the primary sequence of
which differs from that of other known proteins. However, at gene level two paral-
ogous human genes, p25beta and CGI-38, were identified that we termed TPPP2
and TPPP3. The genes of TPPP, TPPP2 and TPPP3 included into the HUGO
(http://www.genenames.org/data/hgnc data.php?hgnc id=24164; 24162; 19293) are
located on the 5th, 14th and 16th chromosomes, respectively [4, 7]. BLAST analysis
showed that orthologous TPPP genes can be found throughout the animal kingdom
(and in the green algae) but not in prokaryotes, land plants, or fungi [8].

Human TPPP2 was found at mRNA level as p25beta in fetal brain and cloned
by Zhang et al. [7]. The transcript was highly expressed in liver and pancreas, and
had a moderate expression level in heart, skeletal muscle and kidney, and it was
not detected in lung, placenta or brain except in fetal brain. There is no evidence
at present for the expression of the gene product, TPPP2/p18, at protein level. The
TPPP3 gene was found by comparative genomics searching for novel human genes
evolutionarily conserved in Caenorhabditis elegans as CGI-38 [9]. Its ortholog
was also identified in the mouse transcriptome (RIKEN cDNA 2700055K07) [10].
We provided unambiguous evidence that the corresponding protein, TPPP3/p20, is
expressed in bovine brain, by its isolation from this tissue [8]. Its physiological
function is unknown yet. The (hypothetic) human homologous gene products are
shorter than TPPP/p25 and display 60% identity with it and each other.

In a recent study based upon homologous gene sequence analysis, in silico
comparative genomic studies, and bioinformatics search, TPPP/p25 has been pro-
posed to be a ciliary protein (Orosz unpublished data). Cilia and flagella, which
are microtubule-filled, cellular extensions, are present on almost all human cells
including brain neurons. We do not know the direct role of TPPP/p25 in the multi-
ple functions of cilia, but it is likely that there is an intimate relationship between
TPPP/p25 and cilia function. In these complex processes the TPPP/p25 may play an
important role via its microtubule-stabilizing capability.

10.2 Unfolded Structural Features of TPPP Proteins

10.2.1 Prediction

The term “intrinsically unstructured” (IUPs) or “intrinsically disordered” designates
proteins or protein domains that do not have well-defined 3D structure in vitro and
under physiological conditions in absence of a binding partner [11–13]. They are
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flexible, display some “residual structure” [12] in the form of transient secondary
structures, rather α-helix than β-sheet [14]. However, their folding can be promoted
by their associations to target proteins, chaperons, lipid membranes, or by chemi-
cal agents (i.e. trifluoroethanol, TFE). There are common sequence features of the
proteins belonging to this family, which make them distinct from globular proteins.
(There are two excellent chapters (Sect. 1 and 2) in this issue highly related to the
structural prediction of IUPs). For example, they are generally characterized by low
hydrophobicity and by high net charge. They are generally depleted in the so-called
“order-promoting” amino acids: W, C, F, I, Y, L, N, V and enriched in “disorder-
promoting” amino acids: Q, S, P, E, K, A, R, G ([11, 13] and Sect. 2). Here we
explore how the properties of TPPP/p25 correspond to these criteria in comparison
with its paralogs. The low aromaticity (5.5%) and high pI value (9.5) of TPPP/p25
indicate its disorder. Figure 10.1 shows that TPPP/p25 is depleted in all “order-
promoting” amino acids without exception, while in the case of the two shorter
homologues this tendency is weaker but still exists. On the contrary, TPPP/p25 is
enriched in “disorder-promoting” residues, except glutamine and proline. These
two amino acids, in addition to alanine and arginine, are underrepresented in
TPPP3/p20 and TPPP2/p18 as well. These data suggest that TPPP/p25 is an unstruc-
tured IUP, while the shorter homologues, especially TPPP2/p18 are much less
unfolded.

Numerous disorder predictors were developed to search naturally disordered
regions of proteins as PONDR R©, a neural network-based algorithm [15, 16]; Diso-
Pred2 [17], which based on a support vector machine algorithm trained on a specific
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Fig. 10.1 Amino acid composition profiles of human TPPP proteins: deviation from globular
proteins. The composition of ordered proteins was taken from [13]. Calculations were done as
described in Sect. 2.3. Enrichment or depletion relative to globular proteins in each amino acid
type appears as a positive or negative bar, respectively. TPPP/p25, TPPP/p20 and TPPP/p18 are
represented by black, striped and empty bars, respectively
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dataset of high resolution X-ray structures; IUPred [18, 19], predicting unstructured
regions from amino acid sequences by estimating their total pair-wise inter-residue
interaction energy; and others. These methods render possible prediction of long
disordered and ordered regions (>30–40 amino acids) of proteins with good con-
fidence. Using these predictors, we found that TPPP/p25 is supposed to contain
one long disordered region of about 50 amino acids, namely the N-terminal part
(Fig. 10.2). It is in accordance with the fact that about 80% of its amino acid residues
belongs to the disorder-promoting ones. The majority of proline and alanine residues
are located in this part of the protein. In the middle part of the protein an ordered
region of similar length was predicted. The C-terminal part contains a pattern of
alternating ordered and disordered short sections, however, the various predictors
did not give unambiguous result for this part of the protein, except for a short (11
amino acid) disordered sequence. The overall percent of disordered residues was
43–46% depending on the predictor used. We also used a neural network based pro-
gram, SCPRED, for prediction of amino acid residues involved in strong long-range
interactions, denoted as “stabilization centers” [21]. The program can help in predic-
tion of the folding class of a protein with unknown structure. We found practically
no stabilization centers in the first 77 amino acids of TPPP/p25 (Fig. 10.2). Stabiliza-
tion center residues are supposed to be responsible for the prevention of the decay
of the folded structure thus lack of them can be indicative for the unfolded structure
of the N-terminal end of TPPP/p25 [22]. On the contrary, most of the stabilization
centers were predicted to be in the middle, ordered region. Interestingly, even the
last 13 amino acids of this 50 amino acid ordered region lack stabilization centers,
which may be indicative for the decreased stability of the secondary structures if
they exist.

We have predicted the disordered and ordered regions of the homologues by
this approach [8] (cf. Fig. 10.3). The disordered regions of TPPP/p25 appear to
be the most extended as compared to those of the two shorter forms. Quantitative
evaluation of the prediction data unambiguously indicated the distinct conforma-
tional state of TPPPs even if the disordered N-terminal segment of TPPP/p25 is
disregarded. The overall percent of disorder is the highest for TPPP/p25 and the
least for TPPP2/p18; this establishment is valid when the predicted disorder values
of the N-terminal-free TPPP/p25 and the two homologues are compared in spite
of their high sequence homologies. This amazing throughput was supported by
experimental data.

10.2.2 Experimental

While the prediction methods used for unstructured proteins supply information for
the unfolded regions of the proteins, the biochemical and physico-chemical methods
can provide qualitative, sometimes quantitative data about their secondary structures
such as α-helix, β-sheet or random coil reinforcing the lack of the well-defined ter-
tiary structure. Extensive structural studies on TPPP/p25 protein in our laboratory
showed that TPPP/p25 may have some secondary structural elements but not 3D
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structure [1, 8, 22], therefore it belongs to the IUPs. It is important to emphasize
that IUPs may have transient structural elements due to their flexible character;
however, they bear at least 30–40 amino acid segment without any structure [12].
The unfolded character of TPPP/p25 was found to be more obvious when its features
were compared to those of its homologues [8].

Limited proteolysis is a sensitive method to test the structural integrity of pro-
teins. Our data using trypsin IV, a human brain-specific protease, and chymotrypsin
showed that the TPPP proteins display distinct resistance against the proteolytic
digestions: while TPPP/p25 was immediately digested into small fragments, its
homologues display less vulnerability toward both proteases; in the case of TPPP2/
p18 significant amount of intact protein was detected even after 4 h of digestion
[8]. These data reveal that the structural integrity of TPPP/p25 (if there is any)
is much lower than that of the shorter homologues, especially that of TPPP2/p18,
and that the lack of integrity is not restricted to the N-terminal segment of TPPP/
p25 but protease-sensitive bonds are exposed in additional parts of the protein
as well.

The unfolding of proteins by elevation of the temperature is accompanied by
a positive heat capacity change, which can be quantified by differential scanning
calorimetry. Concerning the features of the homologues, there are significant dif-
ferences in their molar heat capacity functions. The transition temperature was
the lowest (56.4◦C) for TPPP/p25, then for TPPP3/p20 (59.7◦C); both values are
significantly lower as compared to that for TPPP2/p18 (65.1◦C), which was still
lower than for the control, lysozyme (72.1◦C). The calorimetric enthalpy change
is associated with the disruption of intramolecular interactions and the concomi-
tant formation of interactions between water and unburied groups because of the
unfolding process. The calorimetric enthalpy change values of all TPPPs evaluated
were much lower than that for lysozyme. The values for TPPP/p25 and TPPP3/p20
were similar to each other but lower than that of p18. Significant temperature-
induced structural alterations occurred only in TPPP2/p18. These data indicate that
the stabilizing elements occur at a very low level in the cases of the two former
homologues [8].

The circular dichroism (CD) spectra of the human recombinant homologues were
measured in the far-UV range to obtain comparative data for the secondary struc-
tures of TPPPs [8]. The spectrum of TPPP/p25 with a minimum around 205 nm
was described first as ,,a not typical for globular proteins” [1]. This first report was
followed by several studies in our and other laboratories using a couple of additional
biophysical methods such as fluorescence spectroscopy, gelfiltration or proton NMR
[22–24]. All these investigations show that TPPP/p25 is a flexible unstructured pro-
tein which has some secondary structure; no data is available at present that this
protein is folded forming 3D structure under physiological conditions. In contrast
to TPPP/p25, we reported that TPPP2/p18, rather than TPPP3/p20, is significantly
less unfolded; the former may have 3D structure [8]. The structure of TPPP3/p20
determined by multinuclear NMR is now available [25] which help us to envis-
age the “structure” of the more unfolded TPPP/p25. According to these data this
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homologue has a core with five α-helices and two β-sheets and about half of this
molecule has no structural elements in spite of the fact that the N-terminal segment
existing in TPPP/p25 is missing from TPPP3/p20. The N-terminal part of TPPP/p25
is of special interest since this part was predicted unambiguously to be unstruc-
tured (1–47 amino acid segment showed disorder values above 0.8 by PONDR R©
prediction) [22]. The small difference (0.48 kcal/mol) in structural stability between
TPPP/p25 and its truncated form, TPPP/p25Δ3–43, [24] supports the view that the
deleted N-terminal region is largely unstructured since it would not contribute to the
stabilization of the protein by, e.g., side-chain contacts and docking of secondary
structure elements.

α-helix forming potential of TPPP/p25 was revealed [22] by the use of TFE,
which mimics the hydrophobic environment experienced by proteins in protein–
protein interactions and is therefore widely used as a probe to discover regions that
have a propensity to undergo an induced folding [26]. CD spectrum of TPPP/p25
showed an increased α-helicity (from 4 to 43%) upon the addition of TFE [22],
which is comparable with the α-helix content predicted by various methods (30–
43%) [1].

