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Preface

The present volume of Current Topics in Microbiology and Immunology con-
tains seven chapters that illuminate various aspects of a protein’s genesis and
terminal fate in the endoplasmic reticulum (ER). This area is of immediate
medical relevance and has blossomed, to no small extent, because of the study
of molecules central to the function of the immune system [immunoglob-
ulins, T cell receptors, major histocompatibility complex (MHC)-encoded
products]. Similarly, the clever strategies used by bacteria or viruses to gain
a foothold in the host and ensure their continued survival have uncovered
altogether new cell biological principles. It is therefore fitting that a special
volume be devoted to the interplay between pathways of protein degradation
in the ER and a wide variety of pathogens. The concept of quality control
emerged with the appreciation that, in the case of multimeric glycoproteins,
any unpaired glycoprotein subunit had great difficulties leaving its site of
synthesis—the ER—and was destroyed instead. Free immunoglobulin heavy
chains were probably the earliest documented example of this kind, and were
long known to cause pathology when their accumulation went unchecked.

Increased knowledge of the biosynthetic pathways of glycoproteins allowed
the identification of the ER as an important site where such quality control
decisions were made. The T cell receptor for antigen, long considered the
paradigm of this mode of degradation, led the way in these early explorations.
A major puzzle remained: if the ER is indeed the compartment where nascent
chains make their first appearance, begin to fold, and assemble with partner
subunits, how then is the distinction made between terminally misfolded
proteins and those on the way to a functional end-product? Part of the solution,
surely, was the appreciation that the synthetic and degradative functions of
the ER might be topologically distinct: by exercising quality control in the
lumen of the ER, but relegating proteolysis to the cytosol, this paradox might
be solved. There is now ample evidence that such separation indeed occurs,
although it is unlikely to be the only solution.

It is the study of viruses and bacteria that has helped identify some of these
escape hatches from the ER. Intoxication with cholera toxin or the dislocation
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reaction used by herpes viruses to dispose of class  MHC products are but two
examples, dealt with in this volume (chapters by Lord et al. and Kikkert et al.).
Especially the latter studies would have been impossible, were it not for the
detailed insights into the biosynthesis of glycoproteins in general, and of MHC
products in particular. Two chapters in this volume, by Molinari and Sitia and
Groothuis and Neefjes, deal with the general and MHC-specific aspects of
glycoprotein synthesis, assembly, and intracellular transport. Yeast geneti-
cists have pursued a parallel route: the wonderful toolbox of Sec mutants has
been the key ingredient to a dissection of the eukaryotic secretory pathway.
Surely the rules that operate in the ER to ensure delivery of the proper prod-
ucts apply across the eukaryotic kingdom. Using genetics, a host of genes
were identified in yeast that could be linked to the disposal of misfolded
proteins. It is gratifying to see how the studies initiated in yeast converge
with the more biochemically inspired experimental systems in higher eu-
karyotes, again exemplified by three chapters in the present volume, those by
McCracken and Brodsky, Wolf and Schifer, and Bar-Nun. Given the involve-
ment of the cytoplasmic compartment in disposal of unwanted ER proteins,
it is perhaps not surprising to see the ubiquitin-proteasome system make its
obligatory appearance: the multitude of Ub ligases required for recognition
of an extremely heterogeneous set of substrates is only now beginning to be
unraveled. A helicopter view of these pathways is provided in the chapter by
Kikkert et al. It would be misleading to suggest that there is now uniformity
for pathways of quality control in the ER, and a consensus has yet to emerge.
What about the unfolding requirements, so as to be able to deal with partially
folded proteins? What about the identity of the channels via which proteins es-
cape from a membrane-delimited compartment? What about the routes used
by soluble versus membrane proteins? Polytopic membrane proteins? How
many different pathways for such escape exist? The continued examination
of viruses, bacteria, and their products is required to answer these questions,
as pathogens rely on the exploitation of these cellular pathways for their sur-
vival. The chapter by Lord et al. provides an overview of our understanding
of the routes traveled by cholera toxin. While certain commonalities with ER
degradative pathways are apparent, there are also important differences. It
stands to reason that the final picture will be even more complex.

It is perhaps equally important to point out which areas have not been
covered in this volume, for lack of reliable information. The most successful
approaches in the field of protein quality control have relied on the tried and
trusted methods of genetics and biochemistry. Many aspects of cellular phys-
iology are under the control of processes that are not template-encoded, and
cannot be manipulated simply by introduction of a mutant cDNA or a siRNA
vector. Glycosylation, lipid modifications, and other post-translational modi-
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fications must surely be superimposed on the basic toolbox of the host and its
pathogens. Continued improvements in analytical methodology coupled with
the development of new chemistry-based tools to interfere in these processes
should be a high priority to illuminate the many different functions of the ER.

Boston, MA, USA, October 2005 Hidde L. Ploegh
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Abstract Plasma cells, like other “professional” secretory cells, are capable of secreting
thousands of proteins per second. To accomplish this impressive task, they contain
a highly developed endoplasmic reticulum (ER), where newly synthesized proteins
must fold and assemble to native structures before secretion. Protein biogenesis in the
ER is coupled to a tight quality control schedule: aberrant molecules produced upon
failure of the folding/oligomerization processes are retained in the ER, and eventually
degraded by ER-associated degradation (ERAD) pathways. The activity of the ERAD
machinery therefore needs to be adapted to variations in the load of the ER with cargo
proteins. If ERAD is insufficient, misfolded proteins accumulate causing ER stress,
apoptosis, and ER storage diseases. The capacity of ERAD also critically determines
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the efficiency of protein secretion. Here we summarize recent findings highlighting
the role of ERAD in disease and development, particularly in professional secretory
cells.

1
Protein Synthesis and Folding in the Endoplasmic Reticulum

In mammalian cells, proteins that either reside in intracellular compartments
such as the ER itself, the Golgi, and endo-lysosomes, or will be secreted
(hormones, antibodies, pancreatic enzymes, etc.), or displayed at the plasma
membrane (receptors, channels, etc.), are synthesized by ribosomes attached
at the cytosolic face of the ER. Nascent chains are translocated at an average
rate of three to five amino acids per second into the ER lumen. Here, they
undergo folding, assembly, and other posttranslational modifications, with
the assistance of a network of resident chaperones and enzymes.

During or immediately after translocation, most secretory proteins are
modified by addition of branched oligosaccharides (N-glycans) or formation
of disulfide bonds. These covalent modifications increase the general stability
of the final protein products: interestingly, they also facilitate their folding
and quality control by mediating and timing interactions with ER folding
assistants. N-glycans mediate association with calnexin (Cnx) and calreticulin
(Crt), two lectin chaperones.

For certain proteins, the formation of non-native disulfides and their sub-
sequent isomerization are essential for proper folding (Jansens et al. 2002).
These reactions are catalyzed by oxidoreductases of the protein disulfide iso-
merase (PDI) superfamily (Ferrari and Soling 1999; Freedman et al. 2002).
The oxidoreductase ERp57 forms functional complexes with Cnx and Crt,
thereby coupling glycan modifications and disulfide bond modifications for
glycoproteins entering the Cnx/Crt cycle (Helenius and Aebi 2004; Trombetta
and Parodi 2003). Other chaperone complexes operate in the ER and may
intervene sequentially in folding assistance (Molinari and Helenius 2000) or
provide alternative pathways for the myriad different polypeptides to be man-
ufactured in this organelle (Ellgaard and Helenius 2003; Sitia and Braakman
2003).

1.1
Folding Is Often Inefficient

Folding efficiency may drop substantially and can be the cause of impaired
cell, organ, and/or organism viability when genetic mutations occur, upon
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unbalanced synthesis of oligomeric complexes subunits, absence of essential
cofactors or prosthetic groups, defective protein glycosylation, or impaired
control of redox homeostasis (see Table 1). However, even under normal con-
ditions, protein folding may fail to some extent, resulting in the generation of
by-products that need to be destroyed to avoid ER constipation. Surprisingly,
the folding of heterologous proteins may be faster and more efficient com-
pared to the maturation of certain cell self-proteins. It may take only 10 min
for a viral glycoprotein (e.g., influenza virus hemagglutinin) to complete the
folding and oligomerization processes and to leave the ER with an efficiency
approaching 100%, but several hours before only a fraction of the cystic fi-
brosis channel (CFTR) becomes native and leaves the ER. About 80% of the
wild type CFTR is degraded (Kopito 1999), a fate shared with other cellular
proteins and likely reflecting inherent difficulties in the folding processes.

A certain degree of inefficiency in protein folding may actually be essen-
tial for our life, providing peptides to be presented in the context of class I
molecules for inspection by immune cells. Whatever its physiological mean-
ing, an inherently inefficient folding implies that the higher the production of
the protein factory, the higher the generation of waste that needs to be cleared
from the folding compartments. The equilibrium needs to be readjusted and

Table 1 Potential causes of ER stress (and related pathologies)

Mutations that retard or preclude folding

[cystic fibrosis and many others (Aridor and Balch 1999)]

Defective synthesis of a subunit precluding assembly

[heavy chain disease (Witzig and Wahner-Roedler 2002)]

Reduced level of chaperones or folding assistants

[e.g., calnexin in combined lipase deficiency, CLD (Briquet-Laugier et al. 1999),
in particular tissue-specific ones such as Hsp47 for collagen (Matsuoka et al. 2004)]
Reduced levels of UPR-signaling molecules

[Wolkott Rallison syndrome (Harding and Ron 2002)]

Proteasomal insufficiency

[polyglutamine diseases (Bossy-Wetzel et al. 2004)]

Absence of essential cofactors

[e.g., vitamin C for collagen, scurvy]

Exuberant synthesis of a normal protein

[professional secretors, normal and malignant plasma cells,

B cell differentiation, myeloma (Ma and Hendershot 2003)]

Imbalanced redox conditions (hypoxia-reperfusion)

Defective glycosylation

[congenital disorders of glycosylation CDG (Shang et al. 2002)]
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maintained when a resting cell is woken up to become a factory producing
high amounts of secretory proteins, for example during transformation of a B
lymphocyte into an antibody-secreting cell. The increased production of se-
cretory proteins activates ER resident stress sensors, ultimately strengthening
the folding and degradation machineries of the ER.

1.2
Endoplasmic Reticulum Folding and Disease

During development, there are many conditions that weaken the folding ef-
ficiency and/or preclude the assembly of a protein. For instance, the early
phases of B lymphocyte development are characterized by the synthesis of
Ig-H chains in the absence of L chains: a surrogate light chain is produced by B
cell progenitors so as to test the capability of newly generated H chains to pair
up later with L chains and make a functional antibody. These complex events
are intimately connected with signaling pathways controlling allelic exclusion
and Ig-gene rearrangements (Melchers et al. 2000; Hendershot and Sitia 2004).
On the other hand, professional secretory cells face the problem of producing
proteins in massive quantities. How do these cells build and manage such
efficient protein factories? This question is particularly relevant in view of the
fact that many debilitating human diseases are caused by defective ER protein
folding and quality control (Aridor and Balch 1999). Many of these “conforma-
tional diseases” represent loss of function conditions, in which a membrane or
secreted protein is retained and degraded from the ER. Examples of this type
are cystic fibrosis, familial hypercholesterolemia, diabetes mellitus, osteoge-
nesis imperfecta, and retinitis pigmentosa. The common underlying cause is
that mutated proteins do not acquire their native structures and are diverted
to ERAD. However, there are also many examples of gain-of-function diseases.
If disposal is not efficient, aberrant proteins accumulate in or outside cells,
triggering severe damage to cells and tissues. An interesting case is the hered-
itary lung emphysema caused by a1-antitrypsin deficiency (a1-antitrypsin is
the principal blood-borne inhibitor of the destructive neutrophil elastase in
the lungs). Mutated a1-antitrypsin is not secreted from liver cells and actually
accumulates forming intracellular deposits. The loss of function phenotype
observed at the level of patient’s lungs is therefore accompanied by a gain of
toxic function phenotype at the level of the liver (Perlmutter 1996). It is not
clear why only a fraction of the patients with lung problems undergo hep-
atopathy. This observation implies variability in the individual’s capability of
coping with protein accumulation in ER quality control machineries.
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2
Molecular Mechanisms Mediating Endoplasmic
Reticulum-Associated Degradation Selectivity and Timing

Figure 1 summarizes the crucial steps underlying ERAD, each of which can
become the target of pharmacologic or genetic manipulation.
A terminally misfolded glycoprotein must be:

1. Recognized and extracted from futile folding cycles

2. Disassembled and at least partially unfolded

3. Dislocated across the ER membrane

4. Deglycosylated and ubiquitinated by cytosolic enzymes
5

. Degraded by proteasomes or alternative pathways

1. Selection and timing 2. Disassembly
Partial ufolding
Disulfide reduction
BiP, PDI

3 Dlslocatlon (Secé61, Derfms)

oo
-------- Sododedii

Extractlon ( p97 other ATPases}

4. Ubiquitination
(E2 and E3 ligases) and
Deglycosylation (N-glycanases)

5. Degradation
by Proteasomes

Fig. 1 The ERAD of a glycoprotein, as depicted in this figure, can be divided into
five steps. First, repeated folding attempts of the substrate by the Cnx/Crt cycle are
interrupted by the concerted activity of a mannose-trimming enzyme (the ER alpha-
mannosidase I, ER Man I) and a mannose-binding lectin (EDEM). Second, the aber-
rantly folded polypeptide has to be disassembled and partially unfolded (e.g., the
wrong disulfide bonds formed during the folding attempts have to be reduced) in or-
der to (third) allow efficient dislocation across the ER membrane via Sec61, derlins and
possibly other unidentified proteinaceous channels. Extraction is facilitated by cytoso-
lic ATPases, such as p97. Fourth, E2 and E3 ubiquitin ligases often associated with the
cytosolic face of the ER membrane add polyubiquitin chains to the substrate that after
removal of the glycans moieties by N-glycanases are targeted to proteasomes (fifth)
for degradation. Alternative, nonproteasomal pathways of degradation can also exist
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2.1
Specificity in Substrate Selection

The issue of specificity in substrate selection is crucial to folding and quality
control. Folding and assembly intermediates expose surfaces that elicit the at-
tention of the ER chaperone networks. The problem becomes that of deciding
when the attempts to fold a given molecule must be stopped so as to prevent
accumulation. For glycoproteins, the discrimination between newly made un-
folded and terminally misfolded is based on N-glycan processing. Based on
the observation that inhibition of a-mannosidases stabilizes terminally mis-
folded glycoproteins (Su et al. 1993), the existence of a mannose timer was
proposed (Helenius 1994). The model has been refined in recent years and
now describes the importance of the central mannose of N-glycans (isomer B)
in determining the fate of glycoproteins. Preservation of this mannose delays
disposal; in contrast, accelerating its removal (for instance by up-regulation of
the cleaving enzyme, ER a-mannosidase I) results in premature degradation
of folding intermediates (Wu et al. 2003). Exposure of glycans with a reduced
number of mannoses by non-native proteins causes interruption of folding
attempts and extraction from the Cnx/Crt cycle. Extraction is operated by
EDEM (ER degradation enhancing a-mannosidase-like protein) and EDEM2,
stress-regulated, mannosidase-like chaperones devoid of enzymatic activity
(Molinari et al. 2003; Oda et al. 2003; Olivari et al. 2005; Mast et al. 2005).

2.2
Disassembly and Partial Unfolding

Disassembly and partial unfolding often depend on the reduction of disulfide
bonds in the ER lumen and precede dislocation across the ER membrane
(Fagioli and Sitia 2001; Tortorella et al. 1998). These steps are mediated by
PDI (Gillece et al. 1999; Molinari et al. 2002; Tsai et al. 2001), which is endowed
with intrinsic unfoldase activity, and is assisted by other ER chaperones such
as BiP. Misfolded polypeptides may also undergo aggregation in the ER lumen.
In this case, both inter- and intramolecular disulfide bonds need to be reduced
to promote cytosolic dislocation (Molinari et al., 2002).

23
Dislocation or Retrotranslocation

Dislocation, or retrotranslocation, has long been known to involve Secé6l,
a proteinaceous channel also utilized by proteins entering co-translationally
into the ER. Additional proteins, termed derlins, have been recently implicated
(Lilley and Ploegh 2004; Ye et al. 2004). Particularly for soluble substrates,
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extraction from the ER lumen involves energy. The p97 AAA-ATPase has been
shown to play a role, perhaps generating force from the cytosol. In addition,
many substrates accumulate in the ER lumen when proteasome activity is
blocked, indicating that dislocation and degradation are coupled reactions
(Mancini et al. 2000; Mayer et al. 1998; Molinari et al. 2002). The mechanisms
connecting the two phases are unclear, but the ATPases associated with the
proteasomes are likely to play a role, perhaps in association with p97.

24
N-glycanase and Ubiquitin Conjugation

Glycoprotein substrates that also dislocate in the presence of proteasome
inhibitors accumulate in the cytosol in a deglycosylated and generally polyu-
biquitinated state. Moreover, in cells lacking a specific E3 ligase, the substrate
accumulates in the ER and causes cytotoxicity (Imai et al. 2001). This implies
that N-glycanase and ubiquitin conjugation activities precede targeting to the
proteasomes. Evidence has been provided indicating that polyubiquitination
is important for dislocation, possibly preventing backward movement of the
dislocating protein into the ER lumen (de Virgilio et al. 1998). It is not clear
whether N-glycanases are part of the extraction complex (Katiyar et al. 2004).
In summary, following repeated folding attempts in the Cnx/Crt cycle
(a lag between synthesis and degradation) interrupted by mannose process-
ing, EDEM diverts glycoproteins to unfolding and dislocation (Fig. 1).
Mechanistically, the sequential cleavage of mannoses from N-glycans af-
fects retention in the Cnx/Crt cycle by decreasing the capacity of glucosidase I
and GT, the enzymes regulating dissociation from and reassociation to Cnx
and Crt, to act on folding-incompetent polypeptides. The role of EDEM as
an acceptor of misfolded glycoproteins released from the Cnx/Crt cycle has
been recently elucidated (Molinari et al. 2003; Oda et al. 2003). It has been
demonstrated that the intracellular level of EDEM regulates the kinetics of dis-
location by determining the permanence of misfolded proteins in the Cnx/Crt
cycle. Importantly, the level of EDEM is adapted to the cargo load via unfolded
protein response (UPR) signaling pathways, so as to ensure optimal disposal
of the waste produced during protein synthesis and to limit stress (Yoshida
et al. 2003). Whether EDEM represents the last acceptor of ERAD candidates
before their dislocation into the cytosol or instead EDEM regulates the trans-
fer of substrates from the folding into the unfolding cycles remains an open
question. It is generally thought that ER mannosidase I works upstream of
EDEM and actually prepares the ERAD candidate for association with EDEM
by reducing the number of mannoses on N-glycans. However, the possibility
exists that EDEM directly competes with Cnx and Crt for substrate binding.
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In this scenario, the function of ER mannosidase I could be that of extract-
ing ERAD candidates from EDEM to facilitate dislocation. How proteins that
carry no glycans are handled remains unknown.

25
Cytosolic Proteasomes

While there is general agreement that the terminal point of ERAD is cytosolic
proteasomes, the possibility of alternative pathways regulated by other cyto-
solic proteases (Glas et al. 1998) or by fusion of specialized ER subdomains
with lysosomes remains open.

3
The Unfolded Protein Response in Disease and Development

Recent advances in understanding ER homeostasis show that cargo load,
folding and transport efficiency, and the activity of the ERAD machinery are
finely tuned at both the transcriptional and translational levels and point
to a regulatory role of UPR-like pathways. Experimentally, severe ER stress
can be induced by substances that inhibit ER protein folding. This can be
achieved by preventing disulfide bond formation (e.g., by DTT), glycosy-
lation (tunicamycin) or calcium homeostasis (thapsigargin). Under these
harsh conditions, ER stress triggered by accumulation of abundant mis-
folded polypeptides activates three resident sensor molecules spanning the
ER membrane: the kinase PERK, the transcription factor ATF6, and the ki-
nase/endoribonuclease IRE1 (Harding et al. 2002; Kaufman 2002). PERK acti-
vation attenuates protein synthesis, reducing the load on the factory. ATF6 and
IRE1 activate the transcription of many genes involved in promoting protein
folding, degradation and transport, and other metabolic pathways (Travers et
al. 2000). An elegant mechanism for timing these events has been proposed
(Yoshida et al. 2003). The slower induction of Xbpl (which, in contrast to
Perk and ATF6, needs an RNA processing step catalyzed by the stress sensor
IRE1) and the identification of EDEM as an Xbpl-regulated gene, led to the
proposal that the Xbpl phase of the response mainly deals with increasing
degradation capacity. After a first attempt to solve the problem by lowering the
load (PERK activation) and increasing folding efficiency (ATF6 activation),
factors that clear the field (EDEM) are activated. In case of failure, multiple
UPR-dependent pathways can cause apoptosis.

Living cells in healthy organisms probably seldom encounter such extreme
conditions as those induced with global pharmacological blockade of protein
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folding. Certainly, successful developmental programs are executed that en-
tail the massive production of proteins, some of which are inherently difficult
to fold. Under more physiologically stressful conditions caused by increased
synthesis of normal secretory proteins during organogenesis or differentia-
tion, the folding machinery (ATF6) and the ERAD machinery (IRE1/Xbpl)
can both be strengthened so as to achieve a level that prevents apoptotic
programs from being activated.

Intriguing links between proteasomes, ERAD, the UPR, and apoptosis are
revealed by several human diseases. In autosomal recessive juvenile parkin-
sonism (AR-JP), the loss of functional Parkin, a specific E3 ligase, seems
to cause intracellular accumulation of PAEL receptors and UPR-dependent
apoptosis of cholinergic neurons (Imai et al. 2001). In polyglutamine dis-
eases, the inefficient cleavage between adjacent glutamines causes occlusion
of proteasomes. Constipation of the ERAD machinery may lead to a chronic
UPR and cell death (Ozcan et al. 2004).

UPR-like processes are key regulators of physiologic processes such as
organogenesis (e.g., liver and bone development) or development of plasma
cells and other professional secretors (Ma and Hendershot 2003). The IRE1-
activated transcription factor Xbpl1 is required for survival and/or develop-
ment of secretory cells and organs (Clauss et al. 1993; Iwakoshi et al. 2003;
Reimold et al. 2000, 2001).

An intriguing question that stems from appreciating the UPR’s role in
developing a secretory phenotype is whether and how cells can selectively
activate the IRE1 and ATF6 pathways required to increase lipid and protein
synthesis and to enhance metabolism without concomitantly activating the
PERK pathway, which would attenuate protein synthesis and thus be detri-
mental for a cell devoted to massive production of a secretory protein. At
present, it seems in fact that all three ER stress sensors are activated by a com-
mon mechanism relying on sequestration of the ER-resident chaperone BiP
by aberrant proteins accumulating in the ER lumen (Bertolotti et al. 2000;
Shen et al. 2001).

4
An Efficient and Adaptable Degradation Machinery Is Required
to Maintain Folding Efficiency and Secretory Capacity

The current models describing UPR and UPR-like events in mammalian cells
are focused on the involvement of these processes in preparation and adap-
tation of the folding/secretion machinery to the increased synthesis of ER
client proteins, as during plasma cell differentiation (Gass et al. 2004; van
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Anken et al. 2003). Cumulating evidence shows that the ERAD machinery
is essential for efficient ER protein folding and secretion. First, it has been
shown that the IRE1/Xbpl stress pathway regulates the intraluminal level of
EDEM (Eriksson et al. 2004; Yoshida et al. 2003), alpha mannosidase I (Shaffer
et al. 2004), and other ERAD mediators. Second, cells depleted of Xbp1 and
revealing defective regulation of the intraluminal level of EDEM progressively
accumulated aberrant by-products of protein synthesis in the ER lumen. This
eventually led to substantial loss of folding efficiency and strongly decreased
protein secretion. Quite surprisingly, folding capacity was re-established in
these cells upon EDEM transfection. These data highlight a direct link be-
tween functional ERAD machinery and capacity of cells to maintain efficient
glycoprotein folding and secretion (Eriksson et al. 2004).

5
Professional Secretors

Certain cells are specialized in the production and release of secretory proteins
in massive quantities. Their products vary considerably in terms of biochem-
ical properties, function, and kinetics of secretion (Table 2). For instance,
antibodies are secreted constitutively, while insulin and digestive enzymes
are released in a regulated way. Despite these differences, however, a com-

Table2 Examples of professional secretors

Cell type Main products Type
Plasma cells Ig Constitutive
Plasmocytoid DC oIFN Constitutive
Endocrine pancreas

Insulin (f cells) Regulated synthesis

Exocrine pancreas
Salivary gland

Liver
Fibroblasts

Neurons

Glucagon (a cells)

Enzymes

Amylase, lysozyme, etc.

Albumin, Transferrin,
and many others

Collagen

Vasopressin, oxytocin,
and many others

and secretion

Regulated
Mainly regulated

Mainly constitutive (regulated
production of acute phase proteins)

Constitutive
(requires hsp47 and Vit C)

Mainly regulated
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mon trait of professional secretory cells is the remarkable development of the
rough ER, where secreted proteins are made and assembled.

A single plasma cell is capable of secreting thousands of antibodies per sec-
ond (de StGroth and Scheidegger 1980). On top of the remarkable metabolic
and energy requirements, the cell faces a serious redox problem. Since an
IgM pentamer contains about 100 disulfide bonds, 200,000 cysteines enter the
ER in the reduced state and leave it oxidized every second. Erol molecules,
which are rate limiting in oxidative folding, utilize molecular oxygen as the
terminal electron acceptor, producing large quantities of H,O, that need to
be scavenged. In addition, in view of the intrinsic difficulty in forming poly-
mers, a considerable fraction of secretory IgM is degraded even in plasma
cells (Fagioli and Sitia 2001). The reduction of disulfide bonds that precede
dislocation/degradation consumes additional glutathione, increasing the risk
of oxidative stress. To comply with these requirements, plasma cell differenti-
ation entails the up-regulation of many genes involved in energy production,
protein and lipid synthesis, and redox homeostasis (van Anken et al. 2003).
These, as well as ER resident proteins, are abundantly expressed in many
other secretory tissues (Pagani et al. 2000). Are they under common control
mechanisms? Recent evidence points to a role of Xbp1 in determining the
secretory phenotype, regardless of the lineage of origin. Thus, overexpression
of spliced Xbp1 (but not of the unspliced isoform) triggers a series of genetic
and morphologic changes that lead to an overall increase in cell size, largely
attributable to de novo synthesis of ER and other secretory organelles (Shaffer
et al. 2004; Sriburi et al. 2004). The genes up-regulated by active Xbp1 largely
overlap with UPR-dependent ones, but not completely. This raises the in-
triguing possibility that a physiologic UPR-like pathway exists that regulates
development. In the case of B cell differentiation, Blimp1, a transcription fac-
tor whose overexpression is sufficient to induce a plasmacytoid phenotype,
activates the expression of Xbpl. It remains to be seen how Xbp1 splicing is
regulated during the physiological UPR. Brewer and co-workers showed that
CHOP, a pro-apoptotic factor induced by the PERK pathway, is not expressed
during the mitogen-induced differentiation of normal or neoplastic B cells
(Gass et al. 2002). This result is of importance, as it highlights the possibility
of independently activating the Irel and PERK pathways. As discussed above,
the latter would be obviously detrimental for the acquisition of the secre-
tory phenotype, as it would attenuate translation. How the physiological UPR
manages to selectively turn on IRE1 remains an open question.
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6
Proteasome Inhibitors and Cancer

The finding that EDEM expression is controlled by Xbp1 led to the proposal
that this arm of the UPR plays a primary role in ERAD (Yoshida et al. 2003).
Further analyses are required to determine if such a net distinction is correct.
On the one hand, the processes of ERAD are intrinsically connected with other
events on either side of the ER membrane. However, data from the clinics re-
inforce the view that an efficient ERAD is required for folding efficiency and
even survival. Multiple myeloma cells are particularly sensitive to proteasome
inhibitors, and clinical trials are giving promising results for this so far incur-
able disease. Why is myeloma so sensitive to this new class of drugs? Among
the possible mechanisms (certain survival and homing factors are proteasome
substrates; see reviews), the fact that myeloma cells are professional Ig secre-
tors should be taken into consideration in view of the findings summarized
herein. Preliminary data from our laboratories suggest a correlation between
the synthesis of ERAD substrates and the sensitivity to apoptosis induced by
proteasome inhibitors. It will be of interest to determine whether an imbal-
ance between load (protein synthesis) and degradative capacity is involved in
limiting the lifespan of professional secretory cells. Unraveling the intricacies
of the protein factory could have profound implications in biotechnology and
medicine.
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Abstract Endoplasmic reticulum-associated protein degradation (ERAD) is a protein
quality control mechanism that minimizes the detrimental effects of protein misfolding
in the secretory pathway. Molecular chaperones and ER lumenal lectins are essential
components of this process because they maintain the solubility of unfolded proteins
and can target ERAD substrates to the cytoplasmic proteasome. Other factors are
likely required to aid in the selection of ERAD substrates, and distinct proteinaceous
machineries are required for substrate retrotranslocation/dislocation from the ER
and proteasome targeting. When the capacity of the ERAD machinery is exceeded or
compromised, multiple degradative routes can be enlisted to prevent the detrimental
consequences of ERAD substrate accumulation, which include cell death and disease.