In the light of all these results it is not surprising that the crystallization of
TPPP/p25 for X-ray analysis has been unsuccessful to date. This finding could
be interpreted by the prediction data. TPPP proteins, especially TPPP/p25, are
depleted in bulky hydrophobic (Ile, Leu, and Val) and aromatic amino acid residues
(Trp, Tyr, and Phe), which would normally form the hydrophobic core of a folded
globular protein. NMR studies of the mouse and human recombinant TPPP3/p20
homologues and the Caenorhabditis elegans TPPP homologue suggested a central
core with secondary structural elements flanked by unfolded short N- and long C-
terminal domains [25, 27, 28]. Comparing the sequence of these proteins we can
conclude that their primary structures seem to be less conserved than the secondary
ones. The secondary structural elements fell into the predicted central ordered region
of these proteins except some amino acids of the fifth helix in the C. elegans
ortholog (Fig. 10.3). Moreover, the five helices correspond to the helices predicted
by PSIPRED [29, 30], except the third helix of the C. elegans protein, which is
predicted to be a β-strand (data not shown). There are several amino acid changes in
the corresponding sequences in TPPP/p25 in comparison with TPPP3/p20, however,
the homology is still high enough, and all the five helices are predicted for TPPP/p25
as well (Fig. 10.3). However, only three of the predicted helices fell into the “core”
region of TPPP/p25. Interestingly, one of them (FEQFQEALEELAKKR) does not
contain even a single predicted stabilization centre, and another one (GKNWSKL-
CKD) mostly lacks them as well. There is only one predicted helix (VTDVDIVFS)
where all the amino acid residues are stabilization centers. The last two helices
mentioned show the highest identity with the corresponding TPPP3/p20 sequences.
Regular secondary structure elements as helix and sheet can be disordered as a
result of flexibility in the intervening regions of globally disordered proteins. The
extra flexibility of TPPP/p25, which is not surprising in the light of the predictive
data, can explain why the physico-chemical and spectroscopic methods did not show
significant structure for TPPP/p25.
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10.3 Interacting Partners of TPPP/p25

A characteristic feature of unstructured proteins is formation of protein-protein
interactions promoted by the crowded intracellular milieu, thus failing their des-
tined degradation by the proteolytic systems such as proteasome machinery. The
fate of unstructured proteins is accelerated in lack of interacting partners. Addition-
ally, they have an intrinsic ability to step into non-physiological interactions due to
their relative structural flexibility. We and other laboratories have identified potential
interacting partners of TPPP/p25 from brain tissues by affinity chromatography and
immunoprecipitation coupled with mass spectrometry or proteomics. These data are
listed in Table 10.1. In a couple of cases we do not know the possible significance
of these interactions since no functions have been determined. However, there are
a few interactions which have physiological and/or pathological relevance shortly
described below.

The primary target of TPPP/p25 is tubulin/microtubule under in vitro and in vivo
conditions. Their in vitro interaction was shown by CD, surface plasmon resonance,
co-polymerization and pelleting experiments [1, 5]. In vitro TPPP/p25 induces
tubulin assembly into intact-like microtubules and aberrant forms depending on
the circumstances as shown by electron microscopy and atomic force microscopy
[1, 31]. TPPP/p25 displays very extensive microtubule bundling activity indepen-
dently of whether the microtubules were preformed by paclitaxel or produced by
TPPP/p25. These properties are likely prerequisite for this unstructured protein to
fulfill its physiological and pathological functions (Scheme 10.1).

TPPP/p25
UPS

Microtubules

GTP, phosphorylation of TPPP/p25 
(by Cdk5, ERK2)

MBP
(oligodendroglia)

Synapsin
(PSD)

TPPP/p25, α−synuclein, GAPDH, tubulin

Lewy bodies in subtancia nigra
of Parkinson’s disease brain

Excess, oxidative stress, energy imbalance

Tubulin
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Table 10.1 Interacting partners of TPPP/p25

Interacting partner Source Method Reference Role of the interaction

[I] Proteins involved in
signal transduction

ERK2 bovine AF [31] phosphorylation,
which inhibits
MT-formation

Glycogen synthase kinase 3
(GSK-3)

rat IP [33] TPPP/p25 inhibits
GSK-3 activity

Cdk5 in vitro phosphorylation [2, 31, 33] phosphorylation,
which inhibits
MT-formation

Protein kinase A in vitro phosphorylation [31, 33] phosphorylation
Protein kinase C bovine IP [34] phosphatidic

acid-dependent
phosphorylation

LIM Kinase sheep AF, IP [35] phosphorylation,
which inhibits
MT-formation

[II] Structural proteins
Tubulin β bovine co-polymerization, AF,

CD, SPR,AFM
[1, 5, 45] polymerization of

tubulin, bundling of
MTs

[III] Proteins involved in
cellular metabolism

GAPDH bovine AF, IP [45] co-occurrence in
pathological
inclusions

[IV] (Pre)synaptic proteins
Complexin rat in vivo [50] the interaction

decreased in trained
animals;
Ca2+-dependent
interaction

α-synuclein in vitro co-sedimentation [40] co-occurrence in
pathological
inclusions

[V] Glial proteins
Myelin basic protein (MBP) porcine

bovine
AF, IP, CD, FL, SPR [37] TPPP/p25 and MBP is

expressed in
differentiating
oligodendrocytes
when they reach the
myelinating state

[VI] Translation/ribosomal
proteins

Elongation factor α bovine AF [45]

AF – affinity chromatography, AFM, atomic force microscopy, FL – fluorescence spectroscopy,
IP – immunoprecipitation, SPR – surface plasmon resonance, MT – microtubule.
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The interaction of TPPP/p25 with microtubules is highly dynamic as demon-
strated by fluorescence recovery after photobleaching experiment [32]; and can
be affected by a couple of factors such as GTP, a tubulin binding nucleotide, the
hydrolysis of which is coupled with the in vivo microtubule assembly; the trunca-
tion or the specific phosphorylation of the highly unfolded N-terminal segment of
the protein [5, 31].

TPPP/p25 is a phosphoprotein which has been supported by in vitro and in vivo
data. In vitro phosphorylation of TPPP/p25 or its fragments by tau kinase II (Cdk5)
[2, 31, 33], protein kinase A [33], extracellular signal-regulated protein kinase 2
(ERK2) [31], protein kinase C [34] and LIM kinase [35] has been demonstrated.
The phosphorylation sites, Thr14, Ser18 and Ser160 for Cdk5, Ser18 and Ser160
for ERK2, and Ser32 for protein kinase A, were identified by mass spectrome-
try, and were consistent with the bioinformatic predictions. These sites were also
found to be phosphorylated in vivo in TPPP/p25 isolated from bovine or porcine
brain [31, 36]. Affinity binding experiments provided evidence for the direct inter-
action between TPPP and ERK2 [31]. The phosphorylation by ERK2 or Cdk5
resulted in the loss of microtubule assembling activity of TPPP/p25. The fact that
the specific phosphorylation of TPPP/p25 on the N-terminal tail can regulate the
function of this unfolded protein suggests that this post-translational modification
at the “signaling sequence” might have pathological relevance in addition to its
physiological role.

Myelin basic protein (MBP), a marker protein of differentiated oligodendro-
cytes, has been isolated by affinity chromatography using TPPP/p25 column from a
crude cytosolic extract of porcine brain [37], and also found to be co-purified with
TPPP/p25 from bovine brain extract (our unpublished result). The tight interaction
of these two basic, oligodendroglial proteins was characterized in vitro by different
biophysical methods [37]. This finding concerns with the observation that these two
proteins co-localize in differentiated oligodendrocyte [38, 39]. (See more details in
Sect. 9.4.1 in this issue).

α-synuclein, a prototype of the IUPs, is a characteristic marker of synucle-
inopathies like Parkinson’s disease (PD). TPPP/p25 displays a number of common
features with α-synuclein in spite of the fact that the net charge for TPPP/p25 and
α-synuclein are +10 and −10, respectively: low molecular mass, low aromaticity,
long predicted disordered region, increased α-helix content from 2–4 to 39–43% by
addition of TFE, lack of 3D structure, heat stability. All these features are hallmarks
of unstructured proteins. These two unfolded proteins interact with each other, and
TPPP/p25 promotes the fibrillization of α-synuclein in vitro [40]. However, it has
been suggested that α-synuclein itself is not sufficient to cause aggregation leading
to Lewy body (LB)-like inclusions, but additional factors such as oxidative stress,
mitochondrial dysfunction and macromolecular interactions probably play role in
the pathogenesis [41].

In contrast to the early view that glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is a classical glycolytic housekeeping enzyme with its glycolytic activ-
ity, significant evidence has accumulated that GAPDH is a multifunctional enzyme
displaying a number of additional activities due to its multiple interactions with
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different cytosolic and nuclear proteins, nucleic acids and subcellular particles ([42,
43] and references therein). GAPDH interacts with different proteins involved in
age-related neurodegenerative disorders such as Huntington’s disease, Alzheimer’s
disease and ataxias [44]. GAPDH has been found to be a stimulator of α-synuclein
aggregation in PD; indeed, the over-expression of both GAPDH and α-synuclein in
COS-7 cells induced LB-like cytoplasmic inclusions [41].

Our recent immunoprecipitation and affinity chromatography experiments with
bovine brain cell-free extract revealed salt- and NAD+-sensitive interaction between
TPPP/p25 and GAPDH. Interestingly, TPPP/p25 aligned with microtubule net-
work did not co-localize with GAPDH in HeLa cells expressing TPPP/p25 at low
level, the glycolytic enzyme was distributed uniformly in the cytosol. At high
expression levels, however, GAPDH co-localized with TPPP/p25 in the aggresome-
like aggregate [45]. The pathological relevance of this observation was supported
by immunohistochemistry which showed enrichment of TPPP/p25 and GAPDH
within the α-synuclein positive LB [45]. Recently, proteomic analysis suggested the
co-occurrence of TPPP/p25 and GAPDH in rodent brain postsynaptic density (PSD)
[46–49].

10.4 TPPP Expression at Cell Level

The prerequisite to understand the role of unstructured proteins in neurodegener-
ative processes is to characterize their ultrastructure-related intracellular functions
under physiological and pathological conditions. While the characterization of the
unstructured proteins at molecular level has been coming on, which is represented
well in two chapters of this issue too (Sect. 1 and 2), there is a gap concern-
ing the studies at cellular level. The accumulation of unfolded proteins causes
aberrant protein aggregation unless they are degraded by proteasome and/or phago-
some/lysosome machineries ensuring the correct protein turnover. These processes
result in pathological alterations such as oxidative and photolytic stress, mito-
chondrial and synaptic dysfunctions [51]; in addition, the impairment of energy
metabolism as a cause or effect of the unwanted processes has been also suggested
[52]. Obviously, therefore, the adequate level of the unstructured proteins with phys-
iological function is critical for the cell life, otherwise toxic protein aggregates are
formed.

We generated human cell models to explore the behavior of TPPP proteins under
conditions which might mimic physiological and pathological situations (Scheme
10.1). One of these models is transfected living HeLa cells which express human
recombinant TPPP/p25 fusing with enhanced green fluorescent protein (EGFP). The
expression of the fusion protein at low and high levels produced distinct microtubule
ultrastructures [32]. The other cell model, a stable neuroblastoma cell line, K4,
expressing EGFP-TPPP/p25, was established to elaborate the effect of TPPP/p25
on energy metabolism at system level.
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10.4.1 Structures and Effects in Living Cells

Immunofluorescence studies with living HeLa cells expressing EGFP-TPPP/p25
showed that at low expression level the green fluorescent fusion protein is perfectly
aligned with the filament network during the interphase [32]. Double immunostain-
ing procedure indicated that TPPP/p25 co-localized exclusively with the interphase
microtubule network but not with actin or intermediate filaments. This phenomenon
was not specific for HeLa cells; similar behavior was observed with rat kidney
(NRK) cells as well as in SK-N-MC neuroblastoma cells [22, 32]. During the cell
cycle, when the microtubule system is characterized by its extensive reorganiza-
tion, specific accumulation of TPPP/p25 was detected in the centrosome region
at interphase, on the spindle microtubules at metaphase and the furrow region at
cytokinesis. The intracellular visualization of TPPP/p25 in single cells rendered it
possible to evaluate some key characteristics of this protein at its low intracellular
level as follows: i) the microtubule network was resistant to the depolymerizing
effect of vinblastine, an anti-microtubule agent, suggesting the stabilization effect
of TPPP/p25 by its bundling activity; ii) TPPP/p25 does not cause energy deficit, the
energy state-dependent polarization of the mitochondrial membrane is normal; iii)
TPPP/p25 does not arrest the cell cycle, however, it can slow down it at cytokinesis
by its stabilizing effect as demonstrated by the enhanced number of the cells in
cytokinesis phase with highly fluorescent furrow; iv) the association of TPPP/p25
to microtubule network is highly dynamic, fast exchange (with less than 5 second
half-time recovery rate) of the microtubule-bound TPPP/p25 was demonstrated by
time-lapse experiments [32]. These data suit to our idea that TPPP/p25 stabilizes the
microtubule network in a dynamic manner, which could be physiologically relevant.
The dynamism could be intracellularly modulated in various manners such as by a
specific ligand or by post-translational modification.

The former one is supported by our experiments with Drosophila embryo [5].
We found that TPPP/p25 inhibited the mitosis in Drosophila embryos expressing
green fluorescent protein-tubulin. The purified TPPP/p25 microinjected into the pos-
terior region of the embryo arrested the mitosis along the diffusion of the protein;
during the mitotic wave mitotic spindles were not formed at the posterior region,
and the normal size of the embryo nuclei were multiplied without breakdown of
nuclear envelope or inhibition of centrosome replication [5]. The inhibitory effect
of TPPP/p25 on the mitosis was suspended when the protein was microinjected
together with GTP, a nucleotide, the hydrolysis of which is tightly coupled with in
vivo microtubule assembly. Therefore GTP could be a potential modulator of the
microtubule-related physiological function.

The specific phosphorylation of the unfolded N-terminal tail of TPPP/p25 affects
the tubulin/microtubule-TPPP/p25 interaction as we demonstrated in vitro (see
above). The facts that TPPP/p25 is able to interact with ERK2 in brain cytosolic
extract, and the endogenous TPPP/p25 was found to be phosphorylated in the N-
terminal tail [31] prompted us to speculate about the role of phosphorylation of
TPPP/p25 in synaptic plasticity since its occurrence as a phospho-protein in the
postsynaptic density was reported [49, 53, 54].
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10.4.2 Energy State

Mitochondrial membrane potential is highly related to the energy state of the cells;
it is an important parameter determining the fate of the cells [55]. The accumulation
of a fluorescent dye, tetramethylrhodamine ethyl ester visualized by fluorescence
microscopy, signed the polarized state of the mitochondrial membrane related to
the energy state of the living cell [56]. We found that K4 cells, stably express-
ing EGFP-TPPP/p25, showed strikingly high fluorescence intensity as compared to
the control SK-N-MC cells suggesting that the TPPP/p25 expression did not cause
energy impairment but enhanced the membrane polarization state.

In agreement with this effect of TPPP/p25 detected at cell level, the ATP concen-
tration measured experimentally was 1.5-fold higher in the extract of the K4 cells as
compared to that of the control cells. The flux analysis of the glucose metabolism
based upon direct measurement and computation using the Vmax values of the indi-
vidual enzymes in the extracts of SK-N-MC and K4 cells revealed that the enhanced
ATP concentration was, at least partly, due to the activation of some key glycolytic
enzymes [22]. These data suggest that the stable expression of TPPP/p25 at level
which is well tolerated by K4 cells sets up an increased energy state.

10.4.3 Physiological Function

Oligodendrocytes such as CG-4 cells express endogenous TPPP/p25 [38]. CG-4 is
a stable cell line derived from primary cultures of bipotential oligodendrocyte-type
2-astrocyte (O-2A) progenitor cells of rat central nervous system glial precursors
which could be differentiated into oligodendrocytes in vitro [57]. Our experiments
unambiguously indicated that the expressions of TPPP/p25 and MBP increased
concomitantly during the differentiation of the oligodendrocytes. The two pro-
teins showed similar subcellular distribution at the periphery of the cells; their
extensive co-localization was visualized especially at the long projections of pre-
matured oligodendrocytes [38]. The microtubules are the key structural elements
of the diversified projections, and we detected co-immunopositivity of TPPP/p25
and class IV β-tubulin in differentiating oligodendrocytes. The immunofluorescence
studies, therefore, provided evidence for the co-localization of TPPP/p25, MBP
and tubulin on the long projections at the cellular periphery of the oligodendro-
cytes suggesting key role of the two unstructured proteins in the stabilization of the
microtubule-based projections [37].

Additional data with the CG-4 cells revealed that TPPP/p25 was not, or only
in very small amounts, present in progenitor cells, however, it was strongly up-
regulated in differentiating oligodendrocytes [38]. Recently, a microarray analysis
of gene expression of oligodendrocyte progenitor cells expressing the A2B5+
marker and differentiating O4+ oligodendrocytes revealed that the TPPP/p25 tran-
script level increased about 30-fold during the progression from A2B5+ to the
O4+ stage [59]. Very recently genome-wide transcriptional profiling comparing
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oligodendrocytes from developing and mature mouse forebrain have revealed gene
expression changes during oligodendrocyte specification and differentiation [60].
TPPP gene was found among the genes whose expression was significantly (10.5-
times) enriched in myelinating oligodendrocytes compared to oligodendrocyte pro-
genitor cells.

ATP promotes oligodendrocyte differentiation which is prerequisite of the myeli-
nation of axons of neuronal cells, and it might regulate remyelination processes
in the central nervous system diseases such as multiple sclerosis [61]. Since the
differentiation of oligodendrocytes is coupled with TPPP/p25 expression [38], and
TPPP/p25 expression in non-differentiated K4 cells resulted in enhancement of ATP
level, one can hypothesize indirect role of TPPP/p25 in the ATP-producing energy
metabolism.

10.4.4 Human Cell Model for Aggresome Development

The over-expression of TPPP/p25 in transiently transfected HeLa cells promotes
aggresome formation at the centrosome region visualized by fluorescence micro-
scopy [32]. The centrosome, a perinuclear microtubule-organizing center, is the
main site of γ-tubulin; its primary function is the assembly and organization of
microtubules during cell division [62]. The formation of the intracellular aggresomes
requires the transport of the regionally accumulated proteins along microtubule
network by the motor protein, dynein, to the centrosome. In fact, the aggresome
represents expanded centrosome, which was identified within TPPP/p25-expressing
HeLa cells by positive immunostaining for the centrosome-related tubulin.

The electron microscopic studies revealed that one of the characteristic features
of these cells was the clustering of cell components in the area of the centrosome
identified by the presence of the centriole [32]. This process leaves the periphery
of the cytoplasm free of mitochondria and cisternae of the rough endoplasmic retic-
ulum. In the center of the centrosomal area a distinct round body can frequently
be observed that consists of a dense network of filamentous material composed of
microtubules and 10 nm intermediate filaments. Inside its core the fibers run ran-
domly, however, in the periphery they tend to be arranged in parallel bundles. Within
this network ribosomes and small cisternae of the rough endoplasmic reticulum
and annulate lamellae are dispersed, however, mitochondria and Golgi membranes
are excluded. Formation of pericentriolar membrane-free, cytoplasmic inclusions
containing filamentous proteins was first described in cells expressing misfolded
membrane cystic fibrosis transmembrane conductance regulator protein [63]. This
inclusion body-like protein aggregate, which was formed as a consequence of pro-
teasome inhibition, was denoted the aggresome. Based on the intracellular and
ultrastructural features of the bright fluorescent aggregate, we identified the round
juxtanuclear bodies as aggresomes.

Formation of aggresomes in tissue culture and formation of inclusions in tis-
sue are considered as the same process [62, 63]. LBs similarly to aggresome
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are developed in response to proteolytic stress since the capacity to clear aggre-
gated proteins lacks due to the overwhelming production of the unwanted proteins
(Scheme 10.2).
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We noticed that the expression level of TPPP/p25 in transfected HeLa cells
was affected by the activity of the ubiquitin proteasome system (UPS). The inhi-
bition of the proteolysis with carbobenzoxy-Leu-Leu-Leu-al caused about twofold
increase of the fluorescent signal of microscopic field as compared to that measured
in non-treated transfected cells. In addition, under this condition more aggresome-
bearing fluorescent cells were visualized. All these data proposed that the TPPP/p25
level was controlled by the proteasome machinery, the transiently expressed fusion
TPPP/p25 was quickly degraded in HeLa cells.

Aggresomes appear to be less toxic than some other pathological protein aggre-
gates such as amorphous ones. TPPP/p25 at high expression level promotes the
formation of another microtubule ultrastructure, the perinuclear cage, which is dis-
tinct from the aggresome [32] (Fig. 10.4). Tetramethylrhodamine ethyl ester staining
of EGFP-TPPP/p25 expressing cells was visualized by fluorescence microscopy to
establish the energy state of the cells owing different microtubule ultrastructures.
While the low expression did not cause damage in the polarization of the mito-
chondrial membrane, the high expression of the unstructured protein resulted in
partial and complete mitochondrial dysfunction of the aggresome and cage con-
taining HeLa cells, respectively [32] (Fig. 10.4). This finding is consistent with
the view that the aggresome, which mimics the pathological inclusions, can protect
intracellular organelles and molecules by sequestration of unwanted proteins.
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Fig. 10.4 Effect of the TPPP/p25 expression on the energy state of HeLa cells. Live HeLa cells
transfected with pEGFP-TPPP/p25 are stained with rhodamine 123 (red), a marker of the hyper-
polarization of mitochondrial membrane. The green fluorescent fusion protein is aligned along the
microtubule network. Different cells show different phenotypes corresponding to the expressed
level of TPPP/p25 (expression level is related to the green fluorescence intensity). The mitochon-
dria of the cells expressing TPPP/p25 at low level are intensively stained (red signal) indicating
normal membrane potential; the cell displaying aggresome formation at high expression level of
TPPP/p25 (green at centrosome region) shows shortened, fragmented mitochondria with modest
red staining suggesting impairment in energy state (at the center of the image). TPPP/p25-induced
microtubule cage formed at high expression level shows mitochondrial dysfunction, depolarization
of mitochondrial membrane (no red staining)

10.5 TPPP/p25 in Brain Tissues

10.5.1 Normal Brain

TPPP/p25 was identified as a brain-specific protein occurring mainly in oligoden-
drocytes, in neuropil and fiber-like structures of the CA3 hippocampal region in
the rat brain [64]. Later on, TPPP/p25 was found to be present in oligodendroglial
cells of the white matter and perineuronal oligodendroglial cells in the cortex of the
normal human brain, in addition to faint immunostaining of the neuropil [65]. The
pre-myelinating cells are formed from oligodendrocyte progenitor cells during the
brain development and differentiate into myelin-forming oligodendrocytes. This dif-
ferentiation process is accompanied by the appearance of long, arborized projections
as well as the expression of MBP [66]. The physiological connection between MBP
and TPPP/p25 was suggested first by Colello and co-workers [67], who searched for
proteins associated with myelination in oligodendrocytes during normal develop-
ment or with remyelination after insult or disease, using a proteomic approach. The
occurrence of TPPP/p25 and MBP was detected in oligodendrocytes of normal rat
brain tissue as well [39]. Their extensive co-localization was visualized at cell level
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predominantly at the long projections of pre-matured oligodendrocytes suggesting
that TPPP/p25 might be partially membrane associated protein in oligodendrocytes
[38]. These observations concern with our recent data which revealed that the
expression of TPPP/p25 at the protein level is extensively up-regulated in differ-
entiating oligodendrocytes and co-localizes with microtubule network ensuring the
stabilization of the projection structure [38]. This finding is of special importance in
the light of our recent recognition that TPPP/p25 expression is absent in neoplastic
cells such an oligodendrogliomas [68]. At the same time lack of immunodetection
of TPPP/p25 was found in normal astrocytes of human brain tissue, contrary to
the positivity of granular TPPP/p25 immunoreactivity in reactive astrocytes [65].
Very recently a genome-wide transcriptional profiling of mouse brain confirmed
cell-type specific expression of the TPPP gene: its transcript was 8.4-times enriched
in oligodendrocytes as compared to the other cell types, it was practically absent in
astrocytes, while its moderate level was detected in neurons [60].