18 A. A. McCracken - J. L. Brodsky

1
Introduction

The function of almost all proteins requires that their native states are attained,
but the pathway that proteins take to achieve these states is poorly understood.
Even though it has been generally thought that the cellular protein folding
machinery operates with high efficiency, recent data suggest instead that many
proteins fold incorrectly during their biogenesis (Schubert et al. 2000; Varga et
al. 2004, and references therein). Moreover, genetic mutations, translational
errors, and intracellular stresses such as elevated temperature and altered
pH or calcium concentration induce protein misfolding. Mis-folded proteins
may self-assemble and form toxic aggregates, which in many cases give rise
to specific human diseases (Lomas and Carrell 2002; Kopito and Ron 2000;
Coughlan and Brodsky 2003). Fortunately, the cell has evolved machines that
help misfolded proteins refold, and—if folding cannot be achieved—that
destroy these potentially lethal agents.

Besides folding into their proper conformations, about one-quarter of all
proteins in eukaryotes must be directed to specific intracellular compart-
ments or to the external milieu before they can function (Cherry et al. 1997).
Many of these secreted proteins are first imported, or “translocated” into the
lumen of the endoplasmic reticulum (ER), a compartment that evolved to
fold large numbers of chemically and physically diverse polypeptides. Be-
cause mutations in many secreted proteins lead to horrendous but common
human diseases (Aridor and Hannan 2000, 2002), the mechanisms that have
evolved to handle misfolded proteins in the secretion pathway have been
studied intensively using genetic and biochemical attacks. Specifically, two
protein quality control (QC) mechanisms are initiated in the ER to ensure
that unfolded proteins are detected and that their effects are minimized. The
first mechanism involves activation of the unfolded protein response (UPR),
a signaling pathway that senses unfolded proteins in the ER and enhances the
production of proteins that lessen ER stress and assist in protein folding (Patil
and Walter 2001; Rutkowski and Kaufman 2004). The second mechanism is
endoplasmic reticulum-associated protein degradation (ERAD), a pathway
that delivers aberrant secreted proteins from the ER to the cytoplasm where
they are degraded by the proteasome (Werner et al. 1996; McCracken et al.
1998). Therefore, ERAD also lessens the ER stress that results from misfolded
protein accumulation.

Both the UPR and ERAD require a class of proteins known as molecular
chaperones (reviewed in Fewell et al. 2001). Many chaperones bind to short,
linear arrays of amino acids enriched for hydrophobic residues (Flynn et al.
1991; Blond-Elguindi et al. 1993; Rudiger et al. 1997, 2001). These regions
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often represent normally buried regions in native proteins, and if they remain
solvent-exposed, protein aggregation can occur. Consequently, chaperones
retain unfolded proteins in solution; however, if folding is delayed, chaperones
can target these proteins for ERAD. In addition, as the concentration of
unfolded proteins rises in the ER, the titration of chaperones from a UPR
sensor to unfolded substrates triggers UPR induction (Bertolotti et al. 2000).
Thus, ERAD and the UPR cooperate to minimize misfolded protein toxicity in
the ER, and not surprisingly defects in ERAD lead to the UPR, and cells lacking
key components of both ERAD and the UPR machineries are hypersensitive
to further stress (Cassagrande et al. 2000; Friedlander et al. 2000; Travers et
al. 2000; Ng et al. 2000).

In this review, we will first discuss the mechanisms of recognition and
delivery of ERAD substrates to the proteasome. Next, we will discuss the
cellular response when ERAD and the UPR are besieged by an overload of
unwanted aberrant proteins, which in mammals and in yeast can result in
apoptosis and apoptotic-like phenomena, respectively (Harding et al. 2000;
Haynes et al. 2004). We purposely focus on recent controversies and open
questions, but for more comprehensive information in this field the reader
is referred to other reviews in both this volume and elsewhere (Fewell et al.
2001; Hampton 2002; Tsai et al 2002; Kostova and Wolf 2003; McCracken and
Brodsky 2003).

2
Molecular Chaperones Maintain ERAD Substrate Solubility

Based on their well-known roles in protein folding, molecular chaperones
emerged as the most likely mediators of ERAD substrate selection, and it
was possible that prolonged chaperone interaction might redirect a protein
to the ERAD pathway. A chaperone family that could provide this function
is Hsp70, and the Hsp70 homolog in the ER is BiP (immunoglobulin heavy
chain Binding Protein; Haas and Wabl 1983).

Hsp70 chaperones, including BiP, bind and release polypeptide substrates,
an interaction that requires an ~15 kDa peptide-binding domain (PBD).
C-terminal to the PBD is a poorly conserved, ~10 kDa C-terminal lid, and
structural studies indicate that peptides reside in a channel formed by the
PBD that is gated by the lid (Zhu et al. 1996). Hsp70s also contain an ~44 kDa
N-terminal ATPase domain (Flaherty et al. 1990), and when ATP binds, the
lid opens, resulting in weak peptide affinity. In contrast, when ADP is bound,
the lid shuts and Hsp70s exhibit high peptide affinity (McCarty et al. 1995;
Schmid et al. 1994). Peptides stimulate ATP hydrolysis, which closes the lid.
Thus, ADP-ATP exchange releases the substrate.
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The rate of ATP hydrolysis by Hsp70 is also enhanced significantly by Hsp40
chaperones, which can facilitate Hsp70-peptide capture (Liberek et al. 1995;
Russell et al. 1999; Laufen et al. 1999). All Hsp40s contain an approximately
70-amino acid sequence called the J-domain that mediates Hsp70 binding
(Gassler et al. 1998; Suh et al. 1998). Overall, whether they act alone or in
combination with Hsp40s, Hsp70s maintain the solubility and thus facilitate
the folding of a wide range of cytoplasmic and ER lumenal protein substrates.
It seemed logical, then, that BiP might be required to prevent the aggregation
of a misfolded, secreted protein, which in turn would be essential for its
delivery, or retrotranslocation from the ER and into the cytoplasm.

Yeast BiP is encoded by the KAR2 gene and binds post-translationally
translocating polypeptides as they enter the ER lumen, an interaction that is
essential for translocation because the chaperone is thought to “ratchet” or
“pull” the polypeptide into the ER (Brodsky 1996; Rapoport et al. 1999). BiP
also interacts with Sec63p, a polytopic, J-domain-containing protein, which
positions BiP at the ER membrane to receive the translocating polypeptide.
Interestingly, BiP and Sec63p are required for co-translational transloca-
tion (Brodsky et al. 1995; Young et al. 2001), suggesting that the BiP-Sec63p
complex might regulate the translocation machinery. Using a translocation-
defective kar2 mutant, Wolf and colleagues concluded that BiP was required
for ERAD because the degradation of a soluble ERAD substrate was com-
promised (Plemper et al. 1997). In addition, we utilized known kar2 mutants
and designed a genetic screen to isolate kar2 alleles that are ERAD-defective
but translocation-proficient (Brodsky et al. 1999; Kabani et al. 2003). Several
ERAD-specific kar2 alleles were isolated, and based on the locations of the
affected residues they were predicted to alter peptide affinity. Indeed, ERAD
efficiency correlated with the affinity between peptide substrates and the wild
type or mutant BiPs. In addition, we found that soluble ERAD substrates ag-
gregated in the ER of kar2-1 and kar2-133 mutants. As hypothesized, these
data indicate that at least one of BiP’s functions during ERAD in yeast is to
bind and maintain aberrant polypeptides in solution. It is likely that mam-
malian BiP acts similarly during ERAD because it binds hydrophobic patches
of misfolded proteins in the ER prior to their degradation, and the rates of
BiP release from ERAD substrates and their degradation correlate (Knittler
et al. 1995; Skowronek et al. 1998).

Because Hsp70 function is regulated by Hsp40s, it seemed logical thatan ER
resident J-domain-containing protein would also be required for ERAD, and
one candidate was Sec63p. Although ERAD is modestly compromised in sec63
mutants (Plemper et al. 1997), yeast deleted for the genes encoding two other
ER lumenal Hsp40s, SCJ1 and JEM1, exhibit profound ERAD defects in vitro
and in vivo (Nishikawa et al. 2001). Moreover, ERAD substrates precipitate in



Recognition and Delivery of ERAD Substrates 21

scjl/jeml yeast and in microsomes prepared from the mutant strain. Because
yeast deleted for SCJ1/JEMIwere translocation-proficient, these results sug-
gest that the BiP-Scjlp/Jem1p complex maintains ERAD substrate solubility,
but that BiP interacts with a unique Hsp40 homolog (Sec63) to drive protein
import. The mammalian homolog of Scj1, ERdj3, also associates with BiP and
is required for secreted protein folding (Shen et al. 2002), but it is unknown if
ERdj3 is involved in ERAD.

3
ERAD Substrate Selection: The Lectins

Nascent glycoproteins in the mammalian ER interact with calnexin and/or cal-
reticulin, which are ER resident lectins that recognize the trimmed, monoglu-
cosylated version of the oligosaccharyl side chain (Glc; -Many-N-AcGln;,) (Ell-
gaard et al. 1999; Trombetta and Paroldi 2003; Kleizen and Braakman 2004).
The interaction between calnexin and nascent proteins is enhanced by di-
rect interactions with the polypeptide and with ERp57, a calnexin-associated
disulfide isomerase that stabilizes immature proteins and promotes folding
(Oliver et al. 1997; Frenkel et al. 2004). Consistent with a role for calnexin in
ERAD in mammals are changes in ERAD efficiency when calnexin is absent
or overexpressed, or when compounds are added to cells that alter the levels
of Glc;-Mangy-N-AcGln,-containing glycoproteins (McCracken and Brodsky
1996; Sifers 2003).

How does calnexin facilitate ERAD? Purified, soluble fragments of cal-
nexin retain aggregation-prone polypeptides in solution (Thara et al. 1999),
suggesting BiP-like chaperone activity, but the “calnexin cycle” and its rela-
tion to ERAD appears to be more complex. When an ER glucosidase oppor-
tunistically cleaves the terminal glucose on Glc;-Many-N-AcGln, the affinity
between calnexin and the glycan is lowered, and the freed protein might
fold and proceed through the secretory pathway. If, however, the polypeptide
cannot fold, the UDP-glucose:glycoprotein glucosyl transferase (UGGT) adds
a glucose residue back to the Mang-N-AcGln, oligosaccharide, which trig-
gers calnexin reassociation (Helenius and Aebi 2004). Thus, UGGT redirects
unfolded proteins back into the folding pathway, and may assume this role
because it recognizes partially unfolded proteins and molten globules (Ritter
and Helenius 2000; Caramelo et al. 2003). These data establish that the compo-
sition of the core glycan, which controls lectin/chaperone binding, regulates
ER retention of misfolded proteins.

Can the cycle of calnexin association and dissociation with a misfolded
protein continue indefinitely? At least for a few ERAD substrates, the answer
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to this question is “no”. The “timer” that establishes when the calnexin cy-
cle is broken is the opportunistic action of a mannosidase that trims Mang
to Mang, and overexpression of mannosidase enhances the degradation of
some glycoproteins (Hosokawa et al. 2003; Wu et al. 2003). Conversion to the
Mang glycan both reduces the affinity between the glycan and calnexin and
favors interaction with a putative lectin known as ER degradation enhancing
a-mannosidase-like protein (EDEM, also known as Htm1p/Mnllp in yeast)
(Braakman 2001). The interaction between EDEM and a misfolded glycopro-
tein precedes retrotranslocation, suggesting that EDEM links glycoprotein
quality control and retrotranslocation (Oda et al. 2003; Molinari et al. 2003).
However, only select ERAD substrates have been shown to utilize this path-
way, and it is possible that other, as yet unknown, factors facilitate ERAD
substrate selection. For example, nonglycosylated proteins do not interact
efficiently with calnexin, and yeast lack UGGT. In mammals, some glyco-
proteins waiting for protein partners in the ER are fairly stable (Vanhove et
al. 2001 and references therein), suggesting that immature glycoproteins are
not degraded rapidly via ERAD; thus, EDEM selection might be overridden.
Moreover, there exists a mind-boggling number of secreted protein struc-
tures, and in some cases the maturation of specific substrates is augmented
by devoted chaperone-like proteins (Wang and Chang 1999; Hill and Cooper
2000). Therefore, ERAD substrate selection must exhibit great plasticity.

4
Diversity in the Selection of ERAD Substrates

If ERAD substrate selection requires more than one quality control receptor,
then it is predicted that multiple routes can be taken by ERAD substrates prior
to their destruction. Data supporting this premise continue to emerge. First,
the degradation of different ERAD substrates in yeast exhibit unique require-
ments for HRD and DER gene products (Kostova and Wolf 2003; Hampton
2002). The corresponding hrd and der mutants were isolated based on their
slowed degradation of two quite unique ERAD substrates, HMGCoA-R and
CPY*, which are, respectively, a membrane protein whose levels are metaboli-
cally controlled and a soluble misfolded protein (Hampton et al. 1996; Knop et
al. 1996). Second, ERAD diversity is apparent from differential requirements
for Sec61 and components of the ubiquitination machinery (Werner et al.
1996; Walter et al. 2001; Teckman et al. 2000; Huyer et al. 2004). Third, we and
others showed that BiP is dispensable for the degradation of integral mem-
brane ERAD substrates (Plemper et al. 1998; Hill and Cooper 2000; Zhang
et al. 2001; Taxis et al. 2003). Instead, cytoplasmic Hsp70-Hsp40 chaperones
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catalyze the ERAD of integral membrane proteins—particularly those con-
taining large cytoplasmic polypeptide domains—but the same cytoplasmic
proteins do not play a role in the retrotranslocation or degradation of soluble,
lumenal proteins. Fourth, depending on the site of the misfolded domain (i.e.,
cytoplasm vs lumen), ERAD substrates encounter one or two check-points
en route to degradation: a cytoplasmic check-point (ERAD-C) traps proteins
containing aberrant cytoplasmic domains in the ER, and a subsequent lume-
nal check-point (ERAD-L) selects proteins that may escape from the ER and
therefore have to be recycled from the cis-Golgi prior to degradation (Ahner
and Brodsky 2004; Vashist and Ng 2004). And fifth, some misfolded secreted
proteins escape the ER and travel beyond the cis-Golgi, but are “caught” and
diverted to the lysosome/vacuole for degradation. For example, we found
that wild type bovine pancreatic trypsin inhibitor (BPTI) was secreted from
yeast, whereas a mutated, unstable BPTI mutant was degraded in the vacuole
(Coughlan et al. 2004). It is possible that the BPTI mutant escaped ERAD
because its maturation is BiP-independent, but a QC system located in the
Golgi/endosome catches ERAD escapees. Interestingly, even BiP-interacting
ERAD substrates can be diverted to this pathway if they are overexpressed (see
below), indicating that ERAD functions in cooperation with diverse forms of
ER quality control.

5
Soluble and Some Membrane Proteins
May Retrotranslocate Through Sec61

When integral membrane ERAD substrates are overexpressed and/or the
proteasome is inhibited in mammals, cytoplasmic “aggresomes” form, sug-
gesting that membrane proteins, like soluble lumenal proteins, might be retro-
translocated to the cytoplasm from the membrane (Kopito 1999). How are
these proteins dislocated from the ER? Studies in yeast suggest that the Sec61-
containing translocation channel may be the conduit for retrotranslocation
(Pilon et al. 1997; Plemper et al. 1997; Zhou and Schekman 1999). Moreover, in
mammals some ERAD substrates could be found in a complex also containing
Sec61 (Wiertz et al. 1996; Bebok et al. 1998). A Sec61 homolog in yeast identi-
fied as aribosome-binding protein, Ssh1, may also facilitate retrotranslocation
(Wilkinson et al. 2001). If Sec61/Ssh1 is a component of or the retrotransloca-
tion pore, it is unknown whether subsets of Sec61 or Ssh1-containing channels
are devoted either to translocation or retrotranslocation, or whether a single
channel is bi-directional, perhaps integrating unique signals for translocation
vs retrotranslocation.
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It is also possible that Sec61 does not constitute the retrotranslocation
channel, and it has been noted that some of the data implicating Sec61 as the
retrotranslocon are indirect (Schekman 2004). Effects on ERAD in sec61 or
ssh1 mutants might be explained by translocation defects or by the induction
of nonspecific stresses that impact ERAD, and the formation of crosslinks to
or an association with ERAD substrates might have arisen from interactions
between Sec61 and translocating, but not retrotranslocating, intermediates.
In support of the view that another protein may form the retrotranslocation
channel, a complex containing the integral ER membrane proteins VIMP and
Derlin-1 was recently found to bind to MHC-I throughout its retrotranslo-
cation (Ye et al. 2004; Lilley and Ploegh 2004). In this system, MHC-I “dislo-
cation” and thus degradation requires a human cytomegalovirus (H-CMV)
gene product, US11, which also interacts with Derlin-1. Notably, Derlin-1 is
the mammalian homolog of Derl, a factor required for the ERAD-L pathway
(see above). Because Derl/Derlin-1 spans the ER membrane four times and
binds p97, a cytosolic protein that drives retrotranslocation (see below), the
retrotranslocation channel might be formed by Derlin-1, or it might function
in concert with Sec61. However, because the degradation of many substrates
is Derl-independent in yeast (Huyer et al. 2004), it remains possible that the
Sec61-containing translocon is the retrotranslocon and/or that alternative
models must be considered to explain membrane protein degradation.

Based on these data, the degradation of multi-spanning, integral mem-
brane proteins can be envisaged to occur through one or a combination of
three pathways (Fig. 1). If Sec61 and/or Derlin/VIMP are the retrotransloca-
tion channel, the simplest model (Fig. 1a) is that integral membrane proteins
re-enter the channel laterally and are pulled from the ER. One conceptual
problem with this model is that a significant, and perhaps insurmount-
able energetic cost may be required to direct an integral membrane protein
back into the aqueous channel, and then to extract it. It is also unknown
how a membrane-spanning segment is permitted to re-enter the translo-
con laterally. However, the appeal of this model is that it is mechanistically
translocation-in-reverse.

In another model, the proteasome clips cytoplasmic loops on misfolded in-
tegral membrane proteins and then extracts the remaining fragments directly
from the membrane (Fig. 1b); conversely, the proteasome might even extract
and degrade integral membrane proteins from the N- or C-terminus. The driv-
ing force for substrate extraction could be provided by chaperone-like AAA
components of the proteasome and/or by a cytosolic AAA-containing com-
plex (see below). Support for this model emerges from the observation that
polypeptide loops are substrates for the mammalian proteasome (Lee et al.
2002; Liu et al. 2003), that a C-terminally anchored and polytopic membrane
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Fig. 1a-c Models for the retrotranslocation and degradation of integral membrane
proteins. a Polytopic membrane proteins may be retrotranslocated after they re-enter
the translocon (which could be comprised of Sec61, Derl/VIMP, and/or Sshl), and
export mediated by chaperones or chaperone-like proteins and/or by the proteasome.
b The proteasome or any of the factors noted in (a) could provide the driving force
to extract the polypeptide independent of translocon function. This process might
be initiated by proteasome “clipping” (shown) or from the N- or C-terminus (not
shown). ¢ After proteasome cleavage and possibly “shaving” of cytoplasmic domains,
the residual fragments could be degraded by another protease in the secretory pathway
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protein can be degraded by the proteasome independent of Sec61 function
in yeast (Walter et al. 2001; Huyer et al. 2004), and that the degradation of
a misfolded membrane protein by a proteasome-like protease in bacteria has
been reconstituted in the absence of a channel (Akiyama and Ito 2003).

Finally, the degradation of integral membrane ERAD substrates might
require both the proteasome, which would shave cytoplasmic domains of
membrane proteins, and other proteases in the secretory pathway (Fig. 1¢). For
example, while the proteasome might dispose of cytoplasmic loops, perhaps
proteases in the ER or elsewhere in the secretory pathway mop up residual
membrane fragments and luminal domains. Candidates for these proteases
include the site 1 and site 2 proteases and the signal peptide peptidase (SPP)
in the mammalian cis-Golgi and ER, respectively, each of which degrades
membrane-spanning segments either within or at the membrane (Weihofen
and Martoglio 2003). In support of this hypothesis, SPP was recently shown
to interact with a misfolded, transmembrane domain (Crawshaw et al. 2004),
but we note that yeast lack SPP. Thus, the residual fragments might traffic
beyond the cis-Golgi and become degraded in the lysosome/vacuole. It is also
possible that ill-characterized proteases act before or concurrent with the
proteasome. In favor of this scenario, in few published studies do proteasome
mutants or proteasome inhibitors completely block the degradation of an
ERAD substrate.

6
ER-Associated Factors in the Cytoplasm, and Perhaps the Proteasome,
Drive ERAD Substrate Retrotranslocation

How are ERAD substrates driven from the ER and into the cytoplasm? Three
possibilities are that ERAD substrates are driven from the ER by:

1. Cytoplasmic polyubiquitinylation, which might ratchet the substrate from
the ER

2. A chaperone or chaperone-like protein, viz. the action of BiP-Sec63 during
post-translational translocation (see above)

3. The proteasome itself

The concept that polyubiquitinylation drives ERAD substrate retrotranslo-
cation emerged from data indicating that extraction was halted in yeast and
mammalian cells containing defects in the ubiquitin conjugation machinery,
and when dominant negative forms of ubiquitin were introduced (de Virgilio
et al. 1998; Shamu et al. 2001; Yu and Kopito 1999). In addition, polyubig-
uitin chains of sufficient lengths are required to support ERAD substrate
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retrotranslocation (Jarosch et al. 2002). A requirement for highly polyubiqui-
tinated species might be necessary to prevent the reimport of ERAD substrates
into the ER after they have emerged in the cytoplasm. However, at least two
characterized ERAD substrates are not ubiquitin modified prior to degra-
dation (Werner et al. 1996; Teckman et al. 2000), and the retrotranslocation
of bacterial toxins that masquerade as ERAD substrates may be ubiquitin-
independent (Rodighiero et al. 2002; Deeks et al. 2002). In these and perhaps
other cases, retrotranslocation might be driven by chaperone and/or pro-
teasome interaction (see below). In addition, polyubiquitin chains mediate
the high-affinity binding between several ERAD substrates and a cytoplas-
mic multi-protein complex containing Cdc48 (also known as p97 or Valosin-
containing protein, VCP, in mammals), Ufd1, and Npl4 (Tsai et al. 2002; Bays
and Hampton 2002). The key component of this complex is the AAA protein
Cdc48, which is a hexameric ATPase and possesses chaperone-like proper-
ties. Cdc48/p97 facilitates the dis-aggregation of ER-tethered transcription
factors and maintains the solubility of unfolded, aggregation-prone proteins
in solution (Braun et al. 2002; Thoms 2002). Cdc48/p97 also associates with
the 19S component of the proteasome and binds to the ER membrane via
Derlin-1/VIMP (Verma et al. 2000; Ye et al. 2004). Cdc48 binds first to the
polypeptide backbone on ERAD substrates as they emerge from the ER, and
then after a substrate becomes modified with polyubiquitin in the cytoplasm,
the Cdc48-Ufd1-Npl4 complex binds more tightly via the ubiquitin moiety
(Ye et al. 2003).

Do all substrates require Cdc48-Ufd1-Npl4 for retrotranslocation? As noted
above, some polypeptides are delivered from the ER without polyubiquitiny-
lation, and an alternate or complementary mediator of ERAD substrate extrac-
tion for even polyubiugitinated species might be the proteasome itself. The
26S proteasome is composed of a 20S core particle that harbors three unique
proteolytic activities, and a 19S “cap” (also known as PA700 in mammals)
that binds and delivers polypeptide substrates to the core (Voges et al. 1999).
The base of the cap is comprised of six AAA proteins whose ATPase activity is
thought to drive polypeptide movement, as proposed for Cdc48, and regulate
the opening of an aperture that limits polypeptide entry into the core (Finley
et al. 2000). The cap has also been shown to exhibit chaperone-like activity;
i.e., purified 19S particles retain misfolded proteins in solution (Braun et al.
1999; Strickland et al. 2000). Moreover, some studies indicated that inhibition
of proteasome activity prevents substrate retrotranslocation, suggesting that
retrotranslocation and degradation are tightly coupled, and that inhibition
of proteasome activity slows membrane extraction and degradation of model
membrane proteins, suggesting that the proteasome itself drives extraction
(Mayer et al. 1998).
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To explore directly whether the proteasome was necessary and sufficient
to both dislocate and degrade an ERAD substrate, we incubated purified pro-
teasomes with yeast ER-derived microsomes that had been preloaded with
a soluble ERAD substrate and observed ATP-dependent retrotranslocation
and degradation (Lee et al. 2004). We were also able to uncouple the retro-
translocation and degradation steps by incubating the ERAD substrate-loaded
microsomes with purified 19S particles, which extracted and bound the sub-
strate in an ATP-dependent manner, and then by adding the core 20S particle,
which resulted in substrate degradation. These results indicate that the AT-
Pase activity of the 19S particle exerts directional force to ratchet or drive
a polypeptide from the ER, and can then deliver the polypeptide to the 20S
particle for degradation. Clearly, future efforts will need to be devoted to
recapitulate the polyubiquitinylation, degradation, and retrotranslocation of
more complex ERAD substrates.

7
ERAD Substrate Overload: An Overflow Pathway
that Functions Coordinately with ERAD

Because of the potential lethality that results when aberrant proteins accu-
mulate in the secretory pathway, ER quality control is extremely efficient, yet
it is not faultless and cells are at risk when protein misfolding increases. It
is not surprising then that the cell possesses alternative trafficking schemes
to remove unwanted proteins. In fact, some aberrant soluble proteins appear
to evade ERAD and are instead conveyed, via vesicle transport, to the Golgi
with subsequent sorting to the vacuole for degradation (see above, and Hong
et al. 1996; Holkeri and Makarow 1998; Jorgensen et al. 1999; Arvan et al.
2002). Furthermore, the ERAD pathway may be saturated by overexpression
of aberrant proteins and upon ER stress the excess protein can be degraded
in the vacuole after transiting through the Golgi (Spear and Ng 2003).
Although little is known about the mechanisms and regulation of Golgi
QG, it is becoming increasingly clear that at least two pathways to the vacuole
can be utilized. For example, the Z variant of the human protein alpha-1
proteinase inhibitor (A1PiZ; also known as alpha-1 antitrypsin-Z) is the most
common cause of juvenile liver disease in the United States and is an ERAD
substrate in both yeast and mammals (Qu et al. 1996; Werner et al. 1996).
However, when A1PiZ was overexpressed in yeast, ERAD was saturated and
the protein was transported to the vacuole by two distinct pathways: the CPY-
to-vacuole route and autophagy (Kruse et al. 2005). These findings suggest
that overexpressed A1PiZ and the accompanying ER stress are sufficient to
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target A1PiZ to overflow pathways, and we proposed that the removal of this
toxic protein by either pathway improves yeast viability.

Why are two distinct routes employed to rid the secretory pathway of
excess A1PiZ? First, excess A1PiZ may be packaged into vesicles destined for
the Golgi, but when the protein reaches the trans-Golgi it is selected by the
ill-defined Golgi/endosomal QC system for transport to the vacuole. This
premise is supported by the observation that misfolded A1PiZ was secreted
when the CPY-to-vacuole route was blocked (by deletion of VPS10, VPS30, or
VPS38) (Kruse et al. 2005).

The second pathway, autophagy, has been described as the major catabolic
mechanism for the degradation of long-lived proteins and organelles, in con-
trast to the proteasome that is known to degrade short-lived and aberrant
proteins of the cytoplasm, nucleus, and ER (reviewed in Pickart 2004). Au-
tophagy is an evolutionarily conserved process implicated in a diverse num-
ber of cellular and biological phenomena, and is activated in response to both
extracellular and intracellular stress conditions and during starvation, cellu-
lar and tissue remodeling, and at specific developmental stages (Levine and
Klionsky 2004). Because autophagy removes aged organelles, it is essential
for cell survival. However, accumulating evidence supports a role for the au-
tophagic pathway in the removal of misfolded proteins, which under certain
conditions may also be essential. Indeed, autophagy can be activated to en-
gulf aggresomes—deposits of aggregated cytoplasmic proteins—and deliver
them to the vacuole for degradation (Kopito 2000; Ravikumar et al. 2002;
Fortun et al. 2003).

Although autophagy is clearly required for the turnover of aggregation-
prone, disease-causing cytoplasmic proteins such as huntingtin and «-sy-
nuclein (Ravikumar et al. 2002; Webb et al. 2003), a role for autophagy in the
removal of aggregation-prone, disease-causing ER proteins has more recently
been proposed and is supported by several observations:

1. The turnover of A1PiZ is impaired by inhibitors of autophagy.

2. Thereis anincrease in the number of autophagosomes in human liver cells
and cultured human fibroblasts of individuals expressing A1PiZ, and in
liver cells from transgenic mice engineered to express A1PiZ

3. Autophagy is induced by the accumulation of A1PiZ in the ER (Teckman
and Perlmutter 2000; Teckman et al. 2001, 2002). Indeed, it is well doc-
umented that ER-accumulated A1PiZ is aggregation-prone (Lomas et al.
1992; Dafforn et al. 1999), and increased levels of aggregated A1PiZ were
seen in autophagy-deficient yeast strains (Kruse et al. 2005), suggesting
that autophagy-mediated clearance of ER-aggregated A1PiZ is evolution-
arily conserved.



30 A. A. McCracken - J. L. Brodsky

Much evidence demonstrates that autophagy is a nonselective process that
enwraps cytoplasm nonspecifically into a double membrane-bounded vesi-
cle, the autophagosome, yet little is known about the membrane origin of
this structure. Even though data are lacking that autophagic vesicles bud off
from preexisting organelles, the prevalent hypothesis is that—rather than de
novo vesicle synthesis—the ER provides the membrane lipids for autophagic
vesicle formation (Levine and Klionsky 2004). Our findings and those of
Perlmutter and colleagues (described above), suggesting vacuole delivery of
ER-accumulated A1PiZ via autophagy, also implicates the ER as the origin of
the autophagosome membrane. Thus, our working model of A1PiZ degrada-
tion by autophagy is that A1PiZ aggregates concentrate in the ER, and are
captured into double membrane-bounded autophagosomes (Fig. 2). Alterna-
tively, A1PiZ may be retrotranslocated to the cytosol where it aggregates and
forms aggresomes that can be removed by autophagy. However, we do not
favor this hypothesis because the presence of A1PiZ in human hepatocytes
can lead to the production of membrane-bound inclusion bodies but not
cytoplasmic aggresomes (Teckman and Perlmutter 2000).
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Fig. 2. Proposed model of A1PiZ quality control. At low expression levels, A1PiZ
is targeted to ERAD and thus exits the ER by retrotranslocation with subsequent
degradation by the proteasome (P). When overexpressed, excess soluble A1PiZ (Z)
exits the ER by vesicle transport, passages the Golgi (G) and is sorted into the CPY-
to-vacuole pathway via the endosome (E). If the CPY-to-vacuole pathway is blocked,
soluble A1PiZ is secreted. The excess A1PiZ that aggregates (ZZZZ) within the ER is
sent to the vacuole (V) via autophagy
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8
Autophagy, ER Stress, and Disease

The physiological importance of autophagy is also clearly demonstrated in
Danon disease, where the absence of the lysosomal membrane protein LAMP2
leads to massive accumulation of autophagosomes due to LAMP2-defective
fusion of autophagosomes with the lysosome (Nishino et al. 2000). The ac-
cumulation of autophagosomes in numerous tissues, including liver, muscle,
and heart, is a diagnostic feature of this disease, which is characterized by
fetal cardiomyopathy and mental retardation. In view of the role of protein
aggregates in disease and the possible protective function of autophagy in re-
moval of ER aggregates, a more complete understanding of the mechanisms
and regulation of autophagy is crucial.

Because ER stress can be induced by the presence of unfolded proteins and
may lead to the activation of the UPR and/or ERAD, the induction of overflow
quality control pathways to the vacuole, and even to cell death (Rutkowskiand
Kaufman 2004; Haynes et al. 2004), it follows that ER stress may be directly
involved in disease pathogenesis. Common among Huntington’s, Parkinson’s,
Alzheimer’s, and ER storage diseases is the link to ER stress and the formation
and accumulation of aggregated proteins in the ER (reviewed in Kim and
Arvan 1998; Dimcheff et al. 2003), yet the precise role of the misfolded proteins
in the pathogenesis of disease is unclear, raising important questions:

How Can Aggregates Be Explained and Prevented? A1PiZ overexpression sat-
urates ERAD and activates overflow pathways that contribute to aggregate
formation. Why some soluble misfolded proteins aggregate is not always
known, although it is likely an inherent characteristic of the protein (Lomas
et al. 1992). However, it is clear that the formation of both aggresomes and
ER aggregates rise when the proteasome is compromised (Kopito 2000), sug-
gesting that a change in the concentration of misfolded proteins contributes
to aggregate formation. Thus, it has been noted that therapies that decrease
proteasome function in vivo might have severe, secondary consequences (Ma
et al. 2002).

Can a Protein’s Conformation or ERAD Be Modulated to Prevent Disease? Many
studies indicate that “chemical chaperones” facilitate the maturation and fold-
ing of mutated or unstable proteins (Tamarappoo and Verkman 1998; Song
and Chuang 2001; Sawkar et al. 2002; Noorwez et al. 2003). Chemical chaper-
ones are most commonly osmolytes that facilitate protein folding, either by
ordering water and strengthening intramolecular bonds, or by helping sol-
vate proteins in the process of folding. Other chemical chaperones are enzyme



32 A. A. McCracken - J. L. Brodsky

substrates that serve as a platform on which a protein can fold. For example,
the AF508, a disease-causing mutant form of the cystic fibrosis transmem-
brane conductance regulator protein (CFTR), is not transported to the cell
surface but rather is retrotranslocated from the ER and degraded by the pro-
teasome (Gelman and Kopito 2003). However, when cells were treated with
lower temperatures or chemical chaperones the mutant protein folded into an
active conformation and was transported to the cell surface (Sato et al. 1996;
Brown et al. 1997; Kopito 1999; Howard et al. 2003). In cell and animal studies,
Hsp70 modulators have been shown to ameliorate the AF508 CFTR folding
defect, either by modulation of ERAD or through direct effects on the folding
pathway (Brodsky 2001). Some of these compounds are now in clinical trials
(Zeitlin 2003).

Can the Toxic Load of Misfolded Proteins Be Reduced Through Up-Regulation of
Molecular Chaperones that Disassemble Protein Aggregates?  Although a mam-
malian “disaggregase” has not been characterized, yeast and eubacterial
Hsp104 and ClpB, respectively, in cooperation with mammalian and bacterial
Hsp70 homologs dissolve protein aggregates and remodel substrate proteins
to their native state; other bacterial chaperones (ClpCP/ClpAP) solubilize
protein aggregates for subsequent hydrolysis (Weibezahn et al. 2004). Indeed,
when yeast Hsp104 was expressed in mammalian cells, heat shock-induced
loss of cell viability decreased and the chaperone functioned coordinately with
the endogenous Hsp70 to refold aggregated luciferase (Mosser et al. 2004).
Finally, because autophagy removes aggresomes and ER aggregates (see
above), it is clear that the autophagic pathway is an essential component of
protein quality control and thus normal cellular function. Hence, a more
complete understanding of the mechanisms, induction, and regulation of
autophagy may have direct application for therapeutic intervention of protein
aggregation and other “conformational” diseases (Lomas and Carrell 2002).
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Abstract CPY* is a mutated and malfolded secretory enzyme (carboxypeptidase yscY,
Gly255Arg), which is imported into the endoplasmic reticulum but never reaches the
vacuole, the destination of its wild type counterpart. Its creation, through mutation,
had a major impact on the elucidation of the mechanisms of quality control and
associated protein degradation of the endoplasmic reticulum, the eukaryotic organelle,
where secretory proteins start the passage to their site of action. The use of CPY* and
yeast genetics led to the discovery of a new cellular principle, the retrograde transport
of lumenal malfolded proteins across the ER membrane back to their site of synthesis,
the cytoplasm. These tools furthermore paved the way for our current understanding
of the basic mechanism of malfolded protein discovery in the ER and their ubiquitin-
proteasome driven elimination in the cytosol (ERQD).
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1
CPY*, a Malfolded Secretory Protein Is Retained
in the Endoplasmic Reticulum and Degraded in the Cytosol

During the establishment of the yeast Saccharomyces cerevisiae as a model
organism to study the function of proteolysis in eukaryotic cell physiology via
biochemical and genetic means, the first protease mutant defective in the ac-
tivity of one of the vacuolar proteases, carboxypeptidase yscY (CPY), was iso-
lated [79]. As a protein of the hydrolytic vacuolar (lysosomal) compartment,
CPY is synthesized in the cytosol as a pre-pro-enzyme and thereafter enters
the secretory pathway: after import into the endoplasmic reticulum (ER) the
pre-(signal)-sequence is cleaved off and the enzyme is folded. During these
processes, disulfide bonds are formed and CPY is modified with four N-linked
carbohydrate chains, yielding p1-CPY. After outer chain mannosylation in the
Golgi-apparatus, CPY enters the vacuole where the pro-sequence is cleaved to
yield the mature form of the enzyme [64, 47]. The fact that mutated CPY had
never matured to the vacuolar wild type form indicated that the mutation had
either destroyed the maturation site of this serine protease, thus preventing
its cleavage into the mature form in the vacuole, or that the mutation prohib-
ited secretion of the protein to its vacuolar location [51]. Sequencing of the
mutant gene uncovered that a mutation, Gly255Arg, in a highly conserved site
of all serine proteases, two amino acids away from the active site serine, had
occurred [20]. Incubation of the mutant protein with trypsin in vitro leads to
its rapid degradation, in contrast to wild type pro-CPY, which is cleaved to its
mature size. This indicates that the mutant protein is completely differently
folded as compared to the wild type protein. This malfolded pro-CPY protein
was named CPY* [20]. Even though CPY* contains the pro-sequence, which
could direct it to the vacuole, it never reaches this organelle. This was very sur-
prising at the time, as on one hand the vacuole is the working place of CPY, on
the other hand it represents the gut of the cell responsible for degrading cellu-
lar proteins in an unspecific way. Instead, CPY* is retained in the endoplasmic
reticulum (ER) and rapidly degraded, with a half life of 15-20 min [20]. Two
developments, which had merged in 1991, made the subsequent discoveries
possible: (a) the elucidation of the ubiquitin system, which through tagging
selected proteins with the 76-amino acid protein ubiquitin, targets them for
degradation [72,29] and (b) the discovery of the proteasome as the proteolytic
machinery, which degrades the ubiquitin-tagged proteins in vivo [27, 78, 80].
The establishment of yeast in the elucidation of the physiological function of
vacuolar [77, 70, 78] and ubiquitin-proteasome linked proteolysis [32, 72] and
the finding of CPY* as a rapidly degraded, malfolded secretory protein [20,
65, 61] were crucially important for the dissection of ER quality control and
the associated cytosolic degradation pathway (ERQD).
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2
Endoplasmic Reticulum to Cytosol Retrotranslocation:
A New Cellular Mechanism

The isolation of yeast mutants defective in the degradation of CPY* started
to give crucial insights into the quality control and degradation pathway
[45]. After mutagenesis of a yeast strain carrying the prcl-1 allele encoding
CPY*, mutants were isolated on the basis of defective CPY* degradation,
which was made visible on colony immunoblots of mutated strains using
CPY* antibodies [20, 45]. The first series of seven mutant alleles giving rise to
a disturbed ER quality control and degradation process of CPY* were named
derl to der7 (der, degradation of the ER) [45, 37]. Analysis of the der2 mutant
led to a breakthrough in our knowledge of how ER-associated degradation
works. The DER2 gene was identified as the gene encoding the ubiquitin-
conjugating enzyme (E2) Ubc7p [31]. The participation of an ubiquitin-
conjugating enzyme in the degradation of CPY* immediately pointed to the
participation of the ubiquitin-proteasome system (UPS) in the degradation of
the malfolded enzyme. Analysis of CPY* degradation in proteasome mutants
indeed confirmed the requirement for the 26S proteasome in the degradation
process [31]. As the 26S proteasome had only been found in the cytosol and the
nucleus of cells [44],and Ubc7p onlyin the cytosol [42], a retrograde transport
of CPY* from the ER lumen back to the cytoplasm had to be postulated. The
appearance of polyubiquitinated and at the same time glycosylated CPY*
on the cytoplasmic side of the ER membrane substantiated this idea [31]:
CPY* had obviously been imported into the ER and N-glycosylated, somehow
recognized as being unable to fold, transported back out of the ER and poly-
ubiquitinated for subsequent proteasomal degradation (Fig. 1). These findings
had set the stage for a new biological mechanism. It violated the dogma that
proteins, which had entered the endoplasmic reticulum, were trapped in the
secretory pathway unable to return back into the cytoplasm [5]. The findings
of Hiller et al. in 1996 [31], using CPY* as a substrate, had set the frame
around a mosaic composed of two processes: (a) protein quality control in
the endoplasmic reticulum and (b) degradation of malfolded proteins in the
cytoplasm via the ubiquitin-proteasome system. Both processes are linked
via a transport step of the malfolded protein back out of the ER into the
cytoplasm. Additional work was and still is required to fill the gaps in know-
ledge in the mosaic. Here also CPY* continues to serve as an excellent model
substrate. By introducing a fifth glycosylation site at the very C-terminus in
addition to the four N-glycosylation sites of CPY¥, it could be shown that this
CPY* molecule receives five carbohydrates. This CPY*derivative was found to
be degraded as the authentic CPY* molecule. As glycosylation occurs 12-14
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amino acids away from the translocon in the lumen of the ER [54], the CPY*
molecule containing the fifth glycosylation at the very C-terminus must have
entered the ER lumen completely prior to its degradation via the ubiquitin-
proteasome system [59]. Thus, a targeting of ER lumenal CPY* back to some
translocation channel must occur, followed by retrotranslocation and, after
polyubiquitination, degradation by the proteasome (Fig. 1).

3
Carbohydrate Trimming: A Tool of the Endoplasmic Reticulum
Quality Control of Glycoproteins

The lumen of the ER contains a highly active protein quality control machin-
ery [18, 17]. For N-glycosylated proteins, trimming of the Glc;ManyGlcNAc,
oligosaccharides is an important process of the quality control mechanism.
The N-glycans are matured by stepwise removal of the three terminal glu-
cose residues via o-glucosidases I and II. Finally, a1,2-mannosidase I releases
a mannose residue from the inner branch of the N-glycan, giving rise to
MangGIcNAc; [28, 17]. It is thought that this process sets the timer for folding,
and when unsuccessful, for degradation of the N-glycosylated secretory pro-
tein. When the mannose-9 residue is cleaved off the ManyGIcNAc, structure,
the protein is retained in the ER and delivered for elimination. Mutant anal-
ysis using CPY* as malfolded protein has shown that indeed a-glucosidase I,
found in the der screen as Der7p [37], and glucosidase II [40] as well as
al,2-mannosidase I [46] are required for degradation of the CPY* protein,
thus substantiating the proposed quality control mechanism of N-glycosylated
proteins (Fig. 1). In a systematic study of the four N-glycans of CPY* in ERQD,
substantial differences in their signaling function were found: of the four N-
linked carbohydrate chains at positions Asn13, Asn87, Asn168, and Asn368,
only the presence of the Asn368-linked glycan is necessary and sufficient
for efficient degradation of CPY* [49a, 65a]. Recent studies have shown that
degradation of CPY* also requires the lectin-like protein Htm1p/Mnllp [39,
53]. It is proposed that Htm1p/Mnllp recognizes the trimmed MangGlcNAc,
structure of CPY* and other N-glycosylated malfolded proteins, retaining
them in the ER and finally delivering them to proteasomal degradation.

One of the DER genes required for CPY* degradation is DERS5, encoding
the Ca**/Mn** pump Pmr1p: a DERS5 deletion considerably slows down CPY*
degradation [16]. Pmrlp islocalized to the Golgi but is also required for main-
taining normal Ca®* levels in the ER [66]. A second Ca’* pump required for
undisturbed degradation of CPY* was found to be Codlp, localized in the ER
membrane [73]. Both Pmr1p and Cod1p are required for Ca?* homeostasis of



/ V265 Proteasome

v

4 ¢

Dsk2/Rad23 ,

*
o
. / ,l

Ubigquitin
Der1

Cuel l Htm1/Mnl1

[6%] (£00T JIOM PUE BAO]ISOY I9)Je PIYIPOIA) “surajoxd

wnmonax orwse[dopus paplojsIw Jo uorjeUrWI[d pue [ox3uod Ayenb ursjorg | by

ER lumen

Gle,Man GlcNAc,

Unfolded glycoprotein Unfolded glycoprotein

Man,G leNAC 2

P

Folded glycoprotein

ER exit

SOTJOUD) JSBIX JO I9MOJ ) PUe L XdD

4



46 D. H. Wolf - A. Schifer

the ER [13, 73]. In contrast to CPY*, degradation of nonglycosylated ER sub-
strates was not affected by the absence of both Ca?* pumps; Ca?*homeostasis
in the ER must be linked to the quality control mechanism of N-glycosylated
proteins [73]. a1,2-Mannosidase I is a Ca’*-dependent enzyme. Indeed, anal-
ysis of N-linked oligosaccharides in ApmrIAcodl double mutants uncovered
alarge portion of protein-linked sugar being of the untrimmed ManyGlcNAc,
type [73]. This indicates that one function of ER-calcium in the degradation
of CPY* rests in its ability to render a1,2-mannosidase I active and thus allow
proper ER quality control of N-glycosylated proteins.

4
Soluble Proteins Require Endoplasmic Reticulum-Lumenal Chaperones
for Degradation

The search for lumenal chaperones of the ER required for degradation of
CPY* uncovered Kar2p (BiP in mammalian cells) [57]. Besides CPY*, the
degradation of other soluble mutated ER proteins such as mutated pro-a-
factor is also dependent on Kar2p [10] and the interacting Dna]-like proteins
Jemlp and Scjlp [55]. It is proposed that the Kar2p machinery prevents
soluble malfolded proteins from aggregation in the ER lumen, thus facilitating
their retrograde export into the cytosol for degradation [55, 69] (Fig. 1). The
targeting mechanism responsible for retrotranslocation of CPY* and all other
malfolded proteins to some retrotranslocation channel for export into the
cytosol is not yet known.

5
Sec61p, Part of the Retrotranslocation Channel?

Mutant studies using CPY* as ERQD substrate indicate that the translocon
protein Sec61p, which forms the import channel for secretory proteins into
the ER, is also part of the export channel delivering CPY* to the cytosolic
ubiquitin-proteasome machinery [57]. Also genetic interaction studies point
to Sec61p as being part of the CPY* export channel [58]. These studies also
indicate a composition of the export channel, which is different from the
import channel (Fig. 1). Studies on a variety of other ERQD proteins point to
the participation of Sec61p in the retrotranslocation process as well [76, 56,
3; 14]. The appearance of glycosylated CPY* in the cytoplasm [31, 41] points
to a diameter of the retrotranslocation channel, which must be larger than
the pore size of the import channel, which has only to accommodate a single
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polypeptide chain. However, recent experimentation seems to indicate that
the use of Sec61p in retrotranslocation may not be a unique principle [38, 82].
Final proof for the nature of a retrotranslocation channel will only come from
isolation of such a channel in the process of protein export.

6
Endoplasmic Reticulum-Associated Protein Degradation:
Ubiquitin, the Proteasome and Other Helpers

Retrotranslocation of CPY*—and the majority of proteins destined for endo-
plasmicreticulum-associated protein degradation (ERAD) [9, 61,48, 49, 34] —
is followed by polyubiquitination and proteasomal degradation. The biochem-
ical search for the number of ubiquitin-conjugating enzymes (Ubcs) that had
overlapping specificity with the DER2 gene product Ubc7p in the polyubiqui-
tination process of CPY* uncovered two additional members: Ubc6p [31], an
integral ER membrane localized E2, the active site facing the cytoplasm [74],
and Ubclp, a cytosolic E2 [21]. Of the three ubiquitin-conjugating enzymes,
Ubc7p has the strongest influence on the degradation of CPY*. Interestingly,
the soluble cytoplasmically localized Ubc7p gains its activity for polyubig-
uitinating CPY* and other proteins only after binding to an ER membrane
protein, Cuelp [4].

On the basis of the mutant screen using CPY* for the discovery of com-
ponents of the ubiquitination and degradation machinery, Der3p/Hrd1p was
uncovered [6]. It is a polytopic ER membrane protein containing six trans-
membrane domains with its N- and C-terminus facing the cytoplasm [15]. It
contains a RING-H2 finger domain in its C-terminus [7] and turned out to be
the ubiquitin-protein ligase (E3) polyubiquitinating CPY* [15] as well as other
proteins destined for ER degradation via the proteasome [1]. In a search for
mutants defective in regulated degradation of the ER membrane-located en-
zyme hydroxymethylglutaryl (HMG) CoA reductase, an additional membrane
protein, named Hrd3p, was found, which interacts with Der3p/Hrd1p [25, 23,
15] and which was also found to be required for the degradation of CPY* [58].
It is thought to be a device signaling the presence of malfolded proteins in the
ER to the cytoplasmically located ubiquitination and degradation machinery
[23,15]. Der3p/Hrd1p represents an ubiquitin-protein ligase, which is respon-
sible for polyubiquitination of a certain set of malfolded ER proteins, among
them CPY* (Fig. 1). A second, polytopic ER membrane-located ubiquitin-
protein ligase is DoalOp [68], which is responsible for polyubiquitination of
adifferent set of ER proteins destined for proteasomal degradation [75, 24, 38].
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As the 268 proteasome contains six different ATPases in the base of its 19S
cap (regulator) complex, it was thought that pulling of the ubiquitinated mal-
folded proteins away from the ER and delivering them to the 20S proteasome
core complex for degradation was carried out by these ATPase subunits. Using
CPY* as substrate, four research groups at nearly the same time uncovered that
transport of the malfolded substrate from the ER to the proteasome requires
the AAA-ATPase Cdc48 (p97 in mammals) and two additional complexing
proteins, Ufd1p and Npl4p [2, 81, 41, 62]. Mutations in the components of this
trimeric complex lead to a failure of delivery of CPY* into the cytosol, leaving
ubiquitinated CPY* bound to the ER [41]. The requirement of the trimeric
Cdc48 complex for ERAD has been shown for all tested proteins so far, which
require polyubiquitination for degradation [2, 81, 8; 62, 24, 38] (Fig. 1).

7
Modular CPY*-Based Membrane Substrates Broaden the Picture

The use of CPY* and different other substrates during time to study ERQD
had given insight into a basic machinery, which was equally necessary for
elimination of all substrates tested. For glycosylated proteins, this machinery
constitutes of the glucosidases I and II, a-mannosidase I, and Htm1p/Mnllp
(EDEM) for quality control assessment. On the cytoplasmic side of the ER
membrane, the ubiquitin-conjugating enzyme Ubc7p, depending on the sub-
strate, either Der3/Hrd1p or DoalOp as ubiquitin-protein ligases, the trimeric
AAA-ATPase complex Cdc48 (p97)-Ufd1-Npldp, and the 26S proteasome,
were shown to be required for the degradation of all substrates tested so
far (Fig. 1). There was a discrepancy in the use of ER-lumenal and cyto-
plasmic chaperones for degradation of malfolded soluble and membrane
proteins [57, 60, 10, 30, 55, 83] and in the use of an ER membrane protein,
Derlp, required for CPY* ERAD but not membrane protein ERAD [45, 60,
30, 36]. The construction of three topologically different modular substrates
all containing CPY* as the malfolded protein in the lumen of the ER shed
more light on the question of which ERQD system components are gener-
ally used for recognition and degradation of topologically different proteins
containing the same malfolded recognition domain. The set of molecules
used consisted of CPY*, a CPY* molecule linked to a transmembrane domain
(CT*), and transmembrane-linked CPY* containing a strongly folding cyto-
plasmic domain, the green-fluorescent protein (GFP) (CTG*) [69] (Fig. 2). As
previously found for several completely different substrate species contain-
ing different malfolded domains, the basic machinery required for degrada-
tion of the three topologically different CPY* substrates (CPY*, CT*, CTG*)
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Fig.2 Schematic presentation of CPY* and its variants

consisted of the ubiquitin conjugating enzyme Ubc7p, the ubiquitin-protein
ligase Der3/Hrd1p, the trimeric Cdc48-Ufd1-Npl4p complex, and the 26S pro-
teasome [69]. The ER lumenal Hsp70 chaperone Kar2p was only required for
degradation of soluble CPY* and not for degradation of any of the membrane-
bound CPY* species [69]. When testing the requirement of cytoplasmic chap-
erones for degradation of the topologically different CPY* species, it turned
out that degradation of CTG* containing the tightly folding GFP domain was
crucially dependent on the presence of the cytoplasmic Hsp70 chaperones
of the Ssa family. Neither degradation of soluble CPY* nor of membrane
bound CPY* without cytoplasmic domain required Ssalp. The most likely
explanation for this finding is that unfolding of the tightly folding GFP do-
main of CTG* is dependent on these cytoplasmic Hsp70 chaperones to allow
ER removal and/or proteasomal degradation of this protein species. A less
but clearly observable effect on degradation of CTG* was also found for the
Dna] orthologs Hljlp, Cwc23p, and Jidlp as well as for the Hsp100 member
of chaperones, Hsp104 [69]. The integral ER membrane protein Derlp was
only required for degradation of soluble CPY* and not for degradation of any
other membrane-bound CPY* species [69]. The finding of an interaction of
amammalian ortholog of Derlp, Derlin-1, with membrane-bound MHC class
I molecules in association with the viral US11 protein for degradation upon
cytomegalovirus infection of cells is therefore somewhat surprising [82]. One
may assume that recruitment of the Derl ortholog to a membrane protein
is virus specific, and may even be specific for the US11 protein: the second
cytomegalovirus protein, US2, which also targets MHC class I heavy chains
for degradation [76], does not seem to work in conjunction with Derlin-1 [50].
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For the moment, one may conclude that a machinery exists for ERAD of all
misfolded proteins, which indeed consists of the ubiquitin-conjugating en-
zyme Ubc7p, the ubiquitin protein ligase Der3/Hrdlp and/or DoalOp, the
trimeric Cdc48-Ufd1-Npl4p complex, and the 26S proteasome (Fig. 1). The
chaperone requirement for degradation may vary, whereby only degradation
of soluble proteins seems to require ER lumenal Kar2p/BiP. Also, the use
of additional ubiquitin conjugating enzymes as Ubclp or Ubc6p may vary
from substrate to substrate. Obviously the use of the ubiquitin-protein li-
gases Der3/Hrd1p and DoalOp is also substrate-dependent but not necessar-
ily exclusive for one or the other malfolded ER protein [24, 38]. Using CPY*
as ERQD substrate, the requirement of a cytoplasmic peptide: N-glycanase
(PNGase), for undisturbed proteasomal degradation of the malfolded protein
was shown [67]. Itis thought that PNGase cleaves off the carbohydrate residues
from N-glycosylated ERQD substrates to allow their efficient elimination by
the proteasome [33, 35].