The detection of TPPP/p25 immunoreactivity in neurons bearing lipofuscin and
granulovacuolar degeneration may be due to the degeneration or breakdown of the
microtubule system of the neuronal cytoskeleton. This suggests that neurons also
possibly harbor low levels of TPPP/p25, at least in specified parts of the brain. Using
Allen Brain Atlas, (http://www.brain-map.org.welcome.do/) TPPP/p25 transcript
was identified in hippocampal pyramidal layers in the highest level. Subcellular
proteomics revealed TPPP/p25 as a component of neuromelanin granules, thereby
it is not surprising to find TPPP/p25 immunoreactivity in neuromelanin granules of
substantia nigra neurons [65]. Neuromelanin is considered to be of lysosomal ori-
gin [69], containing both TPPP/p25 and α-synuclein [69, 70]. Proteomics methods
identified TPPP/p25 in various synaptic preparations as a component of the postsy-
naptic density [46–48, 54], or transiently associating with synaptic [71] and chlatrin
coated [72] vesicles. Moreover, interactions of TPPP/p25 with the synaptic proteins
complexin [50] and synapsin (cf. Table 10.1) were found. Complexin binds to the
synaptic SNARE (soluble N-ethylmaleinimide-sensitive fusion-attachment protein
receptor) complex the assembly of which is triggered by Ca2+-influx [73]. The
SNARE complex initiates the fusion of synaptic vesicles to the plasma membrane.
Thus the Ca2+-dependent interaction of TPPP/p25 with complexin [50] suggests
again its occurrence within neuronal cells even at modest level (cf. Table 10.2).

10.5.2 Pathological Brain

Unfolded/misfolded proteins like α-synuclein, tau or mutant huntingtin protein
are hallmarks of conformational diseases. They form fibrils or protein aggregates
with distinct ultrastructures; in pathological brain tissues they appear as intracel-
lular inclusions which are tightly linked to the development of PD, Alzheimer’s
or Huntington’s diseases. Immunohistochemistry and confocal microscopy demon-
strates that TPPP/p25 is enriched in filamentous α-synuclein bearing LBs of PD
and diffuse Lewy body disease, as well as glial inclusions of multiple system
atrophy; in addition, the immunoreactivity of the two unstructured proteins display
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Table 10.2 Occurrence of TPPP/p25 in normal and diseased brain tissue

Reference Remarks

Proteomics
Hippocampus [50] in connection with

spatial memory; rat
Neuromelanin [70] human
Postsynaptic density [46–48, 54, 74] identified as

phospho-protein in
proteomics studies;
rodents

Synaptosomal preparation [49, 53] mouse, human
Synaptic vesicle [71] rat
Clathrin coated vesicle [72] rat
Photoreceptor [78] mouse
Immunohistochemistry in normal

brain
Hippocampus [64] neuropil in first and

second layer, fibers
in CA3; rat

Nucleus supraopticus [39] rat
Oligodendrocytes [39, 40, 64, 65, 67, 75] in perykarya and in

myelin, rat and
human

Astrocytes [65] in reactive astrocytes
only, granular;
human

Microglia not detected
Immunohistochemistry in human

pathological brain
Multiple system atrophy [23, 65, 76, 77] glial cytoplasmic

inclusions in
astrocytes and
oligodendrocytes

Parkinson’s disease [23, 65] LBs and Lewy neurites
Diffuse LB disease [65] LBs and additional

inclusions
Huntington’s disease [65] some extracellular

inclusions
Alzheimer’s disease [23, 65] dot-like, along hyper-

phosphorylated tau,
only pretangles

granulovacuolar degeneration [65]
Oligodendrogliomas [65, 68] cancerous cells did not

stained compared
with normal
oligodendrocytes

correlation shown by Western-blot and fluorescent images obtained by confocal
microscopy [23] (Table 10.2). The co-localization of TPPP/p25 and α-synuclein
in synucleinopathies was also supported by Jensen and co-workers [40]. TPPP/p25
appears as a specific immunomarker of synucleinopathies since it is not associated
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with abnormally phosphorylated tau in the inclusions of Pick’s disease, progres-
sive supranuclear palsy, and corticobasal degeneration. However, immunoelectron
microscopy confirms clusters of TPPP/p25 immunoreactivity along filaments of
unstructured (pretangle) but not compact neurofibrillary tangles in Alzheimer’s dis-
ease [23]. This peculiar finding might label a common origin of synucleinopathies
and tauopathies (Table 10.2). On the basis of our extensive immunohistochem-
ical studies performed in various human pathological brain tissues we proposed
TPPP/p25 to be a novel marker of synucleinopathies [22].

It should be, however, noted that the specificity of the immunohistochemical
labeling of TPPP/p25 in human brain tissues was dependent on the polyclonal
antisera used [65]. We demonstrate that one antibody, raised against the amino
acid segment 184–200 of TPPP/p25 is better in immunolabeling the majority of
α-synuclein immunopositive neuronal and glial pathological profiles detectable in
PD, diffuse Lewy body disease, and multiple system atrophy; while another, raised
against full-length human recombinant TPPP/p25, is more suitable to immunodetect
normal oligodendrocytes [65]. This difference could be due to the distinct ultra-
structural states of this unstructured protein in the myelinated oligodendrocytes and
in aggregated form within inclusions.

One can hypothesize that this accumulation of the TPPP/p25 results in unbal-
anced homeostasis of neurons and/or glial cells similarly as described for tau
isoforms as well as for α-synuclein [79–84]. Nevertheless, it is debated whether
generation of protein aggregates is a cytoprotective or destructive process in cells
[83–87]; in the case of aggresome or fibril formation the former possibility is
more likely [84, 88]. The stabilization of protein aggregates by inclusion forma-
tion, however, counteracts with the protecting mechanisms such as proteasomal
degradation or autophagy. The fine balance of these processes is a key step in the
etiology of neurodegeneration. TPPP/p25 accumulation causes the rearrangement of
the cytoskeleton and formation of aberrant microtubule ultrastructures, however, the
mechanism which leads to cell death is unclear yet; we assume that accumulation of
the unstructured protein followed by formation of stable proteinaceous aggregates
near the centrosomes could interfere with intracellular transport processes and could
alter other cytoskeletal functions. This could explain the death of the transfected
cells at high TPPP/p25 expression level, and suggests the involvement of TPPP/p25
in the pathomechanism of synucleinopathies. Therefore, we propose that the intra-
cellular enrichment of TPPP/p25 coupled with the development of pathological
inclusions in brain leads to neurodegenerative disorders.

10.6 Impact of Unfolded Structures on Physiological
and Pathological Functions

This review reflects the recent advance and growth in the field of TPPP/25 research.
This unstructured protein has become the target of many structural, functional
and pathological studies due to its potential involvement in neurodegenerative



10 TPPP/p25 245

diseases. TPPP/p25 was discovered as the first member of a new protein family
and characterized as an unstructured protein. On one hand, it displays MAP-like
function like the also unstructured tau protein; on the other hand, it is involved
in the pathomechanism of certain neurodegenerative disorders. One could, there-
fore, propose that the structural and functional features of TPPP/p25 are deter-
mined by its extended N-terminal segment which does not have any structural
element. However, our comparative studies with its homologous proteins, as
well as with its truncated mutant provided astonishing information against this
assumption.

Two shorter paralogs of TPPP/p25, TPPP2/p18 and TPPP3/p20, were identified
[7, 8] and cloned. The homologous proteins were used for comparative studies [8]
in order to evaluate the role of the highly unstructured N-terminal tail, which is
missing from the TPPP3/p20 and TPPP2/p18, and of other sequence variances in
its physiological and pathological functions. These studies showed that in spite
of the high homology of the TPPP proteins, their structures were different [8];
in agreement with the prediction data (cf. Figs. 10.1, 10.2 and 10.3), TPPP3/p20
but rather TPPP2/p18 behaved much less as an unfolded protein than TPPP/p25;
TPPP2/p18 likely possesses tertiary structure [8] while TPPP3/p20 disposes a
core structure with five α-helices and two β-sheets flanked by unfolded N- and
C-terminal domains [25] (Fig. 10.3). The structural differences of the homologues
manifested themselves in their abilities to associate to and to re-organize micro-
tubule structures: TPPP3/p20 and especially TPPP2/p18 showed significantly less
or no affinity to tubulin in vitro and in vivo compared to TPPP/p25 [8]. The most
significant difference was found between the two shorter homologues, although
none of them has the extended 40 amino acid segment [8]; while the truncated
homologue of TPPP/p25 (Δ3–43) with amino acid length similar to that of the
shorter homologues, shares a number of structural and functional characteristics
with its wild type form ([24] and our unpublished data). The fact that significant
structural and functional differences were found between the two shorter homo-
logues, but not between TPPP/p25 and its truncated form is against the paradigm
regarding the dominant role of the intrinsically unfolded region (IUR) in the func-
tional properties of this IUP. The differences should be related to the amino acid
substitutions in the C-terminal part of the proteins. However, the situation is likely
different if the role of phosphorylation in the impairment of TPPP/p25 functions
[31] is considered. The highly disordered N-terminal segment phosphorylated by
ERK2 and protein kinase A, as signal sequence, could ensure crucial role for
TPPP/p25 in pathological processes. This idea is further proposed by the find-
ing that TPPP3/p20 protein, in contrast to TPPP/p25, did not induce formation of
aggresome/inclusion at cell level [8]. Studies to evaluate the interrelationship of
the unfolded segment and pathological effects of TPPP/p25 are in progress in our
laboratory.
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CD, circular dichroism; Cdk5, cyclin-dependent kinase-5; EGFP, enhanced green
fluorescent protein; ERK2, extracellular signal-regulated protein kinase 2; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IUP, intrinsically unstructured pro-
tein; LB, Lewy body; MBP, myelin basic protein; PD, Parkinson’s disease; TFE,
trifluoroethanol; TPPP, Tubulin Polymerization Promoting Protein
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Chapter 11
Protein-Based Neuropathology and Molecular
Classification of Human Neurodegenerative
Diseases

Gabor G. Kovacs and Herbert Budka

Abstract Neurodegenerative diseases are characterized by death and progressive
loss of neurons in distinct areas of the central nervous system. Classification is
based on clinical presentation, anatomical regions affected, inclusion bearing cell-
types and conformationally altered proteins involved in the process. In this chapter,
the current molecular pathological classification of neurodegenerative diseases is
reviewed by summarizing the proteins relevant for neurodegenerative diseases and
their morphological types as extra- and intracellular deposits.

11.1 Introduction

Death and progressive loss of neurons in distinct areas of the central nervous system
(CNS) characterize neurodegenerative diseases. The selective loss of specific popu-
lation of neurons determines clinical presentation. Complex pathways are involved
in neurodegeneration, and the most important ones are summarized below.

A. Programmed cell death is one mechanism involved in selective neuronal vulner-
ability. In principle, cells die from one of two distinct processes [1].

(1) Necrotic cell death: This is typically characterized by cell swelling and
breakdown of the cell membrane, and requires no active participation of
the degenerating cell. This is mainly observed in ischemia and not in
neurodegenerative diseases.

(2) Non-necrotic cell death: This is regulated by cell autonomous processes
and typically produces distinctive ultrastructural changes (seen by electron
microscopy). Two major forms are apoptotic and autophagic.

a. Apoptosis: Specific cytological features including chromatin condensa-
tion and margination, nuclear fragmentation and cytoplasmic blebbing.
Several proteins regulate this process.
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b. Autophagy: This is a degradative mechanism involved in the recycling
and turnover of cytoplasmic components.

B. Synaptic degeneration: this implies that synapses, the important connection
between neurons, degenerate before the neuron itself dies [2]. Since complex
connections between neurons are one major feature of the CNS, the loss of
synaptic structures leads to clinical symptoms, while the homeostasis of neurons
may also be damaged.

C. Oxidative mechanisms: Cells fail to compensate for oxidative stress and cannot
cope with accumulation of reactive oxygen species [3]. These are byproducts
of cellular oxidative metabolism. Important components include superoxide,
hydrogen peroxide, hydroxyl radicals, nitric oxide, and peroxynitrite.

D. Abnormal protein processing: This includes abnormal interactions between pro-
teins that result in aggregation of protein in fibrillar structure. Important systems
involved in these processes include the ubiquitin-proteasome system and the
endosomal-lysosomal system [4].