8
Yeast Genomics Discovers New Players

The elucidation of the yeast genome with its roughly 6,000 open reading frames
had been followed by the construction of yeast deletion libraries, which consist
of approximately 5,000 individual clones each deleted for a single nonessential
gene (i.e., EUROSCAREF deletion library, Frankfurt, Germany). Such a deletion
library can be used for genome-wide screens of mutants defective in a certain
cellular process. As cells can tolerate a defect in ERQD as long as the unfolded
protein response (UPR) is intact (CPY* and other misfolded proteins induce
the UPR) [45, 21, 71], the existence of such a deletion library made it possible
to search for new components of ERQD by performing a genomic screen. As
cell growth is one of the most sensitive indicators of alterations in cell physi-
ology due to mutations, a growth test on the basis of degradation of CPY* was
developed. The fact that CTG*, carrying CPY* in the ER lumen and GFP in the
cytosol behaved as an excellent ERQD substrate, the cytosolic GFP domain
was exchanged for the Leu2 protein (3-isopropylmalate-dehydrogenase), lead-
ing to the new substrate CTL* [11, 52] (Fig. 2). Cells carrying a LEU2 deletion
can only grow when CTL* is present, the cytoplasmic Leu2p domain of the fu-
sion protein being able to complement the leucine auxotrophy of cells: Strains
with leu2 auxotrophy but otherwise wild type for ERQD are unable to grow
in media lacking leucine. Only when ERQD is defective is CTL* stabilized
and able to complement the LEU2 deficiency and thus allow growth [11, 52].
Screening of the nearly 5,000 individual deletion mutants of the EUROSCARF
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deletion library expressing CTL* resulted in finding most of the known ERQD
components [52]. In addition, however, the search resulted in the discovery
of a variety of new mutants defective in ERQD. Among these were mutants
deleted in genes of the ubiquitin-like (UBL) and ubiquitin-associated (UBA)
domain proteins Rad23p and Dsk2p as well as the mannose-6-phosphate
receptor-like domain protein Yos9p [11, 52]. Interestingly Yos9p is only re-
quired for degradation of N-glycosylated proteins, not for degradation of
nonglycosylated ERQD substrates. Its localization in the ER may lead to the
proposal that Yos9p is a lectin-like protein, which acts in concert with or se-
quentially with Htm1p/Mnl1p in the quality control process of N-glycosylated
proteins [11]. Dsk2p and Rad23p were shown to be able to bind ubiquitinated
proteins via their UBA domain and dock onto the 19S cap subunit of the pro-
teasome via their UBL domain [12, 22, 63, 19, 26, 43]. In contrast to mutants
defective in the trimeric Cdc48 complex in which polyubiquitinated CPY* re-
mains bound to the ER, in Adsk2Arad23 double mutants, a substantial amount
of polyubiquitinated CPY* is found in the soluble fraction of cells. At the mo-
ment, the most plausible explanation for Dsk2p and Rad23p action in ERAD
is their function as receptors shuttling polyubiquitinated ERQD substrates
from the trimeric Cdc48 complex to the proteasome. By keeping malfolded
ER lumenal and especially malfolded ER membrane proteins with their ex-
posed hydrophobic domains complexed to soluble partners in the cytoplasm
until their degradation in the proteasome, the cell avoids aggregation and
precipitation of these malfolded proteins in the cytoplasm, preventing dis-
eased cell states. CPY* and yeast genetics have indeed paved the way to our
understanding of the basic mechanisms of protein quality control of the ER
and ER-associated degradation (Fig. 1). They will certainly continue.
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Abstract Ubiquitination is essential for the dislocation and degradation of proteins
from the endoplasmic reticulum (ER). How exactly this is regulated is unknown at
present. This review provides an overview of ubiquitin-conjugating enzymes (E2s) and
ubiquitin ligases (E3s) with a role in the degradation of ER proteins. Their structure
and functions are described, as well as their mutual interactions. Substrate specificity
and functional redundancy of E3 ligases are discussed, and other components of the
ER degradation machinery that may associate with the ubiquitination system are
reviewed.
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1
Introduction

Since the degradation of many proteins from the ER has been found to involve
their dislocation to the cytosol, deglycosylation by an N-glycanase, and de-
struction by the proteasome (Ward et al. 1995; Hampton et al. 1996; Biederer
et al. 1996; Hiller et al. 1996; Wiertz et al. 1996a, 1996b; Sommer and Wolf
1997; Plemper et al. 1997), the obvious question arose about the involvement
of ubiquitin in this process. It had long been known that cytosolic proteins
destined for degradation by the proteasome are tagged with multiple copies
of the 76 amino acid protein ubiquitin. At present, it is clear that degradation
substrates from the ER are not only ubiquitinated in the cytosol for their
recognition by the proteasome (Hirsch et al. 2004), but the ubiquitination
machinery is also essential for the dislocation of these substrates from the ER
to the cytosol (de Virgilio et al. 1998; Shamu et al. 2001; Kikkert et al. 2001).
Here, we review the role of ubiquitination in dislocation and degradation of
ER proteins, and in particular the identity and function of the ubiquitination
enzymes that are specifically or aspecifically involved in this process. Besides
E2 enzymes, especially the ubiquitin ligases, or E3s, take a key position in the
ubiquitination of ER proteins. The unraveling of the processes at the ER mem-
brane has only just begun, and many important discoveries will undoubtedly
be made in the near future.

1.1
Ubiquitination: A Versatile Tool Within the Cell

The attachment of ubiquitin to a protein involves three steps (reviewed in
Fang and Weissman 2004; Hirsch et al. 2004). The first step is the activation
of ubiquitin by the ubiquitin activation enzyme, or E1, to prepare ubiquitin
for further transfer. Ubiquitin-conjugating enzymes, or E2s, subsequently
bind the activated ubiquitin via a conserved cysteine residue. It is thought
that the E2 enzyme, probably in association with an E3 enzyme (see below),
determines how the ubiquitin molecules will be attached to each other and
the substrate. A single, monoubiquitin attachment, or a polyubiquitin chain
linked through certain lysines in the ubiquitin molecules is thus formed on the
target protein. A ubiquitin molecule can form an isopeptide linkage between
its C-terminal glycine residue and one of the lysines at positions 6, 11, 29, 48,
or 63 on the next ubiquitin molecule. Whereas K48 linkage is mostly involved
in proteasomal degradation, K63-based ubiquitin linkage has been associated
with other cellular functions (Fang and Weissman 2004). K11 and K29 have
also been associated with protein degradation by the proteasome (Fang and
Weissman 2004). The ubiquitin protein ligases, or E3 enzymes, accomplish
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the third step in the process. They bind the substrate and facilitate the actual
transfer of one or more ubiquitin molecules from the E2 enzyme to a lysine
or the N-terminus of the selected protein (Fang and Weissman 2004).

While ubiquitin was initially discovered as a tag for protein degradation
in the cytosol, we now know that ubiquitination also plays an important part
in many other cellular functions. DNA repair in the nucleus, regulation of
translation, activation of transcription factors and kinases, and proteasomal
degradation all require ubiquitination (Fang and Weissman 2004). Protein
sorting and trafficking within the secretory system of the cell is also regu-
lated by ubiquitination (Fang and Weissman 2004). In this context, (mono-)
ubiquitination provides sorting signals for transport of protein cargo from
the plasma membrane and from the trans-Golgi network to endosomes, and
subsequently from endosomes to the multivesicular body and the lysosome
(Hicke 1999; Strous and van Kerkhof 2002; Stahl and Barbieri 2002; Hicke and
Dunn 2003; Marmor and Yarden 2004; Sigismund et al. 2004). Shuttling of
transcription factors between the nucleus and the cytosol is also regulated by
ubiquitin (Shcherbik and Haines 2004). The role of ubiquitin in degradation
of ER proteins seems to be twofold. First, the sorting of substrates from the
ER into the cytoplasm via dislocation fully depends on a functional ubiqui-
tination machinery (de Virgilio et al. 1998; Shamu et al. 2001; Kikkert et al.
2001). Second, once the substrate has reached the cytosol, ubiquitination is
needed for the protein to be recognized by the proteasome, as is the case for
most genuine cytosolic substrates. Thus, ubiquitination has more than one
key function in the degradation of ER proteins, and it is therefore a central
component of this process.

Defective ubiquitination of ER proteins forms the basis of diseases such as
autosomal-recessive juvenile parkinsonism (Takahashi and Imai 2003; Taka-
hashi et al. 2003), type 2 diabetes mellitus (Allen et al. 2004), and rheumatoid
arthritis (Amano et al. 2003), illustrating the crucial importance of the ubiq-
uitin system in relation to the degradation of ER proteins.

1.2
The Role of Ubiquitin in the Dislocation of Endoplasmic Reticulum Proteins:
A Hypothesis

The process of retrograde transport of ER proteins to the cytosol for their
degradation depends on ubiquitination (de Virgilio et al. 1998; Shamu et al.
2001; Kikkert et al. 2001). This is illustrated by experiments in which ubiq-
uitination is blocked by a temperature-sensitive mutation in the ubiquitin
activating enzyme (E1). At the restrictive temperature, ER degradation sub-
strates are retained in the ER membrane (de Virgilio et al. 1998; Yu and
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Kopito 1999; Kikkert et al. 2001). It is reasonable to assume that the degrada-
tion substrates become polyubiquitinated themselves, as was indeed shown
(Shamu et al. 1999). However, ubiquitination of substrates before their dis-
location is difficult to envisage for ER-lumenal substrates, or proteins that
lack lysines in their cytosolic domains. Still, ubiquitination is essential for
the retrotranslocation of ER lumenal substrates such as CPY* (Biederer et al.
1997) and mutated ribophorin I (de Virgilio et al. 1998). Two observations
may provide hints for an explanation of this apparent paradox. First, it has
been suggested that the dislocation may be divided into two distinct steps
(Elkabetz et al. 2004). The first step would be the relocation of ER lumenal
proteins, or lumenal protein domains, to the cytosolic side of the ER mem-
brane, while they remain associated with this membrane. The second step
is the release of the degradation substrate from the cytosolic side of the ER
membrane into the cytosol for degradation by the proteasome (Elkabetz et
al. 2004). Substrates that were initially lumenal could thus be ubiquitinated
while associated to the cytosolic side of the ER membrane. This then may be
essential for the actual release into the cytosol, which is thought to be directed
by the p97-Ufd1-Npl4 complex (Ye et al. 2001; Elkabetz et al. 2004). This view
is supported by the observation of ER membrane-associated ubiquitinated
intermediates (Shamu et al. 1999).

Alternatively, other observations could explain the membrane paradox.
Both TCR-a and MHC class I heavy chains are well-known ER degradation
substrates, and each contain a number of lysines. However, removal of the
lysines from the cytosolic tail of MHC class I heavy chain does not influence
its dislocation or degradation (Shamu et al. 1999). Moreover, removal of all
of the lysines from TCR-a results in dislocation and proteasomal degradation
with kinetics indistinguishable from that of wild type TCR-a (Yu et al. 1997).
These data indicate that, although these proteins have lysines accessible to the
ubiquitination machinery, these are not important for the removal of the pro-
teins to the cytosol. Ubiquitination may still take place at the N-terminus of
the lysineless TCR-a to facilitate its release from the ER membrane, which will
require prior relocation to the cytosolic side of the ER membrane. However,
a tempting hypothesis is that ubiquitination of the substrate is not required
for its dislocation from the ER membrane. This then implicates that (an)other
factor(s) may be ubiquitinated in trans to facilitate dislocation of ER pro-
teins.
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2
E2s and E3s Involved in Dislocation and Degradation
of Endoplasmic Reticulum Proteins

The fact that ubiquitination is essential to the degradation of ER proteins
is undoubted at present. However, the processes at the ER membrane that
regulate the dislocation and degradation of proteins from the ER are far from
understood. In this paragraph we will focus on ubiquitinating enzymes with
a known function in the degradation of ER proteins.

2.1
Ubiquitin Conjugating Enzymes (E2s) Involved in Degradation
of Endoplasmic Reticulum Proteins

Ubiquitin-conjugating enzymes are characterized by a core of 150 amino
acids, the UBC domain, which includes a conserved cysteine to which the acti-
vated ubiquitin can bind. The UBC domain demonstrates around 35% identity
among protein family members (Weissman 2001; Fang and Weissman 2004).
In yeast, Ubc7p is ultimately connected to degradation of proteins from the
ER, while Ubc6p and Ubclp have also been associated with this process (Fried-
lander et al. 2000; Kiser et al. 2001; Bays et al. 2001; Botero et al. 2002). Ubc7p is
recruited to the yeast ER membrane by Cuelp, a membrane-associated protein
with a ubiquitin-binding domain known as the Cue-domain (Biederer et al.
1997; Ponting 2000). Ubc6p localizes to the ER by means of a C-terminal mem-
brane anchor (Sommer and Jentsch 1993). Murine homologs of yeast Ubc6p
and Ubc7p, MmUbc6 and MmUbc7, respectively, have been characterized by
Tiwari and Weissman (Tiwari and Weissman 2001). Analogous to its yeast
counterpart, MmUbc6 localizes to the ER through a membrane anchor. An
apparent Cuelp homolog that functions as a recruiter of Ubc7 has not been
found in vertebrates. However, the ER degradation-associated E3 ligase gp78,
which is further described below, itself contains a Cue domain that strongly
binds MmUbc7 (Tiwari and Weissman 2001). Some reports claim that degra-
dation of particular ER substrates depends on either Ubc6 or Ubc7. MmUbc7
regulates the degradation of endogenous Inositol 1,4,5-triphosphate receptor,
an ion channel-forming ER resident protein, whereas MmUbc6 is not able to
do this (Webster et al. 2003). Others have shown that both Ubc6 and Ubc7
are instrumental to the degradation of a single substrate. An inactive form of
MmUbc7 renders TCR-a in the membrane fraction, indicating that MmUbc7
plays a role in TCR-a degradation (Tiwari and Weissman 2001). However,
others have shown that in mammalian cells, besides MmUbc7, MmUbc6 is
also important for the degradation of TCR-a (Lenk et al. 2002). MmUbc6 and
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MmUbc7 both influence the degradation of type 2 iodothyronine deiodinase
(D2) that produces 3,5,3’-triiodothyronine (T3), which is essential for brain
development (Botero et al. 2002; Kim et al. 2003). In summary, Ubc6 and Ubc7
are by far the E2 enzymes most frequently associated with degradation of ER
proteins in yeast and mammalian cells. They are believed to be recruited by
E3 enzymes, but how exactly this is regulated is unknown as yet.

2.2
Ubiquitin Ligases (E3s) Involved in Degradation of Endoplasmic Reticulum Proteins

Most of the E3 ligases that will be discussed below are not restricted to
a function in degradation of ER proteins alone. Often they are capable of
directing the degradation of both ER and cytoplasmic substrates. However, the
two mammalian ER membrane-integrated ubiquitin ligases, HRD1 and gp78,
and yeast Hrd1p, may be fully dedicated to the degradation of ER proteins,
since no cytoplasmic substrates have been found for these enzymes yet. The
number of E3 ubiquitin ligases identified is increasing rapidly at the moment.
Three classes are recognized within this group of proteins, each characterized
by a distinct motif that defines the E3 ligase function. The first class of
E3 enzymes possess a HECT domain, a C-terminal region of approximately
350 residues, which was first recognized in E6-AP, an E3 enzyme encoded
by human papillomavirus (Huibregtse et al. 1995). The conserved cysteine
residue in this motif forms a covalent thiol-ester intermediate with ubiquitin,
which is subsequently transferred to the substrate (Huibregtse et al. 1995;
Fang and Weissman 2004). The second and third groups contain a RING-
finger or a U-box motif, respectively. RING-finger proteins were identified
long before an association with ubiquitin ligase activity was recognized, but
at present, many proteins containing a RING-finger have been found to possess
this activity in vitro (Lorick et al. 1999; Weissman 2001; Fang and Weissman
2004). The RING motif consists of a series of eight conserved cysteines and
histidines, which bind two zinc atoms and form a structure of “cross-braced”
rings. The middle two residues in the motif comprise either one or two
histidines, resulting in three subclasses of RING-finger motifs: classical or
RING-HC, RING-CH, and RING-H2. U-box domains have the same fold as
RING-fingers, but contain hydrogen bonds instead of zinc ions (Aravind and
Koonin 2000). Unlike HECT domain ubiquitin ligases, RING- and U-box-
containing E3 enzymes are thought not to form intermediates with ubiquitin.
The exact mode of transfer of ubiquitin to the substrate facilitated by E3
ubiquitin ligases is unknown to date (Weissman 2001; Fang and Weissman
2004). Table 1 shows an overview of the E3 ligases discussed in this review.



Table1 Overview of ubiquitin ligases with a role in degradation of ER proteins

E3 ligase Section

S. cerevisiae

Hrdlp/ 22.1.1

Der3p

DoalOp 2.2.2.1

Rsp5p 2.2.3.1
H. sapiens

HRD1 2.2.1.3

AMFR/  2.2.1.2

gp78

TEB4 2.2.2.2

Functional
domains

RING-H2

RING-CH

HECT,
C2, WW

RING-H2

RING-H2,
leucine
zipper
RING-CH

Localization,
topology, size
(mol. weight on gel)

ER membrane, 6 TM,
RING cytosolic, 551 aa

ER/nuclear membrane,
10-14 TM, 1319 aa
(151 kDa)

Cytosol, nucleus, 809 aa

ER membrane, 6 TM,
616 aa (82 kDa)
ER membrane, 7 TM,
643 aa (78 kDa)

ER membrane, 13 TM,
910 aa (97 kDa)

(Model)
ER substrate(s)

HMGR, CPY*,
sec61-2p, CFTR
(ectopically
expressed)

Ubc6, Pmal-D378N,
Ste6-166

CPY*, sec61-2p,
both only under
conditions of ER
stress

CD3-§, TCR-a,
insulin

CD3-§, apolipo-
protein B100

Associated
disease(s)

Rheumatoid arthritis

Metastasis marker
for several cancers

Remarks

Human homologs:
HRDI1 and AMFR/gp78

Human homolog:
TEB4

Part of the HIP pathway

Homolog of
Hrdlp/Der3p

Homolog of
Hrdlp/Der3p

No substrates identified
yet, homolog of DoalOp
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Table1 (continued)

E3 ligase Section

SCEFbsl 2232

SCFFbs2 2232

SCFP-TCP 2232

CHIP 2.2.3.3
Parkin 2.2.3.4
Malin 2.2.3.5

Functional
domains

F-box,
FBA

F-box,
FBA

F-box,
WD

U-box,
TPR

RING-IBR-
RING, UBL

RING-HC,
NHL-repeats

Localization,
topology, size
(mol. weight on gel)

Cytosol, membrane-
associated, 296 aa
(42 kDa)

Cytosol, membrane-
associated, 293 aa

Cytosol, 605 aa
(64 kDa)

Cytosol, 303 aa

ER-associated,
but no TM regions,
465 aa

ER, nucleus, 395 aa

(Model)
ER substrate(s)

Integrinf1,
CFTR-GFP, TCR-«

TCR-a

CD4, but only
when HIV-encoded
Vpu binds to B-TrCP

CFTR, Pael-R
(latter via Parkin)

Pael-R

Associated
disease(s)

AIDS

Cystic fibrosis,
Parkinson’s,
Alzheimer’s

Autosomal recessive

juvenile parkinsonism

Lafora disease

Remarks

Targets N-linked
glycans on dislocated
ER proteins

Targets N-linked
glycans on dislocated
ER proteins

Targets Hsp/c 70/90
chaperone substrates

Function in ER
degradation has to be
confirmed
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2.2.1
The HRD1-Like Family of Ubiquitin Ligases

Hrd1p of Saccharomyces cerevisiae was the first E3 ubiquitin ligase identified
that contributes to the degradation of ER proteins (Bays et al. 2001; Deak and
Wolf 2001). In mammalians, two homologs have been identified: autocrine
motility factor receptor (AMFR) or gp78 (Fang et al. 2001) and HRD1 (Kaneko
et al. 2002; Nadav et al. 2003; Kikkert et al. 2004).

2.2.1.1
Saccharomyces Cerevisiae Hrd1p

Hrdlp/Der3p of S. cerevisiae was identified independently by Hampton and
co-workers (Hampton et al. 1996) and Wolf and co-workers (Bordallo et
al. 1998). Hrd1p/Der3p functions as an E3 ubiquitin ligase in the degra-
dation of S. cerevisiae Hmg2p, one of the yeast isozymes of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMGR) (Hampton et al. 1996; Bays
et al. 2001). HMGR is the rate-limiting enzyme in the mevalonate pathway,
in which sterols and a myriad of essential isoprenoids are synthesized. The
levels of HMGR are regulated by its degradation, depending on the cellular
demands for mevalonate-derived sterols and nonsterol metabolites (Hamp-
ton 2002). Hrd1p/Der3p is also involved in degradation of other ER pro-
teins, including CPY* and sec61-2p (Bordallo et al. 1998; Bordallo and Wolf
1999). Hrd1p/Der3p is a multispanning membrane protein encompassing
six transmembrane domains, and a C-terminal RING-H2 domain located
in the cytosol (Deak and Wolf 2001). In yeast, Hrdlp is found in a 1:1
complex with Hrd3p, a lumen-oriented ER membrane protein that stabi-
lizes Hrd1p and modulates its ligase activity (Gardner et al. 2000). Hrd3p
is therefore essential for the proper functioning of Hrdlp in yeast. Hrd1p
acts with the E2 enzymes Ubclp and Ubc7p. Ubc7p seems to be more
important in the context of ER protein dislocation and degradation (Bays
et al. 2001). Initially, it was hypothesized that Hrdlp may be the central
ubiquitin ligase that served the degradation of all yeast ER proteins to-
gether with Hrd3p, Derlp, Ubclp, and Ubc7p (Gardner et al. 2001). How-
ever, while a number of substrates depend on Hrdlp for their degradation
from the ER, a number of others do not (Wilhovsky et al. 2000; Hill and
Cooper 2000). Besides Hrd1p, two other E3 ligases with a role in the degra-
dation of ER substrates have been identified in yeast to date, Rsp5p and
DoalO0 (see below). In mammalians, two homologs of yeast Hrd1p have been
identified, AMFR/gp78 and HRD1, which will be discussed in the next sec-
tions.
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2.2.1.2
Gp78/AMFR

AMEFR was identified as a 78-kDa cell surface receptor for autocrine motil-
ity factor (AMF). Binding of AMF to AMFR stimulates random and directed
cell motility, accounting for the contribution of AMFR in metastasis (Nabi
et al. 1990, 1992; Watanabe et al. 1991). Gp78/AMFR is a known marker for
metastasis and has been associated with bad prognoses in various cancers
such as bladder cancer, colorectal cancer, esophageal cancer, and gastric can-
cer (Nakamori et al. 1994; Maruyama et al. 1995; Hirono et al. 1996; Otto
et al. 1997). When overexpressed in NIH3T3 mouse fibroblasts, gp78/AMFR
causes altered morphology and growth characteristics of these cells point-
ing toward a transformation phenotype. In nude mice, gp78 overexpression
induces tumors (Onishi et al. 2003). It was noted that gp78/AMFR contains
a RING-H2 domain, as well as a sequence patch denoted as a Cue domain
(Ponting 2000), downstream of a region containing 7 predicted N-terminal
transmembrane domains and a leucine zipper domain (Shimizu et al. 1999).
Additionally, human gp78 shows limited homology to yeast Hrd1p, together
prompting the idea that gp78 could be a ubiquitin ligase with a role analogous
to Hrd1p in yeast (Ponting 2000). Indeed, it was shown that gp78 has RING-
finger-dependent ubiquitin ligase activity, and seems to be largely localized
to the ER (Fang et al. 2001). It can expedite the degradation of a well-known
ER substrate, CD3-§, an activity which is dependent on the integrity of the
gp78 RING-finger, and the presence of the gp78 transmembrane region (Fang
et al. 2001). Another known ER substrate, Apolipoprotein B100, is also de-
graded with the help of gp78 (Liang et al. 2003). The degradation of Gp78
itself is proteasome and Ubc7-dependent, and mediated by autoubiquitina-
tion dependent on its own RING-finger (Fang et al. 2001). Interestingly, Gp78
binds to p97/VCP-Ufd1-Nlp4 (Zhong et al. 2004), an observation that further
establishes the role of gp78 in the degradation of ER proteins.

The Cue domain, present in gp78, has earlier been recognized in the yeast
protein Cuelp, which has a role in recruiting yeast Ubc7p to the ER membrane
(Biederer et al. 1997; Ponting 2000). Indeed, gp78 interacts with mammalian
(murine) Ubc7, but surprisingly, the Cue domain is not sufficient for this bind-
ing (Fang et al. 2001). Instead, the Cue domain together with the remaining
part of the C-terminus of gp78 binds mouse Ubc7 efficiently (Fang et al. 2001).
Recently, it has been found that the Cue domain binds monoubiquitin (Shih
et al. 2003). Vsp9, a yeast protein involved in the endocytic pathway, contains
a Cue domain that binds to monoubiquitin and this mediates the intramolec-
ular monoubiquitination of Vsp9 elsewhere on the protein. The affinity for
monoubiquitin differs among different Cue-domain proteins, but seems to
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depend on three amino acids preceding the motif. The Gp78 Cue domain is
in a context that favors the binding of ubiquitin (Shih et al. 2003). How the
binding of E2 and/or monoubiquitin to the Cue domain and Cue domain me-
diated auto-mono-ubiquitination relates to the functions and characteristics
of gp78 remains to be elucidated.

2.2.1.3
Human HRD1

Besides gp78/AMEFR, another, closer, homolog of yeast Hrd1p, HRD1, has been
identified (Kaneko et al. 2002; Nadav et al. 2003; Kikkert et al. 2004). HRD1 is
characterized by six predicted transmembrane regions and a cytosolic RING-
H2 finger (Kikkert et al. 2004), thereby strongly resembling yeast Hrd1p (Bays
etal. 2001; Deak and Wolf 2001). In vitro assays have shown that human HRD1
has E3 ubiquitin ligase activity that is specific for K48 linkage on ubiquitin
(Nadav et al. 2003; Kikkert et al. 2004). UBC7 is able to cooperate with HRD1
(Kikkert et al. 2004), but no binding of MmUbc7 (or MmUbc6) to HRD1 could
be detected (M. Kikkert, unpublished observations). Intracellular localization
studiesindicate that HRD1 is an ER-resident protein (Kaneko et al. 2002; Nadav
etal. 2003; Kikkert et al. 2004). The mRNA encoding HRD1 was found in most
tissues analyzed, but is particularly abundant in pancreas, liver and skeletal
muscle tissues (Kaneko et al. 2002; Nadav et al. 2003; M. Kikkert/T. van Laar,
unpublished observations). Close homologs of human HRD1 are found in
other mammalians such as Mus musculus (95% identity with human HRD1)
and Rattus norvegicus, in Drosophila melanogaster, and even in Arabidopsis
thaliana, indicating that HRDI1 is highly conserved among eukaryotes. The
degradation of model substrates CD3-6 and TCR-« is facilitated by HRDI,
indicating that HRD1 has a role in the degradation of ER proteins (Kikkert
et al. 2004). The sterol-regulated degradation of HMGR, however, does not
seem to be directed by HRD1, in contrast to the basal turnover of HMGR that
is independent of sterol regulation (Kikkert et al. 2004). HRD1 is upregulated
upon ER stress in an Irelp-dependent way (Kaneko et al. 2002), suggesting
that HRD1 is part of the unfolded protein response (UPR) effector protein-set.
Experimental hypoxia-ischemia in mouse brains also causes elevated levels of
HRD1, probably due to ER dysfunction (Qi et al. 2004). The (over-)expression
of HRD1 protects cells from ER stress-induced apoptosis (Kaneko et al. 2002),
supposedly because of its function in the degradation of ER proteins.
Several reports point to a role of HRD1 in common human diseases. The
strongest indications for the connection of HRD1 with disease are found in
rheumatoid arthritis (RA). Amano and colleagues (Amano et al. 2003) have
shown that mice that constitutively overexpress HRD1 develop arthritis spon-
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taneously in a significant number of cases. Additionally, down-modulation of
HRD1 expression by RNAi protects mice against collagen-induced arthritis.
Increased levels of HRD1 expression are found in joints of human RA pa-
tients, and this seems to inhibit apoptosis in the synovial cells of the joints.
Different forms of stress in the joint induce proliferation of synovial cells, and
apoptosis is needed to reduce the amount of synoviocytes after the stress has
faded. If the reduction of synovial cells does not take place, because increased
levels of HRD1 protect the cells from dying, this is thought to cause inflam-
mation characteristic of RA (Amano et al. 2003). Whether normal apoptosis
of synoviocytes is indeed ER stress-induced has to be determined.

Recently, a role for ER stress in the development of type 2 diabetes has been
confirmed (Ozcan et al. 2004; Allen et al. 2004; Nakatani et al. 2005). The Akita
mouse, a well-established model for type 2 diabetes, harbors a heterozygous
mutation of the insulin-2 gene. The mutant insulin protein causes stress in
the ER because of its misfolding, and this results in the upregulation of UPR
genes including HRD1 (Allen et al. 2004). The mutant insulin-2 protein seems
to be a substrate for HRD1 in Akita mouse cells, raising the possibility of
HRD1-based therapies for type 2 diabetes (Allen et al. 2004).

A third human disease that may be connected to the functions of HRD1
in degradation of ER proteins and ER stress relief is autosomal recessive
juvenile parkinsonism (AR-JP). Earlier, the accumulation of Pael-R in the ER
has been recognized as a hallmark of this disease. Pael-R accumulation is
caused by mutation of the parkin gene, encoding an E3 ligase that facilitates
degradation of Pael-R (see below). Recently, it has been shown that HRD1 is
also able to reduce the levels of Pael-R by degradation from the ER (Kaneko
and Nomura 2004) . This suggests that upregulation of HRD1 can relieve
the ER stress caused by Parkin mutations, but apparently the UPR-induced
HRD1 upregulation that supposedly takes place upon Pael-R accumulation is
not sufficient to prevent the disease.

2.2.2
Doa 10p and TEB4

S. cerevisiae DoalOp (Swanson et al. 2001) and mammalian TEB4 (Hassink
et al. 2005) are E3 ubiquitin ligases that contain a RING-finger of unusual
configuration. Both are associated with degradation of ER proteins.

2.2.2.1
Saccharomyces Cerevisiae Doa10p

In a search for genes responsible for the degradation of the cytosolic yeast
mating factor-a2, DoalOp was identified as a novel S. cerevisiae E3 ubiq-
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uitin ligase (Swanson et al. 2001). DoalOp is a multimembrane-spanning
RING-finger containing ubiquitin ligase that resides in the ER and the nu-
clear envelope (Swanson et al. 2001). It promotes ubiquitination of proteins
with a degradation signal denoted Degl, which is also present within the
N-terminal 62 residues of 2. Doal0 collaborates with the E2 enzymes Ubc6
and Ubc7 (Swanson et al. 2001).

Doal0 harbors the unusual RING-CH configuration (Swanson et al. 2001).
Proteins containing this RING-CH motif have earlier been associated with
transcriptional regulation and DNA binding (Aasland et al. 1995; Saha et
al. 1995; Lyngso et al. 2000; Kosarev et al. 2002), and designated as PHD-
(plant homeo domain) (Schindler et al. 1993) or LAP-(leukemia-associated
protein) domain containing proteins (Saha et al. 1995). These proteins do not
function as E3 ubiquitin ligases. Aravind and colleagues (Aravind et al. 2003),
however, were able to discern structural differences apart from cystein and
histidine composition that made it possible to discriminate between RING-
HC-containing proteins that act as ubiquitin ligases and PHD/LAP domain-
containing proteins with other functions. This refinement placed Doal0 in
the family of E3 ligases and not in the PHD/LAP domain-containing group of
proteins.

Since DoalOislocalized in the ER membrane, it was sensible to test whether
Doal0 is involved in degradation of ER proteins. Indeed, the degradation of
the short-lived ER-resident E2 enzyme Ubc6 was markedly inhibited in a
Doal0A yeast mutant (Swanson et al. 2001). Degradation of Pmal-D378N and
Ste6-166, both misfolded forms of yeast plasma-membrane proteins, takes
place from the ER and also depends on DoalOp (Wang and Chang 2003;
Vashist and Ng 2004). It was found that degradation of either of these proteins
does not depend on Hrd1p. The degradation of CPY*, which has been shown
to depend on Hrd1p, was not influenced by DoalOp (Walter et al. 2001; Wang
and Chang 2003; Vashist and Ng 2004). These results suggest that Hrd1p and
Doal0 cooperate in yeast ER protein degradation, each serving a distinct sub-
set of ER substrates. However, when human CFTR was ectopically expressed
in yeast, its degradation depended on both Hrd1lp and DoalOp. This was il-
lustrated by the strong effect of deleting both E3s, whereas deleting either of
them separately gave only modest effects on the degradation of CFTR (Gnann
et al. 2004). These data suggest that Hrd1p and DoalOp are able to comple-
ment each other in the degradation of a single substrate. When Hrd1p and
DoalOp are both deleted, yeast cells become extremely sensitive to ER stress,
as well as to cadmium treatment, whereas deletion of only one of the two
genes has only modest effects (Swanson et al. 2001). A temperature-sensitive
mutation in Npl4p caused malfunctioning of the Cdc48p-Npl4p-Ufd1lp com-
plex (see “Bar-Nun” and below). The accumulation of ubiquitinated proteins
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in the (ER-) membrane that was caused by this Npl4p mutation could be sup-
pressed by deleting both Doal0Op and Hrd1p (Hitchcock et al. 2003). Together,
these findings further illustrate that both proteins have a complementary
role in the degradation of ER proteins and the neutralization of ER stress in
yeast.

2.2.2.2
TEB4

We have recently identified TEB4 as the mammalian homolog of yeast Doal0p
(Hassink et al. 2005). It was originally characterized as a transcript of the Cri-
du-chat critical region on chromosome 5 and appears to be well conserved,
as genes with a high degree of homology to TEB4 occur in many species.
TEB4 contains 13 predicted transmembrane regions and has a RING-CH
domain near its N-terminus. It exhibits UBC7-dependent E3 ligase activity in
vitro, which is also ubiquitin lysine 48-specific (Hassink et al. 2005). While it
promotes its own degradation in a RING-finger and proteasome-dependent
fashion (Hassink et al. 2005), other substrates for TEB4 have not been found
as yet. We tested the effect of overexpression of TEB4 and its RING-finger
mutant on US11-dependent dislocation of MHC class I molecules, and on the
degradation of UBC6. No effect was observed on the degradation of either of
these substrates (Hassink et al., unpublished observations).

The putative role for TEB4 in ER protein degradation is, however, sup-
ported by its homology with S. cerevisiae DoalOp (Swanson et al. 2001),
its ER localization, and the large number of transmembrane regions, the
involvement of lysine 48 of ubiquitin in the E3 ligase activity, in vitro depen-
dence on UBC7, and its (auto-) degradation by the proteasome (Hassink et
al. 2005).

Membrane associated RING-CH (MARCH) proteins (Bartee et al. 2004),
such as murine gamma herpesvirus 68 mK3 and Kaposi sarcoma herpesvirus
encoded kK3 and kK5, inhibit the expression of MHC class I complexes and
the co-stimulatory molecules ICAM-1 and B7.2 on the cell surface (Coscoy and
Ganem 2000; Ishido et al. 2000a, 2000b; Coscoy et al. 2001; Coscoy and Ganem
2001; Hewitt et al. 2002; Lorenzo et al. 2002; Bartee et al. 2004). These E3 ligases
mediate ubiquitin-dependent internalization of receptor molecules and their
degradation in an endolysosomal compartment. Neither TEB4 nor its RING-
finger mutant affected surface expression of immunomodulatory molecules
such as MHC class I, Fas, TfR, CD4, and B7.2 (Hassink et al., unpublished
observations), suggesting that TEB4 does not share this function with the
other MARCH proteins.
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223
Other Yeast and Mammalian Ubiquitin Ligases That Have a Role in the Degradation
of Endoplasmic Reticulum Proteins

2.23.1
Saccharomyces cerevisiae Rsp5p

Rsp5p is a HECT domain-containing S. cerevisiae ubiquitin ligase (Yashiroda
et al. 1996). It has an N-terminal C2 domain that binds membrane phos-
pholipids in a calcium-regulated manner, and three WW domains, which are
evolutionary conserved protein interaction modules of about 40 amino acids
each that bind proline-rich ligands (Wang et al. 1999). The functions of Rsp5p
in yeast are diverse, and deletion of the Rsp5 encoding gene is lethal (Hein
et al. 1995; Hoshikawa et al. 2003). This E3 enzyme has been implicated in
the sorting of plasma membrane proteins into multivesicular bodies and the
vacuole (Katzmann et al. 2004). It ubiquitinates plasma membrane permeases
such as Gapl, thereby initiating their endocytoses and vacuolar degradation
(Hein et al. 1995; Galan et al. 1996). Rsp5 also ubiquitinates transcriptional
regulators (Hoppe et al. 2000) and RNA polymerase II, and it therefore seems
to have a general role in gene expression (Chang et al. 2000; Rodriguez et
al. 2003). When CPY* or sec61-2p, both established yeast ER degradation
substrates, are overexpressed, the Hrd1p-based pathway of degradation be-
comes overloaded. The subsequent unfolded protein response will result in
the up-regulation of the Hrd1p pathway components. Additionally, however,
an alternative pathway of degradation in which Rsp5p acts as a ubiquitin
ligase is activated (Haynes et al. 2002). In this pathway, designated “Hrd1p-
independent proteolysis” (HIP), Ubc4p and Ubc5p are used as E2s. Proteins
involved in the transport from the ER to the Golgi, i.e., erv29p, play an es-
sential role in this pathway. A functional unfolded protein response, based on
Irelp activation, is necessary for the induction of the HIP pathway (Haynes
et al. 2002). The deletion of both the Hrd1p and the Rsp5p-based pathways
completely stabilizes CPY* and sec61-2p, whereas deletion of either pathway
results in less efficient stabilization (Haynes et al. 2002). Haynes and col-
leagues hypothesize that overloading of the ER may result in a spillover of
degradation substrates into the Golgi. The Rsp5p-mediated degradation then
forms an alternative route for these escaped proteins.

Rsp5p is the yeast ortholog of the human HECT E3 ligase Nedd4, for which
no role in the degradation of ER proteins has been established so far. However,
the functions of Nedd4 resemble those of Rsp5p in yeast (Fang and Weissman
2004). The question therefore remains whether an alternative degradation
route induced by the UPR also exists in mammalian cells, resembling the
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HIP pathway. If this is the case, Nedd4, or other members of the family of
Nedd4-like ubiquitin ligases, may have a role in this pathway.

2.23.2
Mammalian SCF Ubiquitin Ligase Complexes

The multisubunit SCF ubiquitin ligases consist of four subunits, among which
a small RING-H2 finger protein, Rbx1 (also named Rocl or Hrtl), which
is present in all SCF complexes and is responsible for the actual ubiquitin
transfer. The E2 Ubc3/Cdc34 associates with Rbx in the SCF ubiquitin lig-
ase. A member of the cullin protein family, i.e., Cullin1/Cdc58, organizes the
complex by interacting with Rbx, an adaptor (Skp1) and an F-box protein (De-
shaies 1999; Zheng et al. 2002). F-box proteins form a large family of proteins
containing a mostly N-terminal 42-48 amino acid F-box motif that binds to
the Skp1 adaptor of the complex. WD40 repeats or leucine-rich repeats (LRRs)
in the carboxytermini of F-box proteins interact with phosphorylated sub-
strates (Winston et al. 1999; Kipreos and Pagano 2000). SCF ubiquitin ligase
complexes are well-studied and have functions in several important cellular
processes such as cell-cycle phase transitions and regulation of transcription
(Petroski and Deshaies 2005).

Yoshida and co-workers found that a particular SCF complex, consisting
of Skpl, Cullinl, Rbx, and Fbx2, has a role in degradation of ER proteins
(Yoshida et al. 2002). Fbx2 is a 42-kDa protein expressed in neurons that
preferentially binds to proteins containing N-linked glycans with a diacetyl-
chitobiose structure and mannose residues. It was shown that Fbx2 bound to
mouse pre-integrinf1, which contains high-mannose oligosaccharides, and
not to deglycosylated integrinfB1. Integrinf1 becomes an ER degradation sub-
strate when it is expressed in excess over its binding partner intergrin-« in
the ER. Glycosylated CFTR-GFP and TCR-a, two well-known ER degradation
substrates, were also found to bind to Fbx2. A mutant lacking the F-box mo-
tif inhibited degradation of these ERAD substrates in a dominant negative
fashion (Yoshida et al. 2002). The binding of Fbx2 occurred to glycosylated
substrates in the cytosol and not in membranes, indicating that the SCF-Fbx2
E3 enzyme targets ER substrates that have been dislocated to the cytosol but
have not been deglycosylated (Yoshida et al. 2002).

Other SCF complexes recognize phosphorylated (Hershko and Ciecha-
nover 1998; Deshaies 1999; Kipreos and Pagano 2000) or hydroxylated (Ivan
et al. 2001; Jaakkola et al. 2001) substrates, but apparently glycosylation is
also a modification that can be targeted by SCF ubiquitin ligases. While Fbx2
is present only in the brain, another high-mannose oligosaccharide-binding
F-box protein, Fbx6b, is expressed in almost all mouse tissues tested (Yoshida
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etal. 2003). The carbohydrate-binding F-box proteins were renamed into Fbs1
(F-box protein that recognizes sugar chains) for Fbx2, and Fbs2 for Fbx6b, re-
spectively. Both Fbsl and Fbs2 contain C-terminal F-box-associated domains
(FBA domains) with which they interact with glycans, instead of the more
common WD or LRR domains that are present on other, phosphorylation
specific, F-box proteins. However, Fbx17 and FBG3 that both have an FBA
domain do not bind glycoproteins (Yoshida et al. 2003). Fbs1 and Fbs2 seem
to have slightly different specificities toward N-linked glycans, but both Fbs1
and Fbs2 efficiently bind Mans_¢GlcNac,, a structure found abundantly on
proteins present in the ER. In contrast to other lectins such as calnexin and
calreticulin, which recognize terminal glucose residues, Fbsl recognizes the
inner chitobiose portion of this structure (Mizushima et al. 2004). This may
implicate that Fbs1 and Fbs2 specifically target unfolded versions of glycopro-
teins, in which the chitobiose core is more accessible. Like Fbs1, Fbs2 is able
to direct ubiquitination of TCR-a, suggesting a role in the degradation of ER
proteins for these F-box proteins (Yoshida et al. 2002, 2003). Since both F-box
proteins can also bind other types of N-glycans, it cannot be excluded that they
are able to target glycosylated surface proteins that have been internalized and
have somehow reached the cytosol.

B-TrCp is another F-box protein that is part of an SCF complex also con-
taining Skpl and Cullinl. When phosphorylated Vpu of human immunode-
ficiency virus (HIV) binds to the B-TrCP complex, it degrades CD4 from the
ER (Margottin et al. 1998). By binding Vpu, the normal function of -TrCP in
TNF-a-induced degradation of IxB-« is inhibited (Bour et al. 2001). Besides
IxB-a, B-TrCP normally degrades a number of other cytosolic substrates such
as B-catenin, (Hart etal. 1999; Liu et al. 1999), Cdc25A (Busino et al. 2003), and
Emil (Peters 2003; Guardavaccaro et al. 2003; Margottin-Goguet et al. 2003).
Thus, it is only through the interference of the viral protein Vpu that f-TrCP
acts as an E3 ligase in the degradation of CD4 from the ER, while degradation
of cytosolic proteins is normally facilitated by this enzyme.

2233
CHIP

The U-box-containing ubiquitin ligase CHIP (carboxyl terminus of Hsc70-
interacting protein) is a representative of a small group of E3 enzymes that
interact with protein-folding chaperones in the cytosol (Hatakeyama et al.
2004b). When CHIP binds a folding chaperone bound to a substrate, the
complex is modulated from a folding machine into a degradation machine,
resulting in the ubiquitination and degradation of the substrate (McDonough
and Patterson 2003). Besides a U-box, the cytosolic ubiquitin ligase CHIP
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contains a tetratricopeptide (TPR) domain, with which it binds Hsp70/Hsc70
and Hsp90 (Ballinger et al. 1999). CHIP interacts functionally with the stress-
responsive UBCH5 E2 enzyme, but not with UbcH?7, and has in vitro E3 ligase
activity that depends on its U-box domain (Jiang et al. 2001).

The binding between the proteasome on the one hand and the complex of
Hsp70, the substrate, and CHIP on the other, is mediated by BAG-1 (Alberti
et al. 2002). This co-chaperone contains a ubiquitin-like (UBL) domain, with
which it binds to the proteasome (Luders et al. 2000). BAG-1 accepts substrates
from Hsp70, and presents them to CHIP while CHIP binds directly to BAG-1
(Demand et al. 2001). BAG-1 can itself be ubiquitinated by CHIP with E2s
of the Ubc4/5 family, whereby lysine-11 linked ubiquitin chains are formed.
This does not induce degradation of BAG-1, but instead promotes association
of BAG-1 with the proteasome (Alberti et al. 2002).

A number of substrates whose degradation is facilitated by CHIP have
been identified, and again, this E3 enzyme can serve both cytosolic and
ER-associated substrates. Among the cytosolic substrates of CHIP is a protein
called tau, a microtubule-binding protein whose accumulation in fibrils is im-
plicated in so-called tauopathies, such as Parkinson’s and Alzheimer’s diseases
(Hatakeyama et al. 2004a). Another example is the cytosolic glucocorticoid
receptor, a cytosolic Hsp90 substrate, which is targeted for degradation by
the proteasome when ubiquitinated by CHIP (Connell et al. 2001). CHIP can
ubiquitinate Hsc70 that binds to mutant superoxide dismutase 1 (SOD1), but
not mutant SOD1 itself. The ubiquitination of Hsc70 mediates the degrada-
tion of SOD1 mutants in an indirect way (Urushitani et al. 2004). Mutations
in SOD1 are linked to familial amyotrophic lateral sclerosis (ALS) (Bruijn et
al. 2004). The E2A transcription factor E47 is also degraded with the help
of CHIP. CHIP acts as a carrier protein in this case, stimulating the binding
of E47 to the Skp2 (F-box) component of SCF ubiquitin ligase. This SCF lig-
ase subsequently ubiquitinates E47 in a phosphorylation-dependent manner
(Huang et al. 2004).

CHIP is involved in the degradation of two ER proteins. Cystic fibrosis
transmembrane conductance regulator (CFTR) is an ER-associated protein
with 12 transmembrane domains that form an ion channel (Harris and Ar-
gent 1993). Mutations in this protein result in cystic fibrosis, which is the most
common fatal inherited disease in Caucasian populations (Harris and Argent
1993). Folding of the cytosolic domain of CFTR is chaperoned by Hsp70, and
while binding Hsp70, CFTR can be targeted for degradation from the ER by
CHIP (Meacham et al. 2001). Indirectly, CHIP is also involved in the degrada-
tion of Parkin associated endothelian receptor-like receptor (Pael-R) from the
ER. Pael-R is a substrate of the RING-containing ubiquitin ligase Parkin (see
next section). CHIP is up-regulated upon accumulation of unfolded Pael-R,
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and binds to the complex of Hsp70, Parkin, and Pael-R (Imai et al. 2002). CHIP
binding then enhances ubiquitination of Pael-R by Parkin (Imai et al. 2002).
In Sect. 2.2.3.4, the connection between Parkin and CHIP will be discussed in
more detail.

2.2.34
Parkin

Parkin is among the best studied E3 ligases at present. This is undoubtedly
related to the connection of Parkin dysfunctionality to autosomal recessive
juvenile parkinsonism (AR-JP), an inherited form of Parkinson’s disease (PD)
(Kitada et al. 1998). The Parkin gene is expressed primarily in neurons, with
a developmentally regulated pattern of expression in the brain (Kitada et al.
2000; Wang et al. 2001), which is in agreement with its relation to Parkinson’s
disease.

Parkin has two RING fingers with an in-between sequence (IBR, in-
between RING), and an amino-terminal ubiquitin-like domain (UBL) with
which it can bind Rpn10, a 19S cap component of the proteasome (Sakata et al.
2003; Tsai et al. 2003). Mutation of the UBL domain of Parkin is connected to
Parkinson’s disease, indicating that this domain is important for its function
(Tsai et al. 2003).

Parkin associates and acts with the UBC6 and UBC7 ubiquitin conjugating
enzymes (Imai et al. 2001). Like HRD1, Parkin protects against ER stress-
induced apoptosis. However, when Parkin is knocked out in mice, substrates
do not accumulate (Goldberg et al. 2003; Palacino et al. 2004; Lorenzetti
et al. 2004), suggesting redundant E3 activity. Parkin is localized at the ER
membrane, as shown in light microscopy and electron microscopy analyses
(Imai et al. 2002). However, it does not have transmembrane domains, and
therefore has to be recruited to the ER by an (unknown) receptor, or by the
Hsp70 machinery (see below). Although a number of substrates for Parkin
have been identified, the exact mechanism of dopaminergic neuron loss as
seen in Parkinson’s disease has not yet been clarified. Among the substrates
for Parkin that have been found to date are CDCrel-1, a septin family member
present in presynaptic axon terminals of inhibitory neurons (Zhang et al.
2000), the p38 subunit of amino-acyl tRNA synthetase (Corti et al. 2003),
and synaptotagmin XI, a protein involved in maintaining synaptic function
(Huynh et al. 2003; Glass et al. 2004). CyclinE is degraded under the influence
of a multisubunit SCF ubiquitin ligase, composed of Parkin, Cullinl, Skp1,and
the F-box protein hSEL-10/Fbw7 (Staropoli et al. 2003). In this way, Parkin
is directly involved in the regulation of the cell cycle, and it is therefore
not surprising that mutations in the Parkin gene are also linked to breast
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and ovarian cancers, as well as parkinsonism (Cesari et al. 2003; Denison
et al. 2003). Another substrate of Parkin is synphilin-1, which binds to «-
synuclein (Chungetal. 2001). An O-glycosylated form (22 kDa) of a-synuclein
is also a substrate of Parkin (Shimura et al. 2001). Alpha-synuclein is the
main constituent of Lewy bodies (Chung et al. 2001), which are the cellular
aggregates associated with Parkinson’s disease (McNaught and Olanow 2003).

All substrates described are cytosolic, and some of them are not associ-
ated with Parkinson’s disease. The only membrane-bound protein that has
been recognized as a Parkin substrate is Pael-R, a G-protein coupled receptor
protein (Imai et al. 2001). As a result of mutations in Parkin, Pael-R accumu-
lates in the ER, which causes ER stress. This condition has been associated
with AR-JP (Takahashi and Imai 2003). Pael-R is also found in Lewy bodies
(Murakami et al. 2004).

While Parkin has many cytosolic substrates, it is up-regulated upon ER
stress, but not by other forms of cellular stress. Parkin protects cells against
ER stress-induced apoptosis through its RING-finger-dependent E3 ligase
activity (Imai et al. 2000).

The function of Parkin is regulated in a number of ways. Like many other
E3 ligases, Parkin can ubiquitinate itself to reduce its own levels (Zhang et
al. 2000). Deletion of its UBL domain increases Parkin’s expression levels,
suggesting that this domain also has a role in the regulation of Parkin levels
(Finney et al. 2003). The ER substrate of Parkin, Pael-R, is assisted in entering
into the ER by the chaperones Hsp70 and Hdj-2. The binding of Hsp70 to
Pael-R may prevent the ubiquitination of Pael-R by Parkin. When unfolded
Pael-Ris generated in the ER, itis retrotransported into the cytosol. Hsp70 and
Hdj-2 then transiently bind to prevent the unfolded Pael-R from becoming
insoluble. CHIP is up-regulated upon the misfolding of Pael-R and binds to
Hsp70, thereby promoting the release of Hsp70 and Hdj-2 from Pael-R. CHIP
also associates and cooperates with Parkin and E2s on the ER surface, to
promote ubiquitination of Pael-R (Imai et al. 2002).

Parkin is regulated at the transcription level by the N-myc transcription
factor, through binding of this factor to a transcription regulation motif in the
parkin promotor, which resembles a so-called E-box motif that is conserved
across several species. N-myc transcription factors are critically involved
in neuronal development and tumorigenesis. N-myc also seems to regulate
transcription of other PD-associated genes (West et al. 2004).

Upon incubation with proteasome inhibitors, Parkin is relocalized into
aggregates in the centrosome area, where ubiquitin, proteasomes, and some
of the Parkin substrates are also found. Parkin binds and ubiquitinates a-, -
and y-tubulin. Integrity of the tubulin network is essential for the centrosome
accumulation. It is speculated that the relocation of Parkin in the centrosome
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area facilitates the ubiquitination of its substrates when the cell encounters
protein stress (Zhao et al. 2003; Ren et al. 2003). The mammalian RING-finger
ubiquitin ligase Nrdpl is able to degrade Parkin and thereby also regulates
its activity (Zhong et al. 2005). Kalia et al. showed that the bcl-2-associated
athanogene 5 (BAG-5) enhances dopamine neuron death in an in vivo model
for Parkinson’s disease through inhibition of the ubiquitin ligase activity of
Parkin and the chaperone activity of Hsp70 (Kalia et al. 2004). Finally, the
phosphorylation of five serines within Parkin probably also has a role in the
regulation of the enzyme. In case of ER stress, phosphorylation of Parkin
reduces, which increases its activity by decreasing its autoubiquitination (Ya-
mamoto et al. 2005).

2.23.5
Malin

Lafora disease is a serious form of epilepsy affecting teenagers, usually causing
death within 10 years of onset. It is characterized by an accumulation of starch-
like polyglucosans in the ER of neuronal dendrites but not axons, called Lafora
bodies (Minassian 2002). The epileptogenesis is linked to these ER-associated
structures. Mutations in the malin, or NHLRC1, gene are linked to this disease
(Chan et al. 2003). Malin has a classical RING-HC finger and six NHL repeat
domains, which are protein-protein interaction domains (Slack and Ruvkun
1998). It localizes to the ER, and to a lesser extent to the nucleus, and it was
present in all tissues tested (Chan et al. 2003). Two variant transcripts are
being made, and close homologs are present in other vertebrates. Besides
Malin, Laforin has also been linked to Lafora disease. Laforin is an ER-
localized protein tyrosine phosphatase (Minassian et al. 1998, 2001). Judging
from the ER associated accumulations that resemble features of Alzheimer’s
and Parkinson’s diseases, it seems likely that Malin acts as a ubiquitin ligase
in the degradation of ER proteins. This, however, has to be confirmed.