11.2 Classification of Neurodegenerative Disease: Basic Concepts

A nosological classification of neurodegenderative diseases is based on clinical
presentation, anatomical regions and cell types affected, conformationally altered
proteins involved in the pathogenetic process, and etiology if known, e.g. genetic
aberrations. Involvement of proteins defines the concept of conformational diseases.
Their basis is that the structural conformation of a physiological protein changes,
resulting in an altered function or potentially toxic intra- or extracellular accumu-
lation. Mutations in the encoding genes are linked to hereditary forms of disease.
While a plethora of descriptive data on definitely or potentially involved proteins
has accumulated and has revolutionized our knowledge on these disorders, much
less is understood with regard to their function and the pathophysiological role of
their misfolded conformers.

The clinical classification is based on which anatomical regions or functional
systems are affected by neuronal damage. The major clinical features of neurode-
generative disorders are the following:

1. Cognitive decline, dementia, alteration in high-order brain functions. The
most important anatomical regions involved are the hippocampus and limbic
system. A subtype of dementia is frontotemporal dementia, which is asso-
ciated with degeneration of the frontal and temporal lobes (Frontotemporal
lobar degeneration, FTLD). These patients present with either behavioural or
speech disorders.

2. Movement disorder:

a. Hypokinetic: Parkinson syndrome
b. Hyperkinetic: Chorea
c. Other: Ataxia, upper and lower motor neuron symptoms

3. Combination of these
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The neuropathological classification is based on the following: (1) Evaluation
of the anatomical distribution of neuronal loss and reactive astrogliosis, and addi-
tional histological features like spongiform change of the neuropil in prion disease,
or microvacuolation in frontal and temporal cortical areas in many neurodegen-
erative disorders, swollen neurons or, furthermore, damage to the white matter.
These changes are seen with conventional staining techniques. (2) Evaluation of
protein deposits in the nervous system: these can be deposited intracellularly and
extracellularly and are analyzed by immunohistochemistry.

One major difference between intracellular inclusion bodies and extracellular
aggregates is that the first have been assumed to arise from hydrophobic aggre-
gation of proteins in unfolded or denatured states, whereas the latter could arise
from the polymerization of specific partially folded intermediates that are unstable
in an aqueous environment [5, 6]. Intracellular protein deposits may be seen mainly
in the cytoplasm of neurons, astrocytes and oligodendroglial cells. Less frequently
intranuclear deposits may be observed, mostly in neurons. Such protein deposits are
also called inclusions, sometimes with a specific name (e.g. Lewy body). Extracel-
lular deposits may, or may not, show amyloid characteristics. The term “amyloid”,
meaning starch-like, was coined by Virchow in 1851 based on its mis-identification
as carbohydrate. A defining feature of amyloid is apple-green birefringence when
viewed through a polarising light microscope after tissue staining with Congo red.

Consistent and sensitive immunohistochemical methods are now used in prac-
tice and elucidate the underlying molecular pathology [7]. The neuropathological
diagnosis considers the anatomical distribution of neuronal loss and protein depo-
sition patterns in correlation with the clinical syndrome. Biochemical and genetic
examinations are complementary to this.

11.3 Proteins with Relevance for the Classification
of Neurodegenerative Diseases

11.3.1 Microtubule-Associated Protein Tau

The microtubule-associated protein tau (MAPT) is important for the assembly
and stabilization of microtubules [8]. In nerve cells tau is found in axons, but in dis-
ease circumstances it may redistribute to dendrites and to the cell body. The normal
human brain has six isoforms of tau, produced from a single gene by alternative
mRNA splicing [8].

Biochemically, there are four main patterns of insoluble tau as observed on West-
ern blotting. This includes (1) major bands at 60, 64, and 68 kDa; (2) bands at
64 and 68 kDa; (3) bands at 60 and 64 kDa; and (4) a minor band at 72 kDa that
is usually associated with the first pattern [8]. It is also important to distinguish
different isofoms of tau in diseases. The isoforms differ from one another by the
presence or absence of a 29- or 58-amino acid insert in the amino-terminal half of
the protein, and by the inclusion, or not, of a 31-amino acid repeat encoded by exon
10 of tau, in the carboxy-terminal half of the protein Three isoforms with 0, 1, or 2
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inserts contain three microtubule-binding repeats (R) and are designated as 3R tau,
and three isoforms, also with 0, 1, or 2 inserts containing four microtubule-binding
repeats, are designated as 4R tau. Thus, diseases with pathological accumulation of
tau show a biochemical signature characterized by the pattern of insoluble tau and
further by the apperance of tau isoforms. 3R and 4R isoforms may be equally or
unequally present in distinct disorders with altered tau [8, 9]. Although the brain tau
isoform composition has been extensively analysed by Western blotting, availability
of monoclonal antibodies detecting 3R and 4R tau opened the way for inclusion-
specific mapping of isoforms [10]. In addition, the abnormal hyperphosphorylation
of tau is a common feature to all disease with abnormal tau filaments. The site of
phoshorylation differs between diseases; however, this seems to be less important
in distingushing disease forms as compared to the patterns of tau bands described
above.

The Tau (MAPT) gene maps to chromosome 17q21.2. Mutations lead to heredi-
tary diseases that are associated with progressive neurodegenerative syndromes and
accumulation of intracellular deposits of soluble and insoluble hyperphosphorylated
tau protein [11]. Genetic variability in MAPT, in particularly a dinucleotide repeat
polymorphism in intron 9 defined as H1 and H2 haplotypes, may contribute to risk
of sporadic tau diseases [12].

11.3.2 β-Amyloid

β-amyloid (or Aβ) derives from the amyloid precursor protein (APP). APP has the
structural characteristics of a cell surface receptor and undergoes proteolytic cleav-
ages by β and γ secretases to generate the β-amyloid fragment of 40 or 42 residues
[13]. Since secretases are linked to presenilin genes, presenilins are implicated in the
trafficking and proteolytic cleavage of APP. APP fragments may undergo degrada-
tion or oligomerisation and extracellular plaque formation, which is a characteristic
feature of the neuropathology of Alzheimer’s disease (AD). In addition to 1–40 and
1–42, carboxy-terminally truncated Aβ peptides (1–37, 1–38, 1–39) may be found,
and the Aβ peptide pattern may well reflect disease-specific changes [14].

The APP gene has been mapped to the centromeric region of chromosome 21.
Mutations in the APP gene or the presenilin genes (Ps1 located on chromosome
14 and Ps2 located on chromosome (1) may lead to early onset AD; furthermore,
several genes implicated in the processing of Aβ may influence late-onset AD
[15, 16].

11.3.3 α-Synuclein

α-Synuclein is a 140-aa protein that belongs to a family of abundant brain pro-
teins (α-, β-, and γ-synuclein). Until recently the function of α-synuclein remained
unclear, and indeed mice deficient in either α- and β-synuclein, or both, survive
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without obvious brain defects [17]. α-Synuclein lacks secondary or tertiary struc-
tures, so it belongs to the family of natively unfolded proteins, many of which act
as chaperones. It is known to interact with several other proteins [18].

It is mainly expressed in presynaptic terminals [19] and may play a role in the
stabilization of the cytoskeleton, synaptic vesicular transport and maintenance of
synaptic plasticity [19, 20]. It modulates the functional activity of dopamine trans-
porter and presynaptic dopamine release [19–22]. In normal nerve terminals, wild
type α-synuclein interacts directly with dopamine transporter, trafficking the latter
from the membrane into the cytoplasm [19, 21–23]. It also attenuates the activity of
dopamine transporter [23].

Western blot shows a band at 19 kDa and further ones at 29–36 and 45–55 kDa
that represent complex α-synuclein forms [18, 24, 25]. Moreover, a proteinase-K
resistant subset was demonstrated in diseased brains and correlated well with pathol-
ogy [26]. Another study found high levels of α-synuclein in the detergent-soluble
fraction of brain samples with multiple system atrophy. It was concluded that the
solubility of α-synuclein differs between multiple system atrophy and Parkinson’s
disease (PD) [27].

The α-synuclein gene locates to chromosome 4. Mutations in the gene may asso-
ciate with PD and/or Lewy body dementia (LBD) phenotypes [28, 29]. It must be
noted that several other genes are implicated in PD and might be related to the
formation of α-synuclein harbouring cellular inclusions [30].

11.3.4 Prion Protein

Prion protein (PrP) is predominantly expressed in neurons. PrP is central to prion
diseases or transmissible spongiform encephalopathies. The normal (cellular) form
is designated as PrPC. Conformational change of this protein is central to the “prion”
hypothesis and distinguishes PrPC from the disease-associated form (PrPSc, where
Sc indicates scrapie, a prion disease of sheep and goats) that seems to be infectious
as “prion” [31, 32]. PrPSc exists as a predominantly ß-pleated sheet, while PrPC is
α-helix dominant [31]. PrPSc can be differentiated from PrPC in Western blots after
protease treatment, because the pathological form is not digestable [31], although a
protease–sensitive but disease associated transitional form was also described [33].

The significance of PrPC extends beyond prion diseases. Possible functions
comprise a role in neurogenesis and differentiation of neural stem cells, neuri-
togenesis, synaptogenesis, neuronal survival via anti or pro-apoptotic functions,
copper binding, redox homeostasis, long term renewal of haematopoetic stem
cells, activation and development of T cells, differentiation, modulation of phago-
cytosis of leukocytes, and altering leukocyte recruitment to site of inflammation
[34]. Thus, its upregulation appears important in inflammatory conditions that
raise the possibility to have an increased substrate available for the PrPC-PrPSc

conversion [35, 36].
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The encoding gene of PrP (PRNP) locates to chromosome 20. Reported point
and insertional mutations number more than 30. A polymorphism at codon 129 has
a clear influence on the phenotype in all (sporadic, genetic, acquired) subtypes [37].
Sporadic Creutzfeldt-Jakob disease (CJD) is classified according to the constellation
of codon 129 (valine or methionine allele) of PRNP, and the Western blot signa-
ture of protease-resistant PrP. At least three patterns may be distinguished (although
some authors observe even more [38]), which, in combination with the codon 129
polymorphism, define at least six phenotypic groups [39].

11.3.5 TAR-DNA-Binding Protein 43 (TDP-43)

TDP-43 or transactive response (TAR) DNA-binding protein 43 is a 414-amino-
acid nuclear protein. It is a highly conserved protein expressed in non CNS tis-
sues as well. It contains 2 RNA recognition motifs as well as a glycine-rich
C-terminal sequence [40, 41]. This C-terminal domain of TDP-43 binds to sev-
eral proteins of the heterogeneous nuclear ribonucleoprotein family, which are
involved with the biogenesis of mRNA. TDP-43 may also act as scaffold for nuclear
bodies [42].

TDP-43 is encoded by the TDP (TARDBP) gene on chromosome 1. Mutations
in this gene have been linked to amyotrophic lateral sclerosis, both in familial
and sporadic forms [43, 44]. Interestingly, mutations in progranulin (PGRN) and
valosin-containing protein (VCP) genes are also characterized by TDP-43 inclu-
sions, suggesting multiple and complex pathways of pathological alterations linked
to this protein [45].

11.3.6 α-Internexin

α-Internexin is expressed predominantly by neurons. It belongs to the family of
intermediate filaments including also three neurofilament proteins (light, medium,
heavy) and peripherin. It was recently shown to be a sensitive marker of most of the
inclusions of neurofilament inclusion body disease [46]. The gene for α-internexin
is located on chromosome 10 and transcibes to a 499-amino acid protein [47]. It
must be noted that α-internexin is not the structural component of inclusion in this
disease and possibly accumulates secondarily [48].

11.3.7 Other Proteins

There are more forms of genetic neurodegenerative disorders with abnormal protein
inclusions, comprising proteins encoded by genes linked to neurological trinu-
cleotide repeat disorders. Their basis is the expansion of unstable trinucleotide
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repeats that account for at least 16 neurological disorders, ranging from devel-
opmental childhood disorders to late onset neurodegenerative diseases such as
Huntington’s disease and inherited ataxias [49]. The gene product of these, such as
huntingtin in Huntington’s disease, atrophin in dentatorubral-pallidoluysian atrophy,
or the ataxins in spinocerebellar ataxias, may be deposited in cells in the form of
inclusions.

Moreover, rare inherited disorders are characterized by cellular neuroserpin or
ferritin inclusions. Neuroserpin is a serine protease inhibitor mainly expressed in
the CNS. It is a regulatory element of extracellular proteolytic events and inhibits
the activity of a tissue plasminogen activator [50]. The gene encoding neuroser-
pin is mapped to chromosome 3q26 and is also designated as PIl2 [51]. Its open
reading frame encodes 410 amino acids [50]. Inclusion bodies (Collins bodies)
are composed of neuroserpin and are deposited both in the neuropil and within
neuronal perikarya and processes [52, 53]. In ferritin-related neurodegenerative dis-
eases, the molecular genetic defect resides in the ferritin light polypeptide gene
located on chromosome 19 [54]. Inclusions may be found in neurons and glial
cells both in the cytoplasm and nucleus. In familial British and Danish dementias
with deposition of amyloid proteins in the extracellular spaces of the brain and in
blood vessels, the molecular genetic defect is a mutation in the BRI 2 gene [55].
Both the ferritinopathies and the latter amyloidoses accumulate proteins with a
carboxyl-terminus that is abnormal in length and primary sequence [54].

In addition to the aforementioned proteins that are linked to specific diseases,
it is important to mention that many other proteins may be found within inclu-
sions and proteinaceous deposits; however, these are not structural elements of
abnormal fibrils, but are proteins binding to them. Such proteins comprise compo-
nents of the ubiquitin-proteasome system, proteins implicated in cellular responses
or associated with phosphorylation and signal transduction, cytoskeletal proteins,
cell cycle proteins, or even cytosolic or serum proteins that passively diffuse and
bind to the protein deposits. Thus immunohistochemistry may demonstrate such
components in proteinopathy inclusions such as tau-associated neurofibrillary tan-
gles and α-synuclein-associated Lewy bodies. Recently, the tubulin polymerization
promoting protein (TPPP/p25) was demonstrated to be associated selectively with
the formation of α-synuclein inclusions, in particularly those of multiple system
atrophy [56, 57].

The role of ubiquitin immunohistochemistry is of particular interest in diagnos-
tic neuropathology. Ubiquitin is a small stress-induced protein, which participates
in the degradation of short-lived and damaged proteins, and is found in diverse
filamentous inclusions of neurodegenerative disorders [58]. Several studies indi-
cate that the ubiquitin-binding protein 62/sequestosome 1, a cytosolic 62-kd protein
(p62) is also a common component of various inclusions [59, 60]. The formation
of inclusions follows a certain kind of “maturation” pathway and involves ubiq-
uitination only later [61]. While early protein deposits may be detectable only
with specific antibodies raised against the original protein, late aggregates or fully
developed inclusion bodies may be nicely visualized by anti-ubiquitin or anti-p62
immunostaining [62].
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Based on the most important proteins related to neurodegenerative disorders
listed above, diseases are classsified also as tauopathies, synucleinopathies, prion
diseases, trinucleotide repeat disorders, or TDP-43 proteinopathies. Some forms do
not fit strictly into these categories and are referred to e. g. as FTLD with ubiquitin-
positive TDP-43-negative neuronal inclusions [63], including cases with mutation in
the charged multivesicular body protein 2B (CHMP2B) gene [45, 64], others as neu-
ronal intermediate filament inclusion disease, and others as cerebral amyloidoses.
Major disease groups are summarized in Table 11.1.

Table 11.1 Major conformational neurodegenerative diseases

Tauopathy Synucleino-
pathy

Trinucleotide-
repeat
disorder

Prion disease TDP-43
proteinopathy

Other

• AD • PD • Hunting-
ton’s
disease

• CJD • FTLD-U
(type 1–4)

NIFID

• FTLD with
Pick bodies

• LBD • Hunting-
ton’s
disease-like
2

• GSS • FTLD-U
with MND

• Neuroser-
pinopathy

• FTLD with
MAPT
mutation

• MSA • SCA 1, 2, 3,
6, 7, 8, 10,
12, 17

• FFI • MND (ALS) • Ferritinopa-
thy

• CBD • DRPLA
Fragile X
and XE
syndrome

• Kuru • FTLD-U
lacking
TDP-43 IR

• AGD • Friedreich
ataxia

• British and
Danish
familial
dementia
with
amyloidosis

• PSP • Myotonic
dystrophy

• NFT
dementia

• Fragile X
Tremor-
Ataxia
syndrome

• Unclassifi-
able

• Spinobulbar
muscular
atrophy

AD shows features of tauopathies associated with extracellular deposition of Aβ. Abbreviations:
PSP: progressive supranuclear palsy, CBD: corticobasal degeneration, AGD: argyrophilic grain
disease, NFT: neurofibrillary tangle, MSA: multiple system atrophy, SCA: spinocerebellar atro-
phy, DRPLA: dentatorubral-pallidoluysian atrophy, GSS: Gerstmann-Sträussler-Scheinker disease,
FFI: fatal familial insomnia, FTLD-U: FTLD with ubiquitin immunoreactive neuronal inclusions,
MND: motor neuron disease, ALS: amyotrophic lateral sclerosis, NIFID: neuronal intermediate
filament inclusion disease.



11 Protein-Based Neuropathology 259

11.4 Morphological Types of Extra- and Intracellular Protein
Deposits

Localization of deposits related to different proteins is summarized in Table 11.2
and Fig. 11.1

11.4.1 Extracellular Protein Deposition

Aβ of Alzheimer type pathology may show several morphological forms of deposits.
The qualification as amyloid may be inappropriate for some of these since they are
not visualized by Congo red or thioflavine stains. Immunostaining for Aβ reveals
compact and non-compact deposits. Focal immunodeposits with amyloid cores are
referred to as “classic” plaques [65]. Further plaques have less compact amyloid
deposits and lack a definite core, thus are referred to as primitive plaques. Non-
compact plaques are referred to as preamyloid or diffuse deposits with irregular
contours. Moreover, lake-like and fleecy types of deposits are also seen. Cotton wool
plaques are usually associated with familial AD. In addition, deposition of Aβ in
vessel walls is also noted. The biochemical composition of Aβ differs between vas-
cular and parenchymal deposits. Except for cotton wool plaques, the aformentioned
morphological subtypes do not specify any disease form.

In the prion diseased human brain, PrPSc is deposited in diffuse/synaptic, patchy/
perivacuolar, perineuronal, and plaque-like patterns [66]. Plaques may have, or may
not have, amyloid characteristics. PrP amyloid plaques are further classified accord-
ing to the morphology of the core, such as unicentric (Kuru type), multicentric,
or florid plaques that are surrounded by vacuoles. PrPSc may also accumulate in
astrocytes and microglia and also may co-localize with both chemical and electric

Table 11.2 Extra- and intracellular distribution of deposits composed of different proteins in
neurodegenerative disorders

Protein Localization of deposits in CNS

Intracellular Extracellular∗

Neuron Glia
Cytoplasm Nucleus

Tau + – + –
α-Synuclein + + + –
TDP-43 + + + –
α-Internexin + – – –
Huntingtin – + – –
Neuroserpin + – – +
PrP∗∗ – – – +
Aβ∗∗ – – – +
∗∗Intracellular protein deposits are described but are not the major compo-
nents of histopathological alterations and are not classified as inclusions.
∗Some proteins may seem to be extracellular after death of the cells.
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Fig. 11.1 Examples of extra- and intracellular protein deposits. a. Cored amyloid plaque show-
ing immunoreactivity for Aβ in AD brain. b. Vascular amyloid and perivascular fibrillar Aβ

immunodeposition. c. Unicentric amyloid plaque (Kuru plaque) in CJD demonstrated by anti-PrP
immunostaining. d. Patchy/perivacuolar PrP deposition in CJD. e. Diffuse/synaptic PrP deposits
in CJD. f. Neurofibrillary tangle immunostained by anti-hyperphosphorylated tau antibody (clone
AT8) in AD. g. Neurofibrillary tangles are demonstrated by anti-3R (left side) and anti-4R (right
side) Tau immunostaining. h. Globose tangle in the locus coeruleus in progressive supranuclear
palsy (AT8). i. Pick bodies in frontotemporal lobar degeneration with Pick bodies are demonstrated
by anti-hyperphosphorylated tau immunostaining (AT8). j. Pick bodies are immunoreactive for
anti-3R tau (left side) but not for anti 4R tau (right side). k. Abundant neuronal tau pathology
in the dentate gyrus in an individual with mutation in the MAPT gene. l. Tufted astrocyte in the
putamen in progressive supranuclear palsy (AT8). m. Astrocytic plaque in the cingular cortex in
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synapses, in the neuronal cell body and dendrites, thus both post- and presynap-
tically, furthermore, in intra- and adaxonal localisations [67]. PrPSc was identified
within macrophages and vascular associated dendritic cells in the vessel wall and
perivascular area in sporadic CJD [68].

In contrast to extracellular Aβ deposits, PrP immunostaining patterns may asso-
ciate with certain molecular subtypes of prion disease, and thus are helpful to
characterize these disorders. The immunomorphology of PrPSc deposits may differ
according to the protease-resistant PrP type. Fine deposits like diffuse/synaptic is
usually observed in combination with the presence of type 1 protease-resistant
PrP, while more coarse deposits like amyloid plaques, plaque-like formation, and
patchy/perivacuolar appearance is usually associated with type 2 protease-resistant
PrP. PrP typing relies on the size of the unglycosylated PrP fragment on Western
blots [66]. The special morphological type of perineuronal PrPSc immunodeposits
is extensively seen in sporadic CJD with the presence of valine in at least one of the
alleles encoded at codon 129 and type 2 protease-resistant PrP [39, 69].

Further extracellular amyloid deposition is seen in familal British and Danish
dementia. In neuroserpinopathies Collins bodies may be observed in the neuropil. It
must be noted that several inclusion bodies may become extracellular after the death
of the cell harbouring that inclusion, exemplified by extracellular Lewy bodies or so
called ghost tangles.

11.4.2 Intracellular Protein Deposition

Neuron and glia-related protein-deposits include cytoplasmic, intranuclear, or cell
process (axonal or dendritic) related deposits. When examined by electron micro-
scopy, the filaments of inclusions differ in structure. Their morphology is distinct;
for example tau immunoreactive oligodendroglial coiled bodies are distinguishable
from α-synuclein bearing oligodendroglial Papp-Lantos bodies. Also within the

�
Fig. 11.1 corticobasal degeneration (AT8). n. Oligodendroglial coiled-body in the frontal white
matter in corticobasal degeneration (AT8). o. Hyperphosphorylated-tau (AT8) immunoreactive
grains in the entorhinal cortex in argyrophilic grain disease. p. Small cytoplasmic spherical α-
synuclein immunoreactivity lacking the typical appearance of a Lewy body in a neuron in the
substantia nigra of an individual with PD. q. Typical brainstem-type α-synuclein immunoreac-
tive Lewy body in the substantia nigra of an individual with PD. r. α-Synuclein immunoreactive
cortical Lewy body in the cingular cortex of an individual with Lewy body dementia. s. Cytoplas-
mic and nuclear α-synuclein immunoreactive inclusions in a pontine base neuron in an individual
with multiple system atrophy. t. Typical α-synuclein immunoreactive oligodendroglial cytoplasmic
inclusions (Papp-Lantos bodies) in multiple system atrophy. u. Intranuclear TDP-43 immunopos-
itive inclusion in the putamen in an indvidual with familial TDP-43 proteinopathy. v. Granular
cytoplasmic TDP-43 immunoreactivity in an individual with frontotemporal lobar degeneration.
w. Cytoplasmic TDP-43 immunopositive inclusion in a granular layer neuron in the dentate gyrus
in an individual with frontotemporal lobar degeneration. x. Compact spherical TDP-43 immunore-
active cytoplasmic inclusion in a lower motor neuron in a patient with amyotrophic lateralsclerosis.
y. Oligodendroglial TDP-43 immunopositive inclusions in the white matter of the spinal cord in a
patient with amyotrophic lateralsclerosis
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same proteinopathy group, the filaments may vary in structure, such as paired helical
filaments, straight filaments, or twisted ribbons in tauopathies. At the light micro-
scopic level, the morphological appearance of inclusions is distinguishable as well
within the same proteinopathy group. In tauopathies, inclusions may differ whether
they are composed of 3R or 4R tau isoforms or both. This renders classification
schemes rather complex. Moreover, there are several conditions where inclusions
are demonstrated by conventional stains or ubiquitin immunohistochemistry, while
the essential structural component of the particular inclusion has not been clarified.
These include basophilic inclusion body disease, neuronal intranuclear (hyaline)
inclusion disease, or FTLD cases with ubiquitin immunoreactive inclusions that are
TDP-43, tau, α-synuclein, PrP, or α-internexin immunonegative. If the detailed his-
tological, immunohistochemical and biochemical analysis fails to reveal signature
lesions the remaining diagnosis may be dementia lacking distinctive histological
features. Inclusions in different proteinopathies are listed in Table 11.3, while extra-
and intracellular protein deposits are demonstrated in Fig. 11.1.