3
Substrate Specificity, Functional Redundancy, and Flexibility
of Ubiquitin Ligases

Based on the data reviewed in the preceding paragraphs, one could conclude
that E3 enzymes do not seem to be specific for either cytosolic or ER-associated
substrates. Although it is tempting to speculate that ER-localized ubiquitin
ligases such as Hrd1p, HRDI, and gp78 specifically induce the degradation of
ER proteins, this may not be the case. This is illustrated by the degradation
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of cytosolic MATa2 under influence of the ER-integrated ubiquitin ligase
DoalOp (Swanson et al. 2001). On the other hand, cytosolically localized E3
enzymes such as Rsp5p, CHIP, and Parkin are not restricted to the degradation
of cytosolic proteins alone, but also serve a number of ER substrates. In this
context, it is important to realize that the degradation of ER proteins involves
two consecutive steps, i.e., dislocation and proteasomal degradation, each
of which may be catalyzed by different E3 enzymes. Thus, there may be no
formal difference between genuine cytosolic substrates and ER substrates
that have been dislocated to the cytosol. This hypothesis may explain the
observed involvement of cytosolically localized E3 ligases in the degradation
of ER proteins.

The reviewed data also indicate that ubiquitin ligases have redundant
functions, i.e., one protein can be degraded by a number of different E3
ligases. As described in earlier sections, CD3-6 can be degraded by HRD1
as well as by Gp78. Pael-R degradation is stimulated by both Parkin and
CHIP, and possibly by HRD1. TCR-« can be targeted for degradation by Fbx2,
Fbx6, and HRD1 ligases. CFTR degradation is influenced by CHIP and by the
SCF™slligase. The observed redundancy supposedly protects cells from the
accumulation of misfolded proteins when one E3 enzyme cannot cope with
the amount of substrate, or has otherwise become dysfunctional.

Besides having redundant functions, E3 ligases seem to be flexible with
respect to their substrate populations. Ectopically expressed proteins that are
foreign to the cell can still be served by one or more E3 ligases (Gnann et al.
2004), suggesting that substrate recognition may be flexible, responding to
unique new requirements.

Flexibility is also illustrated by the fact that an E3 ligase can be forced to
change its substrate population by binding another protein. B-TrCP, an SCF
linked F-box protein, can be modified by HIV encoded Vpu to recognize
CD4 and cause its ubiquitination, while CD4 is not normally a substrate of
SCFPTCP | Also the HECT domain-containing ubiquitin ligase E6-AP does not
normally degrade p53, but is forced to do so when it binds the oncoprotein
E6 of human papilloma virus (Hengstermann et al. 2001).

4
Other Proteins with a Role in Endoplasmic Reticulum Degradation,
Which May Interact with the Ubiquitination Machinery

The discovery of the degradation mechanism of ER proteins opened anew field
of fundamental research. In addition, the finding that many common human
diseases are linked to disturbed degradation of ER proteins has resulted in
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a substantial increase in publications on this subject in the past few years.
After it was realized that the proteasome takes part in the degradation of
ER proteins, an array of other proteins have recently been implicated in this
degradation pathway. Below, a number of proteins are described that may
cooperate with the ubiquitin enzymes discussed in this review to dislocate
and degrade proteins from the ER.

In yeast, Hrd1lp associates with Hrd3p, which assures Hrdlp’s stability
(Gardner et al. 2000). Hrd1p is autoregulated by self-ubiquitination and sub-
sequent degradation. However, this is prevented by the presence of Hrd3p.
Hrd3p somehow senses the presence of substrates at the lumenal side of the
ER membrane and binds Hrdlp via the transmembrane region (Gardner et
al. 2000). In humans, a homolog of Hrd3p has been identified, named SELIL,
which is highly expressed in the pancreas (Cattaneo et al. 2001). The sell gene
is conserved in many species, suggesting an important function (Biunno et
al. 2002). Lowered expression of SEL1L in breast and pancreatic cancers is
correlated with dramatic prognoses, suggesting that SELIL inhibits tumor
growth and aggressiveness (Orlandi et al. 2002; Cattaneo et al. 2003, 2004).
Like HRD1, SEL1L is up-regulated as a result of ER stress, which may implicate
that SEL1L indeed has a role in the degradation of ER proteins (Kaneko and
Nomura 2003).

A factor that has been implicated in the degradation of all ER degradation
substrates tested to date is the P97-Ufd1-Nlp4 complex (Ye et al. 2001; Jarosch
et al. 2002; Rabinovich et al. 2002; Ye et al. 2003; Elkabetz et al. 2004). In
yeast and mammalians, p97 is a cytosolic AAA-ATPase that binds to Ufd1 and
Nlp4. In this configuration, p97 recognizes ubiquitinated as well as nonubiq-
uitinated substrates at the ER membrane (Meyer et al. 2002; Ye et al. 2003).
The ATPase activity of p97 is essential for the dislocation of ER proteins to
the cytosol (Ye et al. 2003).

On their way to the cytosol, ER degradation substrates lose their N-linked
glycans by the activity of a specialized peptide:N-glycanase located in the cy-
tosol (Suzuki et al. 1998; Hirsch et al. 2003; Blom et al. 2004; Katiyar et al. 2004).

Derlin-1, the mammalian homolog of S. cerevisiae protein Derlp, also
participates in the complex at the ER membrane that directs the dislocation
of ER proteins (Ye et al. 2004; Lilley and Ploegh 2004). Derlin-1 binds to VIMP,
a membrane-bound protein that recruits the p97-Ufd1-Nlp4 complex (Ye et
al. 2004). Derlin-1 seems to be important only to a subset of ER degradation
substrates, as is the case with its yeast homolog Der1p (Taxis et al. 2003; Lilley
and Ploegh 2004).

HERP is another protein with a role in the degradation of ER proteins
and neutralization of ER stress (Hori et al. 2004). This protein is anchored in
the ER membrane and contains an N-terminal ubiquitin-like (UBL) domain.
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HERP is significantly up-regulated upon ER stress due to UPR recognition
sequences (both ERSE and ERSE II) in its promotor (Kokame et al. 2000; van
Laar et al. 2000; Yamamoto et al. 2004; Hori et al. 2004). It also reacts to other
forms of cellular stress such as amino acid deprivation, dsRNA expression as
a result of viral infections, and heme deficiency (Ma and Hendershot 2004).

The recognition by the proteasome of a substrate that has been dislo-
cated, deglycosylated, and ubiquitinated, is facilitated by RAD23, Ufd2, Rpn10,
and/or Dsk2p in yeast. These proteins each contain ubiquitin-binding do-
mains with which they bind ubiquitin-conjugated proteins and escort them
from the ER membrane to the proteasome. (Wilkinson et al. 2001; Chen and
Madura 2002; Elsasser et al. 2004; Verma et al. 2004; Richly et al. 2005).

It is likely that the factors described here form complexes that coordinate
dislocation, deglycosylation, and ubiquitination of substrates, and target them
for degradation by the proteasome. The stoichiometry and the precise mode
of action of this multicomponent assembly remain to be established.
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Abstract Quality control mechanisms in the endoplasmic reticulum prevent deploy-
ment of aberrant or unwanted proteins to distal destinations and target them to
degradation by a process known as endoplasmic reticulum-associated degradation,
or ERAD. Attempts to characterize ERAD by identifying a specific component have
revealed that the most general characteristic of ERAD is that the protein substrates
are initially translocated to the ER and eventually eliminated in the cytosol by the
ubiquitin-proteasome pathway. Hence, dislocation from the ER back to the cytosol
is a hallmark in ERAD and p97/Cdc48p, a cytosolic AAA-ATPase that is essential for
ERAD, appears to provide the driving force for this process. Moreover, unlike many
ERAD components that participate in degradation of either lumenal or membrane
substrates, p97/Cdc48p has a more general role in that it is required for ERAD of
both types of substrates. Although p97/Cdc48p is not dedicated exclusively to ERAD,
its ability to physically associate with ERAD substrates, with VIMP and with the E3
gp78 suggest that the p97/Cdc48UMd/NP complex acts as a coordinator that maintains
coupling between the different steps in ERAD.
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Abbreviations

ALLN N-acetyl-leucyl-leucyl-norlecinal

CFTR Cystic fibrosis conductance transmembrane regulator
CPY* Carboxypeptidase Y*

ER Endoplasmic reticulum

ERAD ER-associated degradation

Hmg2p Yeast 3-hydroxy-3-methylglutaryl-coenzyme A reductase
HMG-CoA Mammalian 3-hydroxy-3-methylglutaryl-coenzyme A reductase
reductase

MHC Major histocompatibility complex

MG-132 Carboxybenzyl-leucyl-leucyl-leucinal

UPR Unfolded protein response

1

Characteristics of Endoplasmic Reticulum-Associated Degradation

Quality control mechanisms, which operate in the endoplasmic reticulum
(ER) and prevent deployment of aberrant or unwanted proteins to distal des-
tinations in the secretory pathway, were recognized in the late 1980s (Klaus-
ner and Sitia 1990; Klausner et al. 1990; Hammond and Helenius 1994). It
was also evident that such misfolded or unassembled proteins are eventu-
ally degraded prior to the Golgi (Chen et al. 1988). However, it was only
in 1995 that the ubiquitin-proteasome pathway has been implicated in this
degradation, thanks to studies on the intracellular fate of the cystic fibrosis
conductance transmembrane regulator (CFTR) (Ward et al. 1995; Jensen et al.
1995). The involvement of the ubiquitin-proteasome pathway, which islocated
in the cytoplasm and nucleoplasm, indicates that substrates must be dislo-
cated from the ER back to the cytosol in order to be conjugated to ubiquitin
and eliminated by the proteasome (Kopito 1997; Riezman 1997; Bonifacino
and Weissman 1998). Attempts to characterize this process, known as ER-
associated degradation or ERAD, by identifying a specific ERAD component,
have revealed that the most general characteristic of ERAD is that the protein
substrates are initially translocated to the ER and eventually eliminated in the
cytosol by the ubiquitin-proteasome pathway.

1.1
The Proteasome

The role of proteasome as the executing protease in ERAD is well estab-
lished. The yeast ERAD substrate carboxypeptidase Y* (CPY*) is stabilized
in various mutant alleles of the 20S core particle (e.g., prel-I, pre2-2, pre2-
K108R, pre3-T20A, pre4-1) (Heinemeyer et al. 1991, 1997; Hiller et al. 1996),
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many mammalian ERAD substrates are stabilized in the presence of a va-
riety of drugs that block the proteolytic activity of the proteasome (Rock
et al. 1994; Bogyo et al. 1997), and the 26S proteasome is implicated in the
degradation of the yeast 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(Hmg2p) (Hampton et al. 1996). The ATPases of the 19S regulatory particle
are also involved in ERAD, as shown mostly by studies of yeast mutants (e.g.,
cim5-1, rptlS, rpt2RF, rpt4R, rpt5S, cim3-1) (Rubin et al. 1998; Mayer et al.
1998; Jarosch et al. 2002; Hiller et al. 1996; Hill and Cooper 2000). For example,
CPY* is stabilized in rpt4R and rpt5S, but not in rpt2RF (Jarosch et al. 2002).
However, degradation by the proteasome cannot serve as a hallmark of ERAD,
since the proteasome is the major proteolytic system also in the degradation
of cytosolic and nuclear proteins. The possibility that distinct proteasome
subunits are engaged in ERAD or in cytosolic/nuclear degradation has yet
to be explored, especially in light of the findings that a subpopulation of the
proteasome is bound to the ER (Rivett 1998; Enenkel et al. 1998; Hori et al.
1999; Brooks et al. 2000; Hirsch and Ploegh 2000; Elkabetz et al. 2004), and
the suggested role of the proteasome, including its Cim5/Rptlp and Rptdp
ATPases, in the extraction of ERAD substrates from the ER (Mayer et al. 1998;
Jarosch et al. 2002; Elkabetz et al. 2004) (see below).

1.2
E3 Ubiquitin Ligases

Attempts have been made to characterize ERAD by ER-localized E2 ubiquitin
conjugating enzymes, by ER-localized E3 ubiquitin ligases, or by their combi-
nations. However, with the growing number of recognized ERAD substrates,
it is becoming evident that, just like with ubiquitination of proteins in gen-
eral, the combinations of cognate E2s and E3s are determined by the substrate
proteins (Cyr et al. 2002). For example, the Hrd1p/Der3p is a transmembrane
protein localized to the ER with a cytosol-facing RING-H2 domain and E3 ac-
tivity that functions in a complex with Hrd3p. For several years, Hrd1p/Der3p-
Hrd3p was considered to be the E3 that characterizes ERAD in yeast, because
it was shown to be essential for the metabolically regulated degradation of
the membrane protein Hmg2p, as well as for the degradation of the lumenal
protein CPY* (Hampton et al. 1996; Bordallo et al. 1998). Subsequently, it
was shown that ERAD could proceed without Hrd1p/Der3p (Wilhovsky et al.
2000), that the degradation of unassembled Vphlp, a membrane subunit of
the yeast V-ATPase, is independent of Hrd1p/Der3p (Hill and Cooper 2000),
and even the degradation of CPY* may occur in a HRD/DER-independent
HIP pathway, relying instead on the HECT domain E3 Rsp5 (Haynes et al.
2002).
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An additional ER-localized transmembrane RING-H2-containing E3 im-
plicated in ERAD is DoalOp/Ssm4p. Although DoalOp has been identified via
its role in the degradation of soluble substrates such as Mata2 or any DeglI-
bearing proteins and is not involved in the ERAD of CPY*, DoalOp is the E3
in the ERAD of Ste6p*, a multispanning membrane protein with a cytosolic
mutation, and of Pmal-D387N mutant (Swanson et al. 2001; Huyer et al. 2004;
Wang and Chang 2003). Moreover, the severe effect of the doal0A/hrd1A dou-
ble mutant on ERAD suggests that these two E3s have overlapping functions
that include ERAD (Swanson et al. 2001). It appears that Hrd1p/Der3p-Hrd3p
is dedicated to soluble lumenal ERAD substrates or to membrane substrates
with lumenal recognition motifs, whereas DoalOp is specific for membrane
ERAD substrates with cytosolic recognition motifs (Taxis et al. 2003; Huyer
et al. 2004; Vashist and Ng 2004). Yet Hrd1p was discovered via stabilization
of Hmg2p, a polytopic membrane protein whose recognition motif appears
to be scattered throughout its membrane region, including within the trans-
membrane spans (Hampton et al. 1996; Gardner and Hampton 1999), and
the degradation of the polytopic membrane CFTR expressed in yeast requires
Hrdlp/Der3p and DoalOp ubiquitin ligases (Gnann et al. 2004).

HRDI, the putative human ortholog of the yeast Hrdlp, is also an ER-
resident protein with a cytosolic RING-H2 domain and an E3 activity (Kaneko
et al. 2002; Nadav et al. 2003; Kikkert et al. 2004). HRD1 has been implicated
in degradation of unfolded proteins that accumulate in the ER (Kaneko et al.
2002), although it is not involved in the sterol-accelerated degradation of the
mammalian 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA
reductase) (Nadav et al. 2003; Kikkert et al. 2004). On the other hand, HRD1
takes part in the basal degradation of HMG-CoA reductase, as well as in the
elimination of TCRa and CD3-§, two model substrates for ERAD in mam-
malian cells (Kikkert et al. 2004). Interestingly, CD3-§ is also recognized as the
substrate of gp78 (also known as tumor autocrine motility factor receptor),
another ER-embedded RING E3 in mammalian cells (Fang et al. 2001). Addi-
tional mammalian E3s that were implicated in ERAD are Parkin and the F-box
proteins Fbx2/Fbsl and Fbs2. Parkin is the E3 of the Pael receptor, another
ERAD substrate (Imai et al. 2001) and Fbx2 and Fbs2 recognize N-glycans
via their F-box motifs and participate in ubiquitination of glycoproteins in
general, and in ERAD of TCRa in particular (Yoshida et al. 2002, 2003). CHIP,
a chaperone-dependent ubiquitin protein ligase, represents the U-box pro-
teins, another class of E3 enzymes that may contribute to ERAD. CHIP binds
Hsc70 and Hsc90 via its N-terminal TRP domain and turns these molecular
chaperones into protein degradation factors. Through its C-terminal U-box,
a modified form of the RING domain, CHIP promotes polyubiquitination of
chaperone-bound substrates (e.g., CFTR) and targets them to proteasomal
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degradation (Meacham et al. 2001; Cyr et al. 2002). In addition, CHIP regu-
lates Parkin activity by facilitating the Parkin-mediated ubiquitination of the
Pael receptor (Imai et al. 2002). Finally, the recently discovered co-chaperone
HspBP1 attenuates the ubiquitin ligase activity of CHIP when complexed
with Hsc70 and consequently interferes with the CHIP-induced degradation
of CFTR (Alberti et al. 2004). Hence, it appears that ERAD cannot be defined
by a specific E3, since several E3s may recognize the same ERAD substrate
and different ERAD substrates are recognized by distinct E3s.

13
E2 Ubiquitin Conjugating Enzymes

Defining ERAD by the E2 ubiquitin conjugating enzymes is no less con-
tusing. Initially, Ubc6p and Ubc7p were implicated in yeast as the E2s re-
sponsible for ERAD of many substrates, including CPY*, Hmg2p, Sec61-2p,
Ste6-166p, Pdr5*, and Fur-430Np (Biederer et al. 1996; Hiller et al. 1996;
Hampton and Bhakta 1997; Galan et al. 1998; Loayza et al. 1998; Plemper et
al. 1998). This finding was especially attractive because Ubc6p is anchored
in the ER membrane and Ubc7p is recruited to the ER membrane by Cuelp
(Sommer and Jentsch 1993; Biederer et al. 1997). Furthermore, Ubc6p and
Ubc7p were shown to collaborate with the two major E3s implicated in ERAD,
Hrd1p/Der3p (Bays et al. 2001a) and DoalOp (Swanson et al. 2001). However,
it is now evident that Ubc6p plays only a minor role, if any, in ERAD, whereas
the major contributors to ERAD are the soluble Ubclp and the ER recruit
Ubc7p (Friedlander et al. 2000; Bays et al. 2001a). However, the Hrd1p/Der3p-
independent degradation of the unassembled Vphlp is also not affected in a
ubc6Aubc7A double mutant (Hill and Cooper 2000). Moreover, as discussed
above, the degradation of CPY* by the HRD/DER-independent HIP pathway
involves Rsp5 (Haynes et al. 2002), a HECT domain E3 that appears to collabo-
rate with the Ubc4/Ubc5 subfamily of E2s (Gitan and Eide 2000). Interestingly,
Ubc4p and possibly Ubclp and Ubc2p are implicated in the degradation of
the unassembled Vphlp, since this substrate is stabilized in ubcI ubc4 or ubc2
ubc4 double mutants (Hill and Cooper 2000).

MmUBC6 and MmUBC?7, the mammalian homologs of Ubc6 and Ubc7,
are E2 enzymes that form thiol ester bond with ubiquitin in the presence of E1
(Tiwari and Weissman 2001). Again, MmUBCS6 is a transmembrane protein
anchored to the ER membrane, and although MmUBC?7 is not an integral
membrane protein, it is also localized to the ER (Tiwari and Weissman 2001).
Involvement in ERAD has been shown only for MmUBC?7, where its C89S mu-
tant acts in a dominant negative fashion and delays the degradation of TCRa
and CD3-8 (Tiwari and Weissman 2001). Finally, the question of whether
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ERAD can be defined by specific E2 or E3 or a set of cognate E2s and E3s has
been further complicated by a recent paper describing two pathways for the
degradation of CD4 in yeast (Meusser and Sommer 2004). In HIV-infected T
cells, CD4 elimination by ERAD is triggered by the HIV-encoded Vpu, whose
phosphorylated form is recognized by the F-box E3 fTrCP. When expressed in
yeast, CD4 s eliminated by the cellular ERAD, involving Ubc7p, Ubclp, Hrd1p,
and Hrd3p. However, in hrd3A yeast strain, CD4 is stabilized unless Vpu and
BTrCP are also co-expressed. Under these conditions, the degradation of CD4
no longer depends on Ubc7p or Hrd1p (Meusser and Sommer 2004).

1.4
The Vesicular Transport Dependence or Different Routes to ERAD for Lumenal
and Membrane Substrates

Another complexity in the definition of the ERAD pathway is whether the sub-
strate must exit the ER by vesicular transport before it dislocates to the cytosol,
since one of the hallmarks of ER protein degradation in the early studies was
that it occurs regardless of vesicular traffic (Stafford and Bonifacino 1991). In
our study in B cells on the degradation of ps, the heavy chain of the secretory
IgM (sIgM), we were the first to describe that the vesicular exit of this lumenal
substrate from the ER is a prerequisite for its degradation. Our biochemical
data were based on inhibition of vesicular transport by a temperature block,
by drugs such as brefeldin A or by cell permeabilization (Amitay et al. 1991,
1992; Rabinovich et al. 1993; Winitz et al. 1996). Recently, genetic data in yeast
have indicated that genes involved in ER-to-Golgi vesicular transport, such
as SEC12, SECI18, and ERV29, are required for ERAD of lumenal substrates
such as CPY* and PrA*, but not for ERAD of membrane substrates (Caldwell
et al. 2001; Vashist et al. 2001; Haynes et al. 2002; Spear and Ng 2003). A very
recent report extends the requirement for vesicular transport to membrane
ERAD substrates with lumenal recognition motifs (Vashist and Ng 2004). Al-
though the purpose of this vesicular journey is not yet clear, it adds a level of
complexity to the definition of ERAD. In fact, the studies in yeast suggest that
the vesicular transport is essential only for getting rid of excess CPY*, above
the levels that saturate the vesicular transport-independent ERAD (Haynes
et al. 2002; Spear and Ng 2003). Our data in B-lymphocytes suggest that the
vesicular transport is related to the differentiation of pre-B cells, which do
not express any conventional Ig light chain, to light chain-expressing B-cells.
We have shown that transport blockers attenuate ps degradation only when
this Ig heavy chain is assembled with conventional light chains (Elkabetz et
al. 2003) (see Fig. 1). Nonetheless, both pathways of ps degradation converge
at the ubiquitin-proteasome pathway (Elkabetz et al. 2003) (see Fig. 2).



The Role of p97/Cdc48p in Endoplasmic Reticulum-Associated Degradation 101

no LPS + LPS

none BFA dig none BFA dig
Time(h)o 1 301 3013 013013013

e b LR L

12 3 4 5 6 7 8 9 10 11 12 13 14 15 1617 18

no LPS + LPS
100
= I
2
5 50 50
£
g
B
0 1 2 3 0 1 2 3
Time (h) Time (h)

Fig. 1 Degradation of p heavy chains depends on vesicular transport only upon
expression of k light chain. 70Z/3 pre-B cells stimulated (18 h) with (+ LPS, closed
symbols) or without (no LPS, open symbols) lipopolysaccharide were pulse-labeled
(10 min) with 3°S-methionine and chased for the indicated time either in vivo as
intact cells with (BFA, squares) or without (none, circles) brefeldin A, or in vitro
following permeabilization with digitonin (dig, triangles). Immunoprecipitated
IgM was resolved by reducing SDS-PAGE and detected by autoradiography. y, p
heavy chains. *S-labeled p was quantified by densitometry (five independent in
vivo experiments and two independent in vitro experiments) and remaining p was
calculated as a percentage of its level at the end of the pulse (100%). (From Elkabetz
et al. 2003; courtesy of The Journal of Biological Chemistry)

1.5
The Translocon

Since all ERAD substrates are initially translocated into the ER through a pro-
teinaceous channel, the Sec61 translocon, and are eventually eliminated in
the cytosol by the ubiquitin-proteasome pathway, dislocation is a hallmark
of ERAD. Yet, the putative channel through which ERAD substrates are dislo-
cated back to the cytosol, the dislocon, has not been fully defined. Biochemical
evidence in mammalian cells (Wiertz et al. 1996) and genetic data in yeast
(Pilon et al. 1997; Plemper et al. 1997; Zhou and Schekman 1999; Wilkin-
son et al. 2000; reviewed in Romisch 1999) suggest that the Sec61 translocon
also functions as the dislocon. However, the ERAD of Ste6p*, unlike CPY*
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Fig.2a,b Ubiquitination of p is detected upon proteasome inhibition in pre-B and B
cells, yet it is inhibited by brefeldin A only in B cells. 38C B cells (a) or 70Z/3 pre-B cells
stimulated (18 h) with (+) or without (-) lipopolysaccharide (LPS) and pulse-labeled
(5 min) with 3*S-methionine (b), were either incubated or chased (4 h) with (+) or
without (-) proteasome inhibitor (ALLN), transport blocker [brefeldin A (BFA)], or
both. Immunoprecipitated IgM (IP: IgM; a, lanes 1-4; b, lanes 1-8), and total proteins
from cell extracts (a, 1%, lanes 5-8; b, 10%, lanes 9-16), were resolved by reducing
SDS-PAGE, electroblotted, and the blot was autoradiographed (**S; b, lanes 1-8, middle
panel) and then probed with a mouse antiubiquitin antibody followed by a horseradish
peroxidase (HRP)-conjugated anti-mouse antibody (anti-Ub; a; b, lanes 1-8, upper
panel) and reprobed with an HRP-conjugated anti-p antibody (anti-y; b, lanes 1-8,
lower panel) and the HRP was visualized by enhanced chemiluminescence (ECL).
Arrow, the migration of p heavy chains, as detected by an anti-p antibody. (From
Elkabetz et al. 2003; courtesy of The Journal of Biological Chemistry).

degradation, does not appear to involve the Sec61p, but similar to CPY¥,
may depend on the Sec61p homolog Sshlp (Huyer et al. 2004). Recent data
implicate Derlin-1, the mammalian homolog of the yeast Derl (Knop et al.
1996), as a candidate to play a role in dislocation (Ye et al. 2004; Lilley and
Ploegh 2004). Derlin-1 associates with different ERAD substrates, with p97
(see below), and with US11, a human cytomegalovirus protein that targets
the major histocompatibility complex (MHC) class I heavy chain to ERAD
(Ye et al. 2004; Lilley and Ploegh 2004). Moreover, Derlin-1 is required for
the US11-catalyzed but not for the US2-mediated degradation of MHC class
I heavy chain, and inactivation of Derlin-1 in Caenorhabditis elegans causes
ER stress (Ye et al. 2004; Lilley and Ploegh 2004). However, although inac-
tivation of Derl in yeast stabilizes ERAD substrates, it appears that DERI
is essential only for ERAD of soluble lumenal substrates but dispensable for
degradation of membrane substrates, even if they carry a lumenal recogni-
tion motif (Taxis et al. 2003; Vashist and Ng 2004). Finally, DoalOp is another
attractive candidate to play a role in dislocation, because this E3 is anchored
in the ER membrane via 14 predicted transmembrane segments (Swanson et
al. 2001). Regardless of the actual nature of the dislocon, the dislocation is
a fundamental process in ERAD and as such, chaperones at both sides of the
ER membrane should provide the driving force to push or pull the substrate
back to the cytosol.
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1.6
Lumenal Chaperones

Lumenal chaperones are predicted to play a role in the delivery of substrates
to the dislocon. The lumenal soluble PDI (protein disulfide isomerase) ap-
pears to play a key role in this process (Gillece et al. 1999; Tsai et al. 2001).
The calnexin cycle, which relies on reglucosylation by UDP-glucose glycopro-
tein glucosyltransferase, also plays an important role in ERAD (Hebert et al.
1995; Ellgaard and Helenius 2003). However, in yeast there is no equivalent of
glucosyltransferase and although CNX is required for the degradation of the
nonglycosylated pro-a-factor, this ER lectin appears dispensable for the ERAD
of CPY* (McCracken and Brodsky 1996). The distinction between membrane
and lumenal ERAD substrates, which is illustrated above with respect to vesic-
ular transport and the E3s, can be extended to chaperones that participate in
ERAD. Membrane ERAD substrates may be recognized through motifslocated