11.5 Other Distinguishing Morphological Features

Some morphological alterations are also detectable with immunostaining methods
related to proteins listed above, but are not specific for any disorder.

Perisomatic granules in FTLD with Pick bodies (previously called Pick’s disease)
and AD predominantly appear in the hippocampal CA1 region. They are ubiqui-
tin and glutamate receptor immunoreactive and preferentially associate with tau
immunopositive pretangles [70]. They can be differentiated from granulovacuolar
degeneration of neurons that are usually observed in the same area. Interestingly,
granulovacuolar degeneration that is a feature seen in ageing, AD and FTLD with
Pick bodies, is not associated with tau.

Argyrophilic grains are oval, spindle, or comma shaped abnormally phosphory-
lated tau immunoreactive structures that are usually located around apical dendrites
or tiny axons of neurons [71] and also follow a maturation process from ubiquitin-
negative tau-positive deposits to ubiquitin and tau positive argyrophilic structures
[72]. A recent study suggested that it is an age-related process that can be divided
into stages [73].

Tangle-associated neuritic clusters were first described in AD and ageing and
were shown to be not necessarily associated with Aβ deposition. Recently, they
were characterized in progressive supranuclear palsy brains as well and were
demonstrated as distinct from ghost tangles although both structures relate to the
degradation of neurofibrillary tangles [74].

11.6 Synthesis: Classification of Neurodegenerative Diseases

An algorithm for the molecular pathological classification of neurodegenerative
diseases is proposed in Fig. 11.2.
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Table 11.3 A list of inclusions in tauopathies, synucleinopathies, and TDP-43 proteinopathies

Cellular
pathology

Protein Neuronal
cytoplasm

Neuronal
process

Neuronal
nucleus

Astrocyte Oligodendrocyte

Tau Pretangle Dystrophic
neurite

– Tufted Coiled body

Neurofibrillary
tangle

Grain Thorn-shaped Globular
inclusions

Pick body Thread Astrocytic
plaque

Spherical
inclusions

Ramified
astrocyte

Dots
Perinuclear

ring
Corticobasal

body
α-Synuclein Lewy body Lewy neurite Nuclear

inclusion
Coil-like, star,

crescent
shaped

Nuclear
inclusion

Pale body Cytoplasmic
inclusion
(Papp-Lantos)

Cytoplasmic
inclusion
(other)

Cytoplasmic
inclusion
(circular,
coil-shaped)

TDP-43 Perinuclear
granules
Cytoplas-
mic
inclusions
(compact
round;
skein-like)

Dystrophic
neurite
(long or
dot-like)

Nuclear
inclusion
(round, rod,
and
lentiform:
“Cat-eye”)

– Cytoplasmic
inclusions:
(round,
triangular,
flame-shaped,
coiled-body-
like)

The starting point for neuropathological diagnosis and disease classification
includes collection of clinical information, such as age at onset, duration of disease,
and in particular a family history of neuropsychiatric disease. Evaluation of atrophy
during neuroimaging investigations and post mortem macroscopical inspection of
the brain may suggest vulnerable areas where neuronal loss, the major feature of
neurodegeneration, predominates. The next step is the detailed anatomical mapping
of neuronal loss and reactive astrogliosis to further define the selective vulnerabil-
ity pattern of the particular case. At this level, morphological alterations may be
detected such as eosinophilic or argyrophilic neuronal or glial inclusions, as well
as extracellular congophilic amyloid deposits with or without surrounding degen-
eration of neural processes (“neuritic” plaques) that are well visualized by silver
stains.
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Presence of intra- and extracellular protein deposition requires immunohisto-
chemistry for further classification [7]. Extracellular deposits may comprise a
variety of plaques and vascular deposits with immunoreactivity for Aβ, PrP, or BRI2

proteins.
Care is warranted when interpreting Aβ deposition as AD, since it also appears in

ageing. Indeed, there is a spectrum of neurodegenerative features between neurode-
generative disease and nomal ageing, and it is sometimes more quantity than quality
that differentiates pathology from “normal”. Intraneuronal hyperphosphorylated tau
inclusions, neurofibrillary tangles, must be considered as well. AD is a conforma-
tional disease associated with deposition of two proteins, Aβ extracellularly and
tau intracellularly, the latter principally intraneuronally and not in glia. At a bio-
chemical level, insoluble tau shows three major bands at 60, 64 and 68 kDa together
with a minor band at 72 kDa, while both 3R and 4R tau isoforms are found in the
diseased brains (3R + 4R tauopathy). In cases where there is abundance of neuritic
plaques and lack of neocortical neurofibrillary tangles, plaque-predominant AD may
be diagnosed. In addition, abundance of Aβ deposits, in particularly cotton wool
plaques should raise the possibility of mutations in genes related to the processing
or Aβ. On the other hand, relative paucity of Aβ deposits together with abundance
of neurofibrillary tangles and neuropil threads mainly in the allocortex argue for
neurofibrillary tangle dementia, which shows a similar biochemical pattern of tau as
in AD. In summary, AD may be diagnosed as combination of Aβ plaques, includ-
ing neuritic forms, together with neurofibrillary tangles and a documented clinical
neuropsychiatric syndrome. However, quantity and distribution are relevant: Neu-
rofibrillary degneration follows an anatomical route described by Braak and Braak
(I to VI stages) [75]. Semiquantitative scoring of neuritic plaques was the basis
of neuropathological diagnostic criteria suggested by the Consortium to Establish
a Registry for AD (CERAD) [76], while both lesions are considered in the NIA-
Reagan Insitute criteria that are usually better suited for clinico-neuropathological
correlation [77].

In prion disease extracellular PrP deposits may have, or have not, amyloid
characteristics. PrP plaque amyloidosis is a major feature of Gerstmann-Sträussler-
Scheinker disease, but may be seen in CJD as well. Further molecular classification
of prion diseases involves Western blot examination of the protease resistant PrP and
constellation of the codon 129 polymorphism in PRNP. These molecular subtypes
have prognostic relevance and associate with distinct phenotypes [78].

Amyloid peptides in familial British and Danish dementia are cleavage products
of mutated forms of the BRI2 protein. In patients with familial British dementia,
a single nucleotide substitution, and in patients with familial Danish dementia a
10-nucleotide duplication, in BRI 2 is the genetic background leading to amyloid
formation in the brain [54].

In cases where intracellular protein deposits are suspected, not only the struc-
tural protein but the cell types and subcellular localization of inclusion should be
defined as well. Proteins include tau, α-synuclein, TDP-43, or proteins linked to
trinucleotide repeat diseases. In cases where inclusions are not immunoreactive
for these, neurofilaments along with α-internexin, neuroserpin, and ferritin may be
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examined. Moreover, there are conditions where only ubiquitin immunoreactivity in
inclusions suggests the presence of aggregated proteins.

When hyperphosphorylated tau is the major constituent of cellular inclusions, it
is important to evaluate which cell types harbour inclusions and what is the morphol-
ogy of these inclusions (see Table 11.3). In AD, neuronal inclusions predominate
(neurofibrillary tangles), in FTLD with Pick bodies typical neuronal inclusions are
seen together with less abundant astrocytic and oligodendroglial tau inclusions [45].
Insoluble tau in FTLD with Pick bodies is clearly distinct with bands at 60 and
64 kDa, while neuronal inclusions are composed of 3R tau. Ramified astrocytes and
sparse oligodendroglial inclusions are observed as well. In progressive supranuclear
palsy and corticobasal degeneration, features may overlap since both diseases con-
tain glial and neuronal tau inclusions with a predominance of 4R isoforms and 64,
68 kDa bands of the insoluble tau in Western blotting. Here the anatomical dis-
tribution and morphological types of cellular inclusions distinguish the disorders
[79]. While oligodendroglial coiled bodies are seen in both, astrocytic plaques are
associated mainly with corticobasal degeneration, and tufted astrocytes with pro-
gressive supranuclear palsy. Distribution of threads in the white and gray matter
is also helpful to discriminate these disorders. Globose neurofibrillary tangles are
seen in progressive supranuclear palsy. Argyrophilic grain disease is another 4R
tauopathy where oligodendroglial coiled bodies, pretangles and tau immunoreac-
tive argyrophilic grains are restricted to limbic areas [80]. Mutations in MAPT may
be associated with a variety of inclusions, partly overlapping with aforementioned
sporadic diseases and partly unique in morphology. All types of patterns of insoluble
tau, 3R, 4R or 3R + 4R tau isoforms may be detected [45].

When α-synuclein is the predominating protein of inclusions, three major disease
forms should be considered. Although the exact differentiation of PD and LBD
has debatable issues, PD features mainly intraneuronal cytoplasmic and neuritic
deposits (Lewy bodies and Lewy neurites) following a defined anatomical path-
way from lower brainstem regions to neocortical areas as suggested by Braak and
coworkers (stages I to VI) [81]. Diagnostic criteria for LBD are also available [82].
Both Lewy body disease forms may show astrocytic (coil-like, star, crescent shaped)
and oligodendroglial inclusions (Table 11.3) [83, 84]. In contrast to these, multiple
system atrophy is a disease dominated by glial cytoplasmic inclusions (Papp-Lantos
bodies [85]) that are rarely seen in PD and LBD; also the biochemical pattern of α-
synuclein may differ [27]. Neuronal cytoplasmic inclusions are also distinguishable
from Lewy bodies. In addition, neuronal or rarely glial nuclear inclusions may be
seen in multiple system atrophy, but are not observed in Lewy body disorders. Inter-
estingly, some neuronal intranuclear inclusions are immunoreactive for TPPP/p25
but not for α-synuclein [86].

TDP-43 has been identified as the disease protein in cases of sporadic and famil-
ial FTLD with ubiquitin immunoreactive inclusions with or without motor neuron
disease, and in most cases of sporadic and familial amyotrophic lateral sclerosis.
Depending on the subcellular (neuronal, glial, cytoplasmic, nuclear, neuritic, see
Table 11.3) and anatomical (layer) distribution of TDP-43 inclusions, four subtypes
are suggested for cases with FTLD with ubiquitin immunoreactive inclusions [45].
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The genetic background links to chromosome 9, or to the progranulin gene, or to
the valosin containing protein gene [64]. In familial forms of amyotrophic lateral
sclerosis mutations in the TDP gene, but not SOD1 (superoxide dismutase1) gene,
may be associated with the presence of TDP-43 inclusions [43, 44].

The exact classification of further disease forms lacking relevant amount of
aforementioned protein deposits depends on the evaluation of ubiquitin immunore-
activity. Further investigations here may include immunostaining for neurofila-
ments along with α-internexin, neuroserpin, or ferritin. In the presence of ubiq-
uitin immunoreactive neuronal intranuclear inclusions, detailed genetic analyses
may be needed, although the anatomical distribution of alterations may help in
choosing which gene might be examined. Still cases will emerge in practice,
where one cannot reach an exact classification. Here an interdisciplinary approach
involving molecular biologists, biochemists, and neuropathologists seems most
promising.

11.7 Concluding Remarks

There is considerable overlap in the accumulation of different aggregated proteins.
Tau, Aβ, α-synuclein immunoreactive structures may be found in diseases defined
by other neuropathological alterations. Recently, TDP-43 immunopositive neuronal
inclusions were described in AD and LBD cases, but await clarification of their
significance. Conditions associated with tau, α-synuclein or TDP-43 inclusions are
listed in Table 11.4. Moreover, several pathologies may co-exist in the same brain

Table 11.4 Conditions associated with tau, α-synuclein, or TDP-43 immunoreactive deposits

Tau
Ageing
Down’s syndrome
Gerstmann-Sträussler-Scheinker disease
Myotonic dystrophy
Neurodegeneration with brain iron accumulation type I
Familial British dementia
Niemann-Pick disease type C
PrP cerebral amyloid angiopathy
Subacute sclerosing panencephalitis
Dementia pugilistica
Postencephalitic Parkinsonism

α-Synuclein
Ageing
Down’s syndrome
Neurodegeneration with brain iron accumulation type I
Subacute sclerosing panencephalitis
Neuroaxonal dystrophy
Ataxia teleangiectasia

TDP-43
AD
LBD
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and may confound disease classification. Notorious examples include AD with
Lewy body pathology. In fact, overlap neurodegeneration may be more the rule
than the exception. While improved neuropathologic diagnosis greatly contributes
to classification schemes of neurodegenerative diseases, the pathogenetic role of
many misfolded and aggregated proteins still needs to be further elucidated. All this
emphasizes the role of neuropathological evaluation in research studies.

In conclusion, molecular-neuropathologic diagnosis is based on the evaluation of
the anatomical distribution of extra- and intracellular deposits composed of abnor-
mal protein conformers. Biochemical examination of these proteins provides further
information on isoforms that may specify morphologically distinct disease forms.
Such a complex biochemical-morphological approach, in particularly the definition
of protein forms related to specific clinical phenotypes, may serve as a basis for
developing body-fluid based in vivo diagnostic biomarkers.
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Notes

Since the submission of the manuscript the nomenclature of FTLD-U changed
and now includes those cases, which do not show tau, α-synuclein, or TDP-43
immunoreactive inclusions. Former FTLD-U cases with TDP-43 immunopositive
structures should be designated as FTLD-TDP.
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Aβ: β-amyloid; AD: Alzheimer’s disease; APP: amyloid precursor protein; CJD:
Creutzfeldt-Jakob disease; CNS: central nervous system; FTLD: Frontotemporal
lobar degeneration; LBD: Lewy body dementia; MAPT: microtubule-associated
protein tau; PD: Parkinson’s disease; PrP: prion protein; TDP-43: transactive response
(TAR) DNA-binding protein 43.
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Neurofibrillary tangle (NFT), 27, 33–35, 52,
53, 79, 117–119, 121, 213, 214, 216,
244, 257, 258, 260, 262, 263, 265, 266

Neurofilament, 122, 256, 265, 267
Neuron, 21, 24, 27, 31, 33, 35, 37–40, 42,

43, 46, 47, 49, 55, 79, 81, 85, 99–101,
103, 104, 115–122, 124, 125, 140, 148,
160, 161, 175, 176, 184, 185, 187, 189,
192–194, 207–209, 212–216, 226, 242,
244, 251–253, 255–257, 262

Neuroserpin, 257–259, 261, 265, 267
Neurotoxic lesions, 103
Non-amyloid-β component (NAC), 13, 27, 45,

46, 160, 162, 176, 178

O
Oligodendrocyte, 43, 102, 121, 123, 124, 209,

211–213, 216, 234, 235, 238–244, 263
Oxidative stress, 122, 123, 175, 176, 179–181,

183, 184

P
p25α, see Tubulin polymerization promoting

protein/p25
p62, 84, 86–88, 100, 257
Paclitaxel, 106, 233
Paired helical filament (PHF), 33, 35, 262
Pale body, 263
Paramagnetic relaxation enhancement, 162,

163
Parkin, 80, 82, 83, 87, 89, 90, 114, 119, 214
Parkinson’s disease (PD), 1, 7, 8, 22, 24, 27,

38–43, 45, 46, 80–85, 89, 97–99, 101,
103, 105, 111, 116–120, 124, 159–168,
175, 176, 179, 180, 184–187, 191, 192,
194, 207–210, 212, 214–216, 225, 235,
236, 242–244, 255, 258, 261, 266, 267

familial, 160
Drosophila model, 208

PD, see Parkinson’s disease (PD)
Perinuclear granules, 263
Phospholipase D, 161, 165
Physiological prions, 1, 8
Pick body, 258, 260, 262, 263, 266
Pick’s disease, 22, 39, 121, 244, 262
Polyglutamine diseases, see Polyglutamine

repeat diseases
Polyglutamine repeat diseases, 50, 105, 117,

122
PolyQ diseases, see Polyglutamine repeat

diseases
Polyubiquitination, 83

K63-linked, 82, 84, 86–89
PONDR R©, 4, 24, 26, 32, 49, 227, 229, 232

Predictors of intrinsic disorder, 26
Pre-molten globule, 25, 34, 36
Pretangle, 118, 243, 244, 262, 263, 266
Prion diseases, 1, 7, 8, 22, 24, 28, 36, 37, 39,

111, 116, 117, 120, 121, 133–137, 139,
140, 145, 148, 150, 151, 253, 255, 258,
259, 261, 265

Prion protein (Prp), 1, 2, 12, 13, 22, 31, 36, 37,
120, 133–151, 255

metal ion binding, 143
native (Prpc), 37, 133, 135–146, 148–151,

155
scrapie (Prpsc), 28, 117, 120, 121, 133,

135–141, 144, 150, 255, 259, 261
structure, 138

Progressive supranculear palsy, 22, 38, 121,
213, 244, 258, 260, 262, 266

Proteasome, 3, 77–83, 85–88, 90, 98, 112–116,
135, 136, 178, 183, 214, 233, 236, 239,
240, 257

Protein aggregation, 6, 25, 37, 77, 80, 84, 89,
90, 97, 99, 117, 133, 134, 146, 151,
216, 236

Protein Data Bank (PDB), 2, 28, 29, 32
Protein deposits, 80, 119, 253, 257, 261, 267

extracellular, 8, 259, 260, 262, 265
intracellular, 253, 259, 260, 262, 265
morphological types of, 259

Protein misfolding, 1, 8, 24, 77, 79, 97–106,
123, 134, 135, 148, 150, 151, 189

Protein quality control, 77, 90, 111, 112,
114–116, 118, 119, 122, 124, 125

Proteinopathies, 21, 24, 214, 257, 258,
261–263

Proteolysis, limited, 13, 22, 23, 48, 50, 231
Proteolytic stress, 77, 82, 85, 88, 240
Protofibril, 164, 175, 177–183, 186, 188, 189,

193, 194, 210

R
Rapamycin, 105
Reactive oxygen species (ROS), 116, 122, 176,

182–185, 187, 188, 192, 194, 252
Residual dipolar coupling, 4, 163
Residual secondary structure, 159, 161, 162

S
Scrapie, 8, 22, 36, 120, 133, 134, 137, 138,

146, 151, 255
Scrapie prion isoform, see Prion protein (Prp),

scrapie (Prpsc)
β-Sheet, 6, 12, 13, 34, 37, 50, 52, 56, 138,

140–142, 145, 147, 150, 162, 175, 177,
178, 183, 186, 188, 213, 227, 228
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Small nuclear ribonucleoprotein particles
(snRNPs), 55, 56

Solid state NMR, 12, 13, 164
Spinobulbar muscular atrophy, 122, 258
Spinal muscular atrophy (SMA), 24, 55, 56
Spinocerebellar ataxia (SCA), 23, 46, 50, 51,

81, 122, 257, 258
SPT3-TAF9-ADA-GCN5 acetyltransferase

(STAGA), 51
Stabilization centers, 228, 229, 232
β-Strand, 4, 8, 12, 13, 133, 134, 138, 163, 164,

232
Substantia nigra, 24, 40–43, 103, 118–120,

160, 161, 175, 176, 181, 184, 194, 209,
242, 261

Superoxide dismutase, 83, 98, 122, 267
Survival of motor neurons protein, 55
Synaptic vesicle, 160, 161, 164, 165, 167, 168,

176, 210, 214, 216, 242, 243
Synphillin-1, 83, 214
Synucleins, 45, 46, 159–161, 163
α-Synuclein, 1, 2, 5–8, 10, 11, 13, 22, 27,

28, 31, 37–46, 83, 85–87, 89, 99, 105,
117–120, 175–194, 207–216, 225,
234–236, 242–244, 254, 255, 257, 259,
261–263, 265–267

aggregation, 216, 236
amyloid fibril form, 159
binding to lipid membranes, 159
inclusions, 39, 43, 191, 257
induced cell death, 120, 185, 194
fibrillization, 175, 177, 178, 180, 181, 183,

185, 186, 189, 190, 192–194
post-translational modifications, 179

β-Synuclein, 22, 31, 45, 46, 159, 160, 254
γ-Synuclein, 22, 31, 45, 46, 159, 160, 254
Synucleinopathy disorders, see

Synucleinopathies
Synucleinopathies, 22, 37, 39, 43, 45, 176,

179, 186, 190–192, 194, 207–216, 225,
235, 243, 244, 258, 263

α-Synucleinopathy, see Synucleinopathies

T
TAR-DNA-binding protein-43, 214, 256, 258,

259, 261–263, 265–267
TARP, 101
TATA-box-binding protein (TBP), 31, 47, 51,

52
Tau

hyperphosphorylated, 35, 121, 213, 243,
254, 260, 261, 265, 266

Tauopathies, 22, 34, 35, 39, 97, 106, 117, 121,
213, 244, 258, 262, 263, 265, 266

TDP-43, see TAR-DNA-binding protein-43
TFE, see Trifluoroethanol (TFE)
Thioflavin T fluorescence, 11, 177, 192
TorsinA, 182, 189, 191, 192, 216
Transmembrane AMPA receptor regulatory

protein, see TARP
TPPP/p25, see Tubulin polymerization

promoting protein/p25
Transmissible spongiform encephalopathy

(TSE), 5, 36, 39, 120, 134–138
therapy, 136, 137

Trifluoroethanol (TFE), 141, 146, 148, 151,
227, 232, 235

Trinucleotide repeat, 28, 256, 258, 265
Tuberin (Tsc2), 105
Tuberous sclerosis, 105
Tubulin polymerization promoting protein/p25,

208, 211–213, 225–250, 257, 266
in brain, 241
interacting partners of, 212
occurrence of, 236, 241, 243

U
Ubc13, 78, 84, 86, 89
Ubiquitin

-activating (E1) enzymes, 78, 79
-conjugating (E2), 78, 79, 114
-ligating (E3) enzymes, 78, 79
immunoreactive inclusions, 262, 266
modifications, 77, 81–84, 90
carboxyterminal hydrolase L1, 105

Ubiquitin-binding protein 62/sequestosome-1,
86, 257

Ubiquitin-proteasome pathway (UPP), see
Ubiquitin-proteasome system (UPS)

Ubiquitin-proteasome system (UPS), 77,
79–81, 86, 112–114, 120, 122, 178,
179, 181–183, 189, 240, 257

Ubiquitination
non-proteolytic, 82

Unfolded protein response, 111, 112, 115
UPS, see Ubiquitin-proteasome system (UPS)

V
Vanishing white matter disorders, 117, 123

W
Wallerian degeneration, 97, 103, 104, 106, 122

slow (WldS), 104, 105

X
X-linked inhibitor of apoptosis protein (XIAP),

98, 99
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