>
Fig.3a-g Ubiquitinated ps accumulates at the cytosolic face of ER in association with
microsome-bound proteasome and p97. 38C B cells incubated without (none) or with
proteasome inhibitors (ALLN, MG [MG-132; carboxybenzyl-leucyl-leucyl-leucinal]),
were disrupted, treated with (+) or without () trypsin, and P10 (P) and S200 (S) frac-
tions were separated by centrifugation. Immunoprecipitated IgM (IP: anti-y; a) or total
lysates (c, 20%) were resolved by reducing SDS-PAGE and electroblotted proteins were
probed (IB) and reprobed with the indicated antibodies: anti-, anti-BiP, antiubiquitin
(anti-Ub), anti-p97, anti-proteasome o subunit (anti-a), conjugated to HRP or fol-
lowed by HRP-conjugated secondary antibodies. b Immunoprecipitates (IP) obtained
in parallel with anti-p or anti-BiP from cells or fractions were resolved by nonreducing
(upper panel) or reducing (lower panel) SDS-PAGE and electroblotted proteins were
probed with an HRP-conjugated anti-p antibody (IB: anti-u). d ps (a, upper panel)
was quantified by densitometry in the various fractions [cytosolic, lumenal (trypsin-
resistant) or dislocated (trypsin-sensitive)] and calculated as a percentage of its sum
(100%) in the various fractions in each treatment (none, ALLN, MG). The data are the
mean of three independent experiments. e Microsomal ps was calculated as a percent-
age of its level in microsomes from cells incubated with no inhibitors that were not
treated with trypsin (100%). The data are the mean of three independent experiments.
f P10 microsomes were resuspended in 0.5 M KCl and wash supernatant and washed
microsomes were separated by centrifugation, proteins were resolved by reducing
SDS-PAGE, electroblotted, probed with an anti-p antibody (IB: anti-p; upper panel)
and reprobed with an anti-BiP antibody (IB: anti-BiP; lower panel). g Levels of BiP, pro-
teasome o subunit and p97 that co-precipitated with pu from microsomes of untreated
(none) or proteasome-inhibited cells (ALLN, MG-132) that were treated with (+) or
without (-) trypsin (all panels in a), were quantified by densitometry. The values repre-
sent the fold increase above untreated cells, which were set as 1. The data are the mean
of three independent experiments. The HRP was visualized by ECL. y, free p heavy
chain; pyx, hemimers; pk2, monomers; yis, secretory p; ym, membrane y; Ub-y, ubiqui-
tinated p. (From Elkabetz et al. 2004; courtesy of The Journal of Biological Chemistry)
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in the cytosol, in the ER lumen, or even within the membrane spans, whereas
lumenal ERAD substrates must be recognized only in the ER lumen. Therefore,
it is not surprising that distinct sets of chaperones are implicated in ERAD
of lumenal or membrane substrates. For example, the major lumenal Hsp70
Kar2p/BiP is required for dislocation and degradation of the lumenal ERAD
substrates CPY* and the variant a1PiZ of a1 antitrypsin when expressed in
yeast, while this chaperone is dispensable for the degradation of membrane
ERAD substrates such as recombinant type I membrane proteins carrying
CPY* as a lumenal recognition motif, Ste6p*, unassembled Vphlp and CFTR
when expressed in yeast (McCracken and Brodsky 1996; Plemper et al. 1997;
Taxis et al. 2003; Huyer et al. 2004; Brodsky et al. 1999; Hill and Cooper 2000).
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Likewise, the ER lumenal DnaJ-like proteins Jem1p and Scjl1p collaborate with
Kar2p in preventing aggregation and facilitating degradation of lumenal sub-
strates such as CPY¥, yet they are not involved in the ERAD of membrane
substrates such as Sec61-2p, the temperature-sensitive unstable mutant form
of Sec61p (Nishikawa et al. 2001). Association of BiP with mammalian ERAD
substrate has been reported for the pro-parathyroid hormone-related peptide
(Meerovitch et al. 1998). Our results in mammalian B cells indicates that in ad-
dition to the well-established role of BiP in Ig assembly (Hendershot 1990; Lee
et al. 1999), this lumenal molecular chaperone also participates in the ERAD
of the lumenal ps heavy chain (Elkabetz et al. 2004). Although BiP is displaced
from its stable binding to Ig heavy chains by conventional light chains (Hen-
dershot 1990; Lee et al. 1999), in B cells that express light chains in abundance,
BiP still binds s, although this heavy chain is already assembled with conven-
tional light chains. Under these conditions, BiP does not bind pm, the stable
heavy chain of the membrane form of IgM (Elkabetz et al. 2004) (see Fig. 3b).

1.7
Cytosolic Chaperones

By analogy to the role of lumenal ATPases such as BiP/Kar2p in translocation
of nascent proteins to the ER (Vogel et al. 1990; Matlack et al. 1999), cytosolic
ATPases are predicted to provide the driving force for pulling ERAD substrates
back to the cytosol. Indeed, cytosolic Hsp70 is required for the ERAD of
the membrane CFTR expressed in yeast, yet Hsp70, Hsp40, or Hsp104 are
dispensable for the ERAD of the lumenal CPY*, although these cytosolic
chaperones are involved in the degradation of two type I membrane ERAD
substrates carrying CPY* as a lumenal recognition motif (Zhang et al. 2001;
Taxis et al. 2003). Similarly, the major cytosolic Hsp70 Ssalp is not required
for the degradation of the lumenal a1PiZ variant expressed in yeast (Brodsky
and McCracken 1999). Ssalp and the Hsp40 co-chaperones Ydjlp and Hljlp
are also dispensable for the ERAD of lumenal CPY*, yet are involved in the
ERAD of the membrane Ste6p* (Huyer et al. 2004). Finally, cytosolic Hsp70
and Hsp90 are involved in the in vivo and in vitro degradation of human
apoprotein B48 (Gusarova etal. 2001). A remarkable addition to the repertoire
of cytosolic ATPases that play a role in ERAD has been recently contributed by
several groups, who discovered that the cytosolic p97/Cdc48p is an essential
ERAD componentbothin yeastand in mammalian cells (Bays et al. 2001b; Ye et
al.2001; Rabinovich etal. 2002; Jarosch et al. 2002; Braun etal. 2002). This AAA-
ATPase has multiple roles and in order to function in ERAD, it collaborates
with Ufd1p and Npl4p and functions as p97/Cdc48V4!/Npl complex (Bays et
al. 2001b; Ye et al. 2001; Jarosch et al. 2002; Braun et al. 2002).
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2
The p97/Cdc48p and ERAD

2.1
The Secretory IgM and its ps Heavy Chain as a Model Mammalian Lumenal ERAD
Substrate

We showed in the early 1990s that the secretory form of IgM (sIgM) is rapidly
degraded in B cells (Amitay et al. 1991). The degraded ps heavy chains are
already assembled with the conventional light chain x, but do not form the
secreted polymers (Shachar et al. 1992). Biochemical analyses have revealed
that the degradation of ps is nonlysosomal and occurs prior to the trans-Golgi
(Amitay et al. 1991). Hence, it appeared to comply with the characteristics
of ER degradation as it was known in the early 1990s (Klausner and Sitia
1990; Klausner et al. 1990; Hammond and Helenius 1994). However, ps is
unique because it is a soluble lumenal protein, while most substrates of ER
degradation that were studied in mammalian cells were membrane proteins.
Indeed, already in 1992 we showed that the degradation of us requires vesic-
ular transport, since it is attenuated by brefeldin A or in permeabilized cells
(Amitay et al. 1992; Winitz et al. 1996). Moreover, the degradation of us can-
not be considered as an elimination of an aberrant protein, since the same ps
molecule is efficiently secreted from plasma cells (Amitay et al. 1991; Shachar
etal. 1992). Nonetheless, the first indication that ps is degraded by the protea-
some was provided already in 1992, when ps was stabilized in the presence of
N-acetyl-leucyl-leucyl-norlecinal (ALLN), then considered as an inhibitor of
calpain or of cysteine proteases (Amitay et al. 1992). Subsequently, we showed
that ps is indeed a bona fide lumenal ERAD substrate, which is handled by
the ubiquitin-proteasome pathway (Elkabetz et al. 2003) (see Fig. 2).

As discussed above, recent genetic findings in yeast (Caldwell et al. 2001;
Vashist et al. 2001; Haynes et al. 2002; Spear and Ng 2003; Vashist and Ng 2004)
corroborate our initial biochemical findings in B cells (Amitay et al. 1992),
demonstrating that ERAD of soluble lumenal substrates depends on vesicu-
lar transport. Nonetheless, unlike the suggestion that vesicular transport is
required only to handle an excess of CPY* (Haynes et al. 2002; Spear and Ng
2003), in the case of ps the vesicular transport is tightly linked to its assembly
status (Rabinovich et al. 1993; Winitz et al. 1996), which is correlated with the
differentiation stage of the B lymphocytes (Elkabetz et al. 2003). We showed
that assembly with conventional light chains diverts ps degradation from
a vesicular transport-independent to a vesicular transport-dependent pro-
cess (Elkabetz et al. 2003) (see Fig. 1). Nonetheless, both routes comply with
the characteristics of ERAD, as they converge at the ubiquitin-proteasome
pathway (Elkabetz et al. 2003) (see Fig. 2). Interestingly, in the case of us,
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the vesicular transport blocker brefeldin A also attenuates the ubiquitination
of ps, but only upon assembly with light chains, indicating that the vesicular
transport is a prerequisite for ubiquitination (Elkabetz et al. 2003) (see Fig. 2).

2.2
The Discovery of p97/Cdc48p as an Essential Component in ERAD

Our study on the ERAD substrate ps in B cells, in comparison with the stable
and secreted ps in plasma cells, allows us to search for components that play
aspecific role in ERAD. One such example is the ER lumenal chaperone BiP. As
discussed above, despite its well-established role in Ig assembly, BiP is found
in association only with the ERAD substrate ps, but not with the stable pm,
and this interaction is not counteracted by the excess light chains in B cells
(Elkabetz et al. 2004) (see Fig. 3b). Moreover, because ps is a lumenal ERAD
substrate, it enables us to look for cytosolic factors that interact specifically
with the dislocated ps, subsequent to its emergence from the ER. Therefore,
we were very excited when we co-precipitated p97 with ps from B cells, but
not from plasma cells, although p97 was equally abundant in both cell types
and ps was much more abundant in the plasma cells (Rabinovich et al. 2002)
(see Fig. 4). Consequently, in collaboration with Dr. Kai-Uwe Frohlich from
Graz university, we unequivocally demonstrated in yeast cdc48 conditional
mutants (cdc48-1, cdc48-10) the stabilization of two well-established ERAD

>

Fig.4a—c p97/VCP is co-precipitated with unstable us in B-cells. a 38C B cells were lysed
in the absence (-) or presence (+) of cross-linking reagent (disuccinimidyl suberate,
DSS). IgM and IgM-containing cross-linked complexes were immunoprecipitated with
goat anti-IgM antibodies (IP: anti-IgM), resolved by SDS-PAGE, electroblotted and
probed with a rabbit anti-ps antibody followed by HRP-conjugated anti-rabbit IgG
(IB: anti-ps). The precipitated pus and ~100 kDa ps-complex are indicated. The band of
~100kDa, marked by the asterisk, was subjected to MALDI-mass spectrometry and was
identified to be p97.b IgM and proteins complexed with IgM were immunoprecipitated
from 38C B cells with goat anti-IgM antibodies (IP: anti-IgM). Immunoprecipitates
and total cell extract (5%) were resolved by SDS-PAGE, electroblotted and probed
with a mouse anti-p97 antibody followed by HRP-conjugated anti-mouse IgG (IB:
anti-p97). The pulled-down p97 is indicated. ¢ Total cell extracts (10%, right panel)
and ps and ps-associated proteins that precipitated with anti-IgM antibodies (IP: anti-
IgM, left panels), from 38C B cells, D2 plasma cells and U20S nonlymphoid cells,
were resolved by SDS-PAGE and electroblotted. Upper blots were probed with mouse
anti-p97 followed by HRP-conjugated anti-mouse IgG (IB: anti-p97) and the blot in the
left panel was reprobed with rabbit anti-us followed by HRP-conjugated anti-rabbit
IgG (IB: anti-ps). HRP was visualized by ECL. (From Rabinovich et al. 2002; courtesy
of Molecular and Cellular Biology)
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substrates, membrane 6myc-Hmg2p (see Fig. 6) and lumenal CPY* (see Fig. 5)
(Rabinovich et al. 2002). Moreover, we have shown that 6myc-Hmg2p physi-
cally interacts with Cdc48p (Rabinovich et al. 2002).

The discovery of p97/Cdc48p and its partners Ufd1p and Npl4p as essential
components in ERAD has been shared by five groups. Bays et al. identified
NPL4 as HRD4 (Bays et al. 2001b). Ye et al. showed that CPY* as well as MHC
class I heavy chain expressed in yeast are stabilized in strains that harbor
mutant alleles of Cdc48p, Ufd1p, or Npldp (cdc48-1, cdc48-3, ufdi-1, npl4-1)
(Ye et al. 2001). This group also showed that mammalian p97 and its ATPase
activity are required to facilitate the in vitro release of MHC class I heavy chain
from microsomes of US11-expressing cells, and that this in vitro process is
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Fig. 5 The ERAD of 6myc-Hmg2p is impaired in yeast cdc48 mutants. Stability of
6myc-Hmg2p was measured in strains KFY100 (wild type CDC48), KFY116 (cdc48-
1° mutation) and KFY194 (cdc48-10" mutation) expressing 6myc-Hmg2p (plasmid
pRH244). Strains RHY696 and RHY965 express integrated 6myc-Hmg2p and carry
wild type CDC48, and strain RHY965 is also hrdI1A. Following 2 h preincubation at
the indicated permissive or restrictive temperatures, cycloheximide (100 pg/ml) was
added and cells were collected at the indicated time points. Total cellular proteins
were resolved by reducing SDS-PAGE, electroblotted, probed with a mouse anti-myc
antibody followed by HRP-conjugated anti-mouse IgG and the HRP was visualized
by ECL. The blots were quantified and the remaining 6myc-Hmg2p, calculated as
a percentage of its level at the time of cycloheximide addition (100%), is plotted in
semi-logarithmic scale representing its decay. Upper panels, cdc48-1° (left) and wild
type CDC48 (right) at 20°C (A) or 30°C (OJ). Lower panels, cdc48-10" (left) and wild
type CDC48 (right) at 37°C (O) or 30°C (0J). (From Rabinovich et al. 2002; courtesy
of Molecular and Cellular Biology)

inhibited by an excess of p47, the partner that competes with Ufdlp and
Npl4p for binding to p97 (Ye et al. 2001). Using the same cdc48-1, ufdl-1,
and npl4-1 alleles, as well as expression of cdc48Y83#*4 or cdc48%°6°C plasmids
on the background of genomic CDC48 deletion, Jarosch et al. showed that
the p97/Cdc48V/NPH complex is essential for the ERAD of CPY* (Jarosch et
al. 2002). Braun et al. showed that CDC48(UFD1/NPL4) are required for the
ERAD of OLE1 (Braun et al. 2002). Since then, the p97/Cdc48Vf /NPl has been
found to be essential for ERAD of every substrate studied in yeast (e.g., Wang
and Chang 2003; Taxis et al. 2003; Medicherla et al. 2004; Gnann et al. 2004).
Hence, unlike many ERAD components that participate in degradation of
either lumenal or membrane substrates, p97/Cdc48p appears to be a common
denominator with a more general role, since it is required for ERAD of both
types of substrates.

The involvement of p97/Cdc48p in proteasomal degradation was already
reported in 1996, when the yeast CDC48 was implicated in the degradation
of UFD substrates, but not of N-end rule substrates, although both are sub-
strates of the proteasome (Ghislain et al. 1996). In 1998, the mammalian p97
was detected in a complex with the 26S proteasome and with IkBa, a cytosolic
substrate of the proteasome (Dai et al. 1998). Subsequently, it was shown that
p97 interacts directly with polyubiquitin chains, preferentially with a mini-
mal length of 4 ubiquitin units (Dai and Li 2001; Rape et al. 2001). Although
this interaction is relatively weak (Dai and Li 2001; Rape et al. 2001), it is pro-
posed to be assisted by the Ufd1p-Npl4p complex, which by itself can bind
polyubiquitin via the Npl4p zinc finger domain (Meyer et al. 2002; Wang et al.
2003). Interestingly, p97 in the context of p97/p47 complex binds monoubiq-
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Fig.6 ERAD of CPY* is impaired in yeast cdc48 mutants. Stability of CPY* was mea-
sured for integrated CPY* expressed in strains KFY100 (wild type CDC48), KFY116
(cdc48-1% mutation) and KFY194 (cdc48-10" mutation). Following 2 h preincubation
at the indicated permissive or restrictive temperatures, cycloheximide (100 pg/ml)
was added and cells were collected at the indicated time points. Total cellular proteins
were resolved by reducing SDS-PAGE, electroblotted, probed with a mouse anti-CPY
antibody followed by HRP-conjugated anti-mouse IgG and the HRP was visualized by
ECL. The blots were quantified and remaining CPY*, calculated as a percentage of its
level at the time of cycloheximide addition (100%), and plotted in semi-logarithmic
scale. Upper panels, cdc48-1° (left) and wild type CDC48 (right) at 20°C (A) or 30°C
(O). Lower panels, cdc48-10" (left) and wild type CDC48 (right) at 37°C (Q) or 30°C
(O9). (From Rabinovich et al. 2002; courtesy of Molecular and Cellular Biology)

uitin rather than polyubiquitin (Meyer et al. 2002). Together these findings
suggest that p97/Cdc48p recognizes polyubiquitinated substrates and present
them to the proteasome. The physical interaction of p97/Cdc48V!/NPH yyith
the proteasome on one hand (Dai et al. 1998; Verma et al. 2000) and with
polyubiquitinated ERAD substrates on the other hand (Ye et al. 2001; Ra-
binovich et al. 2002; Elkabetz et al. 2004) may assign p97 the responsibility
for targeting polyubiquitinated ERAD substrates to the proteasome, as was
suggested (Bays and Hampton 2002). However, this function cannot serve as
the one and only obligatory role of p97/Cdc48UH!/NPH also in ERAD, because
CDC48 is dispensable for the proteasomal degradation of N-end rule sub-
strates (Ghislain et al. 1996). Moreover, as discussed below, it appears that
Pp97/Cdc48p plays a specific role in ERAD, which may be executed even prior
to extensive polyubiquitination of the substrates (Ye et al. 2003; Elkabetz et
al. 2004).

23
p97/Cdc48p Provides the Driving Force for Dislocation of Lumenal ERAD Substrates

As discussed above, the proteasome, including its proteolytic activity and
Cim5/Rptl, an AAA-ATPase at the base of the 19S regulatory particle, were
reported to play a role in extracting ERAD substrates from the ER (Mayer et
al. 1998; Jarosch et al. 2002). However, although CPY* is stabilized in rpt4R
mutants, the dislocation of this lumenal ERAD substrate appears to be inde-
pendent of the ATPase activity of Rpt4 (Jarosch et al. 2002). Mechanistically,
association of the proteasome with the ER membrane is anticipated to fa-
cilitate its function in pulling substrates out of the ER. Indeed, ER-bound
proteasomes have been reported in yeast and mammalian cells (Rivett 1998;
Enenkel et al. 1998; Hori et al. 1999; Brooks et al. 2000; Hirsch and Ploegh
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2000; Elkabetz et al. 2004). No function has been assigned to this subpopula-
tion of the proteasome, yet we report on physical interaction between us and
this specific subpopulation of ER-bound proteasome (Elkabetz et al. 2004)
(see Fig. 3). This finding is especially intriguing since the substrate we have
used as a bait is the ERAD lumenal substrate ps, which becomes exposed to
cytosolic components only when it dislocates or at least emerges from the
ER membrane. Nonetheless, our data indicate that the proteolytic activity of
the proteasome is dispensable for providing the driving force to the actual
passage of ps across the ER membrane (Elkabetz et al. 2004) (see Fig. 3). In
the presence of proteasome inhibitors, ps crosses the ER membrane but is
not released to the cytosol (Mancini et al. 2000; Elkabetz et al. 2004). Instead,
us accumulates as ubiquitin conjugates at the cytosolic face of the ER, as
judged by its complete sensitivity to trypsin digestion (Elkabetz et al. 2004)
(see Fig. 3). Hence, by studying the lumenal pus we could dissect the dislo-
cation into two consecutive steps: (1) passage of the substrate across the ER
membrane to the ER cytosolic face; (2) release of the substrate from the ER
cytosolic face to the cytosol (Elkabetz et al. 2004) (see Fig. 7). Our results
indicate that the proteolytic activity of the proteasome is involved only in the
release of ps from the cytosolic face of the ER to the cytosol, although we
could demonstrate this process only in vitro (Elkabetz et al. 2004) (see Fig. 7,
step 6a).

The in vitro reconstruction of the release of us from isolated microsomes
without any added cytosol has indicated that all the cytosolic components
essential for ERAD are already bound to the ER membrane (Elkabetz et al.
2004) (see Fig. 7). These include soluble components that are recruited to the
ER membrane, because they can be released by salt wash and then replenished
by adding back fresh cytosol (Elkabetz et al. 2004). Among these components
are the proteasome as well as p97 (Elkabetz et al. 2004) (see Fig. 3). Again, if
this AAA-ATPase is playing any role in the dislocation of ERAD substrates,
its association with the ER membrane should facilitate this process. Indeed,
although the majority of p97 is found free in the cytosol, ps pulls down only
the small subpopulation of p97 that is bound to the ER (Elkabetz et al. 2004)
(see Fig. 3). The possibility that the p97 that operates in ERAD is ER-bound

>

Fig. 7 Schematic model. Order of events is marked by numbered arrows. Step 5 may
represent two consecutive steps, one that is blocked in CDC48 at 37°C and the other
that is blocked in cdc48-10 at 30°C. For step 6, the two alternative options represent
degradation in association with the ER membrane (6) or following release to the
cytosol (6a, 6b). (From Elkabetz et al. 2004; courtesy of The Journal of Biological
Chemistry)
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is supported by binding of p97 to ER membranes, which may be regulated by
its phosphorylation state (Lavoie et al. 2000) (see Fig. 7) as well as by VIMP,
a newly discovered membrane protein that recruits p97 and its partners to
the ER membrane (Ye et al. 2004).

Although p97/Cdc48p involvement in the dislocation of ERAD substrates
was initially implicated by the activation of the unfolded protein response
(UPR) when p97/Cdc48p failed to function (Ye et al. 2001; Rabinovich et al.
2002; Jarosch et al. 2002), it is interesting to re-evaluate the role played by
p97/Cdca8UVNPH ip light of the two-step dislocation process (see above).
p97 is implicated in the single dislocation step of membrane MHC class I
heavy chain (Ye et al. 2001). On the other hand, the second dislocation step,
the release of luminal CPY* to the cytosol, was hampered in ufdI-I (Jarosch
et al. 2002), as well as in cdc48-10 at permissive temperature where CPY*
degradation is delayed relative to its passage or ubiquitination, and CPY*
accumulates as ubiquitin conjugates at the cytosolic face of the ER (Elkabetz
et al. 2004) (see Fig. 8). Direct evidence for the role of p97/Cdc48p in the
actual passage of ERAD substrates across the ER membrane is based on
the lumenal substrate CPY*. Under normal conditions, the different steps of
ERAD are coupled, as shown in CDC48 strains where CPY* hardly accumulates
at the cytosolic face of the ER as ubiquitin conjugates. However, in the strain
harboring the cdc48-10 allele at the restrictive temperature, when Cdc48p fails
to function, the actual passage across the membrane is blocked and CPY*
remains entrapped within the ER lumen, as demonstrated by its protection
from trypsin digestion as well as by its accumulation as nonubiquitinated

>

Fig. 8a-c Dislocation and ubiquitination of CPY* require Cdc48p. Yeast strains ex-
pressing wild type CDC48 or temperature-sensitive cdc48-10" allele were transformed
with a plasmid encoding HA-CPY* and incubated (4 h) at either 30°C or 37°C. Cells
were disrupted, treated with (+) or without (-) trypsin in the absence or presence
of 1% triton X-100 (TX-100) and microsomes (P20) were collected by centrifugation.
Microsomes were subjected to SDS-PAGE (a) or washed in 0.5 M KCl, and wash super-
natant and washed microsomes were separated by centrifugation (b). Total proteins
were resolved by reducing SDS-PAGE and immunoblotted with an anti-HA antibody
(IB: anti-HA; a, b). c. The indicated yeast strains were incubated (4 h) at 30°C or 37°C,
HA-CPY* was immunoprecipitated with an anti-HA antibody (IP: anti HA), resolved
by reducing SDS-PAGE, electroblotted, probed with an anti-ubiquitin antibody (IB:
anti-Ub) and reprobed with an anti-HA antibody (IB: anti-HA). Antibodies were con-
jugated to HRP or followed by HRP-conjugated secondary antibodies and the HRP
was visualized by ECL. Note that no ubiquitinated proteins were precipitated by the
anti-HA antibody from yeast strains that do not express HA-CPY* (lanes 9-12). (From
Elkabetz et al. 2004; courtesy of The Journal of Biological Chemistry)
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protein (Elkabetz et al. 2004) (see Fig. 8). Similarly, although Jarosch et al.
suggest that Ufd1p does not operate at the early stages of ERAD but just before
the proteasome, their finding that ubiquitinated CPY* does not accumulate in
ufdI-1 cells indicates a delayed dislocation when this partner of Cdc48p is not
fully functional (Jarosch et al. 2002). Hence, if p97/Cdc48V /NP complex is
involved in the actual passage of CPY* across the ER membrane, before this
lumenal substrate has the opportunity to become extensively ubiquitinated,
then p97/Cdc48p must recognize substrates that are not yet ubiquitinated.
Indeed, a recent report demonstrates dual recognition of substrates by p97,
before and after polyubiquitination (Ye et al. 2003).

To conclude, although pleiotropic p97/Cdc48p has additional roles in cells,
it is one of the more general components in ERAD, which is required for
degradation of membrane and lumenal substrates. Moreover, p97/Cdc48p
participated in several steps in ERAD, including the actual passage across
the ER membrane, which is unique to ERAD, as well as presenting ubiq-
uitinated substrates to the proteasome, which is shared by other proteaso-
mal substrates (Fig. 7). Finally, although p97/Cdc48p is not dedicated ex-
clusively to ERAD, its ability to physically associate with different sets of
partners, ERAD substrates, VIMP, and the E3 gp78 (Zhong et al. 2004) may
suggest that this AAA-ATPase acts as a coordinator of ERAD events at the
cytosolic face of the ER. The p97/Cdc48p recruited to the ER membrane can
bind emerging luminal substrates either in the nonubiquitinated form or
following polyubiquitination at least at a single lysine residue (Fig. 7, step
3). Exploiting ATP-dependent conformational changes (Rouiller et al. 2000),
ER-bound p97/Cdc48p may pull the substrates across the ER membrane to
allow further polyubiquitination to proceed (Fig. 7, step 4). The latter may
be assisted by E4/Ufd2, which interacts with p97/Cdc48p (Koegl et al. 1999).
Along the lines of this model, polyubiquitin does not appear to serve as
a ratcheting molecule, but rather as a recognition signal for p97 (Flierman
et al. 2003). The ER-bound p97 can recruit the proteasome to the cytosolic
face of the ER, possibly in an ATP-dependent manner, and/or present the
polyubiquitinated substrates to the ER-bound proteasome (Fig. 7, steps 5,
6a). The proteasome, which executes the ultimate degradation step in the
ERAD pathway, may cooperate with p97/Cdc48p in the release of the sub-
strate to the cytosol (Fig. 7, step 6a). Hence, p97/Cdc48p may maintain the
coupling between the different steps in a process as complex as ERAD, in-
cluding some steps that are common to the ubiquitin-proteasome pathway in
general.
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Abstract MHC class I molecules present small intracellular generated fragments to
the outside surveying immune system. This is the result of a series of biochemical
processes involving biosynthesis, degradation, translocation, intracellular transport,
diffusion, and many more. Critical intermediates and end products of this cascade
of events are peptides. The peptides are generated by the proteasome, degraded by
peptidases unless transported into the ER where another peptidase and MHC class I
molecules are waiting. Unless peptides bind to MHC class I molecules, they are released
from the ER and enter the cytoplasm by a system resembling the ERAD pathway in
many aspects. The cycle of peptides over the ER membrane with the proteasome at
the input site and peptidases or MHC class I molecules on the output site are central
in the MHC class I antigen presentation pathway and this review.
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Abbreviations

ER Endoplasmic reticulum

MHC Major histocompatibility complex

TPPII Tripeptidyl peptidase II

PDI Protein disulfide isomerase

TOP Thimet oligopeptidase

LAP Leucine aminopeptidase

BH Bleomycin hydrolase

MLC MHC loading complex

PSA Puromycin sensitive aminopeptidase

ERAD ER-associated degradation

CFTR Cystic fibrosis conductance regulator

MDR Multidrug resistance

H-chain Heavy-chain

ERAP Endoplasmic reticulum aminopeptidase (also ERAAP)

ERAAP Endoplasmic reticulum aminopeptidase associated with antigen
processing (also ERAP)

BiP Luminal binding protein

TAP Transporter associated with antigen processing

ABC ATP binding cassette

GFP Green fluorescent protein

Hsp Heat shock protein

1

The Classical Model of Antigen Presentation by MHC Class | Molecules

The immune system uses MHC class I molecules to recognize intracellular
residing pathogens. These MHC class I molecules present fragments of cy-
toplasmic or nuclear proteins of such a pathogen at the plasma membrane.
This can only occur after at least three consecutive cell biological processes
(Fig. 1). Since fragments of proteins are presented, intracellular degradation

|

Fig. 1 Antigen presentation by MHC class I molecules. Proteins that are destined
for degradation by the proteasome are ubiquitinated. Polyubiquitinated proteins are
recognized by proteasomes and cleaved into peptides. The majority of the peptides
present in the peptide pool are successively trimmed by amino proteases, of which
TPPII is the most dominant one. Peptides are trimmed until they are totally reduced
to single amino acids. A small part of the peptides may escape the cytosolic proteases
by translocation into the ER by the TAP transporter. Once in the ER lumen, the
peptides may bind to MHC class I H-chain/B,m heterodimers. Peptides bound to
these heterodimers form a stable complex that will be transported to the plasma
membrane for antigen presentation to surveying cytotoxic T cells (CTLs)
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of proteins to peptide fragments should first occur. The vast majority of intra-
cellular proteins are degraded by the proteasome into small fragments. These
proteins may be degraded at the end of their normal life (old proteins), but
a large fraction (up to even more than 70%) is degraded immediately after
synthesis, probably due to a high failure rate in translation and folding (Reits
et al. 2000b; Schubert et al. 2000, reviewed in Yewdell et al. 2003). The latter
fraction is termed DriPs and couples viral infection and production of new
viral proteins with immediate antigen presentation by MHC class I molecules
(Yewdell et al. 2001). The endoplasmic reticulum (ER) of the cell operates
a quality control system that identifies misfolded proteins, transports them
into the cytoplasm and successively targets them for degradation by the pro-
teasome. Aberrant protein degradation is the mechanism underlying many
diseases, including cystic fibrosis and heritable forms of lung and liver dis-
ease. The pathways that orchestrate the destruction of aberrant proteins in
the ER are collectively termed ER-associated degradation (ERAD) (Hampton
2002).

Still, both the old and the new proteins are degraded into smaller fragments
by the proteasome, which is present in both the nucleus and the cytoplasm.
Most of these fragments are larger than 15 amino acids and are further
degraded by the cytoplasmic peptidase tripeptidylpeptidase II (TPPII, Reits
et al. 2004) and subsequently other peptidases (York et al. 2003), until they
are reduced to single amino acids.

To become immunologically relevant, the peptides have to bind to MHC
class I molecules before they are reduced to single amino acids. The cytoso-
lic protein degradation products are not spontaneously passing membranes,
although this is required for association with MHC class I molecules, which
are present in the lumen of the ER. Peptide translocation is driven by an
ATP-dependent pump located in the ER membrane called TAP, for trans-
porter associated with antigen processing. The pump is a member of the
ATP-dependent transporter family that includes drug pumps such as mul-
tidrug resistance (MDR) and cystic fibrosis conductance regulator (CFTR)
(Klein et al. 1999). TAP translocates many different peptides but excludes
those with a modified N-terminus and those containing a proline residue at
position 2 or 3 (Momburg et al. 1994b; Neefjes et al. 1993; Neisig et al. 1995).
TAP prefers peptides of 8-12 amino acids, but also handles longer peptides
albeit less efficiently (Momburg et al. 1994a). Peptides shorter than 8 amino
acids are not able to bind to TAP, which makes sense since these are of no
immunological relevance because MHC class I molecules require a peptide of
minimally 8 amino acids for a stable interaction.

Once in the ER, peptides can have different fates. The immunologically
most relevant one is binding to MHC class I H-chain/f, m heterodimers. These
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heterodimers are mostly residing in the MHC class I loading complex (MLC),
consisting of the peptide transporter, a dedicated chaperone tapasin, and at
least two other, more common, chaperones Erp57 and calnexin (Cresswell et
al. 1999). Peptide binding to the MHC class I heterodimer releases it from
the MLC, allows passage along the ER quality system and transport to the
plasma membrane where it represents its cargo (the peptide) to the surveying
immune system (Townsend et al. 1989).

However, peptides can also undergo different fates. They can be trimmed
by an ER-resident peptidase called ERAP (endoplasmic reticulum aminopep-
tidase), also named ERAAP (endoplasmic reticulum aminopeptidase associ-
ated with antigen processing) (Saric et al. 2002; Serwold et al. 2002; York et
al. 2002). This can trim ER resident peptides to the correct size for MHC class
I binding and beyond (then destroying MHC class I binding peptides), but
probably stops digesting peptides smaller than 8 amino acids.

Peptides can also bind to other ER proteins, mainly the ER chaperones PDI
(protein disulfide isomerase), BiP (luminal binding protein), gp96 and gp170
(Lammert et al. 1997b; Spee and Neefjes 1997; Spee et al. 1999). Whether
peptides mimic unfolded protein segments and thus bind to chaperones or
whether this interaction has another physiological meaning is unclear.

Finally, unbound peptides have to be removed from the ER, which oth-
erwise would obtain high concentrations of peptides that subsequently may
affect many other cellular processes. These ER peptides are not released by
secretion through the normal secretory route (via ER to Golgi transport)
but merely transported back into the cytoplasm by the same machinery as
used for ER degradation of proteins employing Sec61/translocon mediated
retrotranslocation back to the ER (Koopmann et al. 2000). These different
processes ensure successful peptide loading of MHC class I molecules with
peptides by employing various old, but highly conserved systems such as pro-
tein and peptide degradation, transporters, chaperones, the translocon, and
many peptidases again. The end result, peptide presentation by MHC class I
molecules, occurs in a very inefficient manner since less than 1% of the pro-
teins degraded deliver a peptide for presentation by MHC class I molecules.
The rest is completely turned over and of no immunological significance
(Chen et al. 2001; Princiotta et al. 2003; Yewdell et al. 2003).

2
Behavior of Intracellular Peptides

Proteins are degraded by the proteasome in the cytoplasm and in the nucleus.
The proteasome diffuses through but not between these compartments since
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it is excluded from transport through the nuclear pore. TAP is excluded
from the nuclear site of the nuclear envelope, which implies that peptides
generated in the nucleus have to access the cytoplasm before contacting
the peptide transporter TAP (Reits et al. 2003). While diffusing through the
various compartments in the cell, many peptides will be trimmed by amino-
peptidase activities and only few (less than 2%) will contact TAP and enter
the ER (Yewdell et al. 2003).

Peptides will be substrate to peptidases only in a free form. To gain more
insight into the longevity of peptides, internally quenched peptides were
injected into cells (Reits et al. 2003; Reits et al. 2004). Upon cleavage be-
tween the amino acids containing the two groups, the fluorophore is no
longer quenched and fluorescence will appear. It turned out that peptides
were rapidly and completely degraded within a few seconds. No additional
pool of peptide degradation products was detected at later time points. Sur-
prisingly, artificial N-terminal modifications of peptides sufficed to protect
them from peptidase activity. This implies that cells contain only aminopep-
tidases and lack carboxy- and endopeptidase activity. In addition, the pro-
teasome (which is an endopeptidase) does not digest peptides (Reits et al.
2003).

N-terminally protected (and thus stable) fluorescent peptides were intro-
duced in living cells by microinjection. Their rate of diffusion was determined
in FRAP experiments because mobility is in approximation proportional to
(mass)™3 (Reits and Neefjes 2001). The protected L-peptides (~1kDa) moved
faster than GFP (green fluorescent proteins, 27 kDa) and GFP moved faster
than proteasomes (an intact 20S proteasome is already 700 kDa) (Reits et al.
2003). This implies that the majority of peptide is moving in a free form rather
than being associated to other proteins such as heat shock proteins (Hsps).
Most likely, these peptides associate transiently to Hsps followed by rapid
dissociation.

Do cells have a peptide sink? Closer examination revealed a significant
pool of peptides dynamically associated to chromatin (in fact to histones).
Whether this influences the MHC class I peptide-loading system in any way
is unclear (Reits et al. 2003).

In conclusion, intracellular peptides are mostly free and rapidly moving by
normal Brownian motion. In the cytoplasm, TAP and peptidases compete for
these peptides. Peptidases are highly active and modify/destroy more than
99% of the TAP substrates, thus strongly reducing the number of peptides
entering the ER.
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3
Peptides and Peptidases

The proteasome degrades substrate proteins into fragments. In vitro studies
suggest that these fragments are peptides of 4-20 amino acids (Cascio et
al. 2001). Peptides of 4-7 amino acids are excluded from TAP-driven ER
import but longer ones (8-20 amino acids) can be transported into the ER
(Koopmann et al. 1996; Momburg et al. 1994a). Peptides have a very short half-
life in the cytoplasm/nucleus of intact living cells. Introduction of internally
quenched peptides (as mentioned in Sect. 2) into cells to follow their turnover
revealed that they are degraded within seconds and exclusively by amino-
peptidases (Reits et al. 2003, 2004). The endopeptidase the proteasome is
involved in the generation of peptides from proteins, but is irrelevant in
peptide degradation. It can be calculated that under normal conditions, the
collective cytosolic peptidase activities remove 1.5 amino acid/s (Reits et al.
2004). In other words, a 20-mer peptide will be fully degraded within 15 s
but will be irrelevant for the immune system (that is shorter than 8 amino
acids) within 8 s. Hence, for a peptide to become immunologically relevant,
it should interact with TAP within 8 s after generation by the proteasome, or
it will be degraded completely. Many peptides will fail to meet TAP before
their destruction, which explains the inefficiency of the MHC class I antigen
presentation pathway (Yewdell et al. 2003).

Various cytosolic peptidases have been identified (Fig. 2). These include
leucine aminopeptidase (LAP) (Chien et al. 2002; Gu and Walling 2002; Kuo et
al. 2003), bleomycin hydrolase (BH) (Nishimura et al. 1989; Nishimura et al.
1987; Sebti et al. 1987; Sebti and Lazo 1987), puromycin sensitive aminopep-
tidase (PSA) (Hui and Hui 2003; Kakuta et al. 2003; Thompson et al. 2003;
Thompson and Hersh LB 2003), thimet oligopeptidase (TOP) (Saric et al. 2004;
York et al. 2003), neurolysin (Barelli et al. 1989; Dauch et al. 1991; Millican et
al. 1991), and tripeptidylpeptidase II (TPPII) (Balow et al. 1986; Renn et al.
1998). LAP and TOP activity have been shown to affect the peptide pool pre-
sented by MHC class I molecules (Saric et al. 2004). TOP as well as neurolysin
are probably selective for peptides of 8 up to about 17 amino acids. Whether
other peptidases show a defined substrate size selectivity is unclear, with the
exception of TPPII (Reits et al. 2004).

TPPII is a huge homomultimeric protease (with a calculated size of 5-
9 MDa, which is larger than the proteasome!) (Geier et al. 1999). Reits and
colleges have shown that TPPII represents the major proteolytic activity for
peptides of 16 amino acids or larger (Reits et al. 2004). Since inhibition of
TPPII by a specific compound called butabindide (Breslin et al. 2002) inhibits
peptide loading of MHC class I molecules and simultaneous inhibition of
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Fig. 2 Antigen processing in the cytoplasm. Before proteins can be recognized by
the proteasome, they have to be polyubiquitinated in a process called ubiquitination.
After binding of more than four ubiquitins to a single ubiquitin chain the cap of the
26S proteasome (blue) is able to bind the ubiquitin chain and the attached substrate
protein. The protein is unfolded by the 19S cap and successively degraded by the
20S core into peptides that contain more than 15 amino acids. The peptides form
aheterogeneous pool and can diffuse freely through the nucleus and the cytoplasm. In
the cytoplasm, the peptides are prone to aminopeptidases with different specificities:
TPPII trims peptides that are longer than 16 amino acids; TOP is thought to cleave
peptides containing 8-17 amino acids; other proteases, including neurolysin, LAP, and
PSA, have a thus far unknown specificity

the proteasome does not further inhibit this, the current concept of peptide
generation for MHC class I molecules is in consecutive order:

1. Generation of peptides from proteins by the proteasome. These peptides
are mainly larger than 15 amino acids. The proteasome degrades protein
substrates into peptide fragments mainly larger than 15 amino acids.

2. TPPII trims these into smaller fragments. This will be achieved by the
removal of small (2-3 amino acids long) N-terminal sequences or longer
(>8 amino acid) N-terminal fragments. In the latter case, peptides with
anew C-terminus are generated for MHC class I molecules.
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3. The TPPII substrates will be further trimmed by other peptidases. Possibly
TOP is specialized to trim TPPII substrates (it “likes” substrates smaller
than ~17 amino acids), but the possible contribution of other peptidases
is unclear.

These steps precede peptide import into the ER by a dedicated system,
the peptide transporter TAP. A small fraction of peptides (probably less than
1% of peptides and less than 0.01% when starting from protein) survives the
collective proteolytic activity by colliding into TAP and are transported to
a less hostile environment, the ER lumen. And cytosolic peptidases become
relevant again for those peptides failing to bind to MHC class I molecules in
the ER lumen, since they will be retrotranslocated back in the cytoplasm for
further trimming and destruction.

4
Peptide Import in the Endoplasmic Reticulum:
The Transporter Associated with Antigen Processing

Peptides usually do not pass lipid bilayers. Consequently, a dedicated system
has been developed to transport cytosolic peptides into the ER for bind-
ing to MHC class I molecules (Heemels et al. 1993; Momburg et al. 1994b;
Neefjes et al. 1993). A heterodimeric ER-located transporter that performs
peptide translocation consists of transporter-associated with antigen pro-
cessing 1 (TAP1) and TAP2 and is a member of the ATP binding cassette
(ABC) transporter superfamily. The TAP1 and TAP2 genes are located in the
MHC locus on chromosome 6, very close to two proteasome subunits (Beck
et al. 1992; Kelly et al. 1992). The expression of these genes is upregulated
by interferon-y, like the expression levels of MHC H chains and f,m. Like
most ABC transporters, TAP is made of a multimembrane-spanning segment
that forms the pore required for actual passage of the ER membrane. This
segment is formed by the N-terminal parts of TAP1 and TAP2 and ensures
ER retention of the complex. A second area where the peptide is binding then
follows this. Both TAP1 and TAP2 contribute to this second segment with
TAP2 determining the sequence of the C-terminus, as became apparent by
comparing two different rat TAP alleles. Two ATP binding cassettes (ABC),
one from TAP1 and the other from TAP2, conclude the transporter. These
two ABC domains are essential for the alternating cycles of ATP hydrolysis
that drive the different conformational changes in TAP. Probably ATP is first
hydrolyzed by TAP1 to open the pore and deliver the peptide in the ER, and
then a second ATP is hydrolyzed by TAP2 to close the pore again and re-
turn to the ground state (Abele and Tampe 2004; Chen et al. 2004; Reits et
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al. 2000a; Vos et al. 2000; Vos et al. 1999). These alternating cycles of ATP
hydrolysis then drive the conformational changes required for a continuous
pumping of peptides. Studies following the lateral mobility of TAP under
various conditions have indicated major conformational changes during this
cycle. TAP moves “quickly” when inactive and “slowly” when in the process of
pumping peptides (Reits et al. 2000b). This may be surprising, but it has been
shown that TAP can handle peptides with extended side chains of around
70A (which is similar to the size of an elongated 8-mer peptide) (Gromme
et al. 1997). The mobility assay has been used to monitor the intracellular
peptide pool in living cells. This revealed that, under normal conditions, TAP
is getting limited amounts of peptides and can handle more substrate. Only
upon conditions like stress or virus infection, saturating amounts of peptides
are generated. Since most MHC class I molecules are not fully loaded with
peptides (and ultimately degraded through the ERAD pathway) (Neefjes and
Ploegh 1988), more peptides will enhance the loading and consequently the
expression of MHC class I molecules. Probably, a reservoir/excess of MHC
class I H-chain/B,m heterodimers is produced to handle fragments produced
under these conditions.

The peptide transporter TAP is unique among the ABC transporter fam-
ily of pumps. First of all, it is exclusively located in the ER. Second, it
acts as a docking protein for a unique chaperone tapasin and MHC class
I H-chain/B,m heterodimers. The heterodimer is further stabilized by other
chaperones (ERp57 and calnexin). In fact, probably four tapasin-MHC class
I heterodimer-Erp57-calnexin complexes dock onto one TAP protein, thus
forming a approximately 1 MDa MHC class I loading complex or MLC
(Grandea et al. 1995; Ortmann et al. 1997; Suh et al. 1994). In concepto, this
architecture may support efficient peptide loading of MHC class I molecules
when peptides imported by TAP are immediately loaded onto the associ-
ated MHC class I heterodimers. However, this is likely not too important
since:

1. Many peptides require trimming in the ER before being suitable for MHC
class I binding (Serwold et al. 2002; York et al. 2002).

2. Many MHC class I alleles are not associated with the TAP complex and are
still efficiently loaded (Neisig et al. 1996).

3. MHC class I molecules are still loaded with peptides in tapasin-deficient
cells and mice although the quality of the MHC class I associated peptide
pool is clearly affected (Brocke et al. 2003; Garbi et al. 2000). However,
whether this reflects a difference in chaperoning activity of tapasin or the
recruitment to TAP, is unclear.
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MHC class I molecules are polymorphic proteins and every human ex-
presses between three and six different alleles. The polymorphic residues
cluster around the peptide-binding groove of MHC class I. Consequently, dif-
ferent MHC class I molecules bind different sets of peptides (Elliott et al. 1993;
Rammensee et al. 1993). TAP is not polymorphic and thus has to supply all
the different MHC class I molecules with peptides. This is only possible when
TAP is able to translocate peptides in a fairly sequence-independent manner.
Various studies have tested this. TAP translocates peptides with a minimal
length of 8 amino acids (MHC class I molecules usually bind peptides of 8 or
9 amino acids). However, peptides of over 40 amino acids are translocated by
TAP as well, albeit less efficiently (Momburg et al. 1994a; Schumacher et al.
1994). Although some small differences in sequence selectivity have been ob-
served, TAP translocates peptides with only minor distinction for sequence,
with two exceptions. Peptides with the imino acid proline at position 2 or 3 are
poorly handled, but still presented by particular MHC class I alleles. In these
cases, probably longer peptides (that reposition the proline in the sequence)
are translocated by TAP followed by further trimming in the ER lumen (Neisig
et al. 1995). Furthermore, selectivity for the C-terminal amino acid residue is
found in particular species. Murine TAP as well as a rat TAP allelic form selec-
tively translocate peptides with a hydrophobic or aromatic C-terminal residue,
whereas another rat allele and human TAP are very nonselective for amino
acids at this position (Momburg et al. 1994b). If the amino acid side chains of
a peptide are not recognized by TAP, what is? Further peptide modifications
revealed that the N- and C-termini are critical for recognition. Incorporation
of amino acid stereoisomers showed that the peptide bond contributed to the
interactions with TAP (Gromme et al. 1997). This resembles the situation for
peptide binding to MHC class I molecules where most interactions between
the MHC class I molecule and peptide are made through hydrogen bonds to
the ends of the peptide as well as the peptide’s peptide bond (Bouvier and
Wiley 1994).

The fact is that TAP is the only peptide transporter in the ER, especially
designed to support the MHC class I antigen presentation pathway and in
some respects resembling MHC class I. Like other ABC transporters, TAP
supports unidirectional transport of its substrate, a peptide.

5
Peptides and Peptidases in the Endoplasmic Reticulum

TAP translocates peptides preferentially of 8-12 amino acids but also longer
peptides (Koopmann et al. 1996). Peptides containing a proline at position
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2 or 3 are not handled by TAP but these peptides are still found associated
to various MHC class I alleles. It is assumed that in these cases N-terminally
extended peptides are transported into the ER followed by trimming in the
ER by resident peptidases. Peptidase activity has been observed in the ER
(Fruci et al. 2001; Roelse et al. 1994) and only recently the corresponding
peptidases have been identified and characterized. The ER-aminopeptidase
ERAAP (or ERAP1) has been found and is critical in the handling of many
peptides in the ER before they can bind to MHC class I molecules (Saric et
al. 2002; Serwold et al. 2002; York et al. 2002). In fact, ERAP trims peptidases
from the amino terminus until fragments of 8-9 amino acids are left. ERAP
thus acts as a sort of molecular ruler, trimming peptides to sizes fitting MHC
class I molecules. Interestingly, as mentioned in Sect. 4, peptides containing
a proline at position 2 or 3 are not handled by TAP unless the proline residue
is repositioned by N-terminal extension. ERAP1 is designed to handle these
peptides because it stops further N-terminal trimming when encompassing
a proline at position 2 (York et al. 2002). ERAP is a protease and does not
“know” which peptides should bind to the resident MHC class I molecules.
Consequently it simply trims these peptides and thus creates but also destroys
potential MHC class I binding peptides (Saric et al. 2002; York et al. 2002).
Whereas ERAPI is the first ER-located peptidase identified, it is probably not
the only one. Other peptidases (called ERAP2, 3 etc.) may also contribute, but
their relative contribution still has to be established.

Thus peptides can bind in the ER to MHC class I molecules (if contain-
ing the correct anchor residues and length) and ERAP (albeit transiently).
Peptides associated with the ER-resident chaperone gp96 have been used
for vaccination purposes, even over an MHC barrier (Arnold et al. 1995;
Castelli et al. 2004). This suggested that gp96 was able to accumulate the
blueprint of peptides before selection by the endogenously expressed MHC
class I molecules. To visualize ER proteins able to bind peptides, radioactive
labeled peptides with a photo affinity label were introduced in the ER by
TAP-mediated import followed by UV-catalyzed cross-linking. Various pro-
teins were found to associate with these peptides, which were identified as
the chaperones PDI (protein disulfide isomerase), calnexin, Erp72, gp96, and
gp170. Some of these proteins (calnexin, gp170) were subsequently shown to
also induce peptide specific immune responses upon vaccination (Lammert
et al. 1997a, 1997b; Spee and Neefjes 1997; Spee et al. 1999). That chaperones
associate with peptides is not too surprising since peptides can be considered
resembling stretches of unfolded protein, the normal substrates for chaper-
ones. Still, PDI was by far most efficient in binding peptides in the ER. The
reason for this is unclear. It may be, but this is not shown, that PDI delivers
the peptides for consideration by MHC class I molecules. However, PDI may
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also deliver the peptides to the SEC61/translocon for export out of the ER
(see below), especially because PDI has been proposed to be the lid of the
SEC61/translocon complex that opens upon nascent protein import (Gillece
et al. 1999), but possibly returns peptides for export back into the cytoplasm.

6
Peptide Export from the Endoplasmic Reticulum

Peptides are apparently not degraded to single amino acids in the ER. Con-
sequently, they have to be removed at one point for destruction. Initial ex-
periments following TAP-dependent import showed transient accumulation
of peptides unless these obtained N-linked glycans (Koopmann et al. 2000;
Shepherd et al. 1993). Further experiments showed that peptides transiently
entered the ER microsomal lumen and re-entered the cytoplasm after some
1-3 min, at least in in vitro experiments. Using glycosylation-deficient and
normal microsomes, it was shown that peptides were able to enter the ER
by TAP transport, were released from the ER through another activity and
re-enter the ER again by TAP activity. The limiting factor in this peptide
recycling over the ER membrane was the cytosolic peptidase activity that
trimmed the peptides to a size too small for TAP handling (less than 8
amino acids) (Roelse et al. 1994). The activity that removed peptides from
the ER required ATP, was (unlike TAP) not pH-sensitive and could not be
competed with exogenously added peptides (Roelse et al. 1994). Further-
more, a viral inhibitor (ICP47) that inhibited TAP was unable to simulta-
neously inhibit export as well (Koopmann et al. 2000). Collectively this in-
dicated that an activity different from TAP released the peptides from the
ER.

TAP requires triphosphonucleotides, but not necessarily ATP for driving
peptide transfer into the ER (Shepherd et al. 1993). Momburg and colleges
used this fact to show that peptides can be translocated by TAP in the presence
of GTP, but GTP did not drive export (Roelse et al. 1994). In fact, they show
that ATP in the ER lumen was required to drive peptide export. Various
bacterial toxins enter the ER by retrograde uptake. These toxins use the
ERAD system and the SEC61/translocon to enter the cytoplasm where they
are toxic. Momburg introduced exotoxin A in the ER lumen of microsomes
and showed that this competed with peptide export (Koopmann et al. 2000).
Since exotoxin bound the translocon, these data suggested that peptides also
used this part of the ERAD system to leave the ER lumen, unless they are
captured by the various chaperones.
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Fig.3 Peptide cycling over the ER membrane. Cytosolic peptides may escape cytosolic
degradation by binding to the peptide transporter TAP. TAP can only bind peptides that
are 8-20 amino acids and will transport them in an ATP-dependent process over the
ER membrane. Once in the ER, the endoplasmic reticulum aminopeptidase (ERAP),
which is specific for peptides of 9-17 amino acids, trims most peptides further. When
peptides are not bound to MHC class I molecules, PDI and the Sec61/translocon guide
them back to the cytoplasm. Only peptides of 8-10 amino acids with correct anchor
residues are able to bind to MHC class I H-chain/B,m dimers. The heavy chain / f,m
dimer is initially formed with the help of the ER chaperone calnexin, after initial
formation the unstable heterodimer is transferred to the MHC class I loading complex
(MLC) where it is bound to other ER specific chaperones such as Erp57, calreticulin,
and tapasin. Binding of a peptide to the heterodimer stabilizes it and will be granted
transport to the plasma membrane by the ER quality control system

The fate of peptides in the ER is:

1. Peptides enter the ER after translocation by TAP. Here peptides have dif-
ferent possibilities (Fig. 3).

2. They bind to MHC class I molecules.

3. They are trimmed by ER aminopeptidases and some of them bind to MHC
class I molecules.

4. They have the incorrect sequence for binding to MHC class I molecules
and bind ER chaperones.

5. They bind to PDI, which may target them to the SEC61/translocon followed
by ATP hydrolysis-driven peptide export back into the cytoplasm.

Peptide cycling over the ER lumen thus resembles the ERAD pathway in
many aspects: it requires chaperones, ATP hydrolysis, and retrotranslocation
back into the cytoplasm by the SEC61/translocon followed by degradation.
Peptides are targeted by cytosolic aminopeptidases; proteins are first de-
graded by the proteasome and then by cytosolic aminopeptidases.

7
The Equilibrium of Protein and Peptide Degradation,
Peptide Cycling and Peptide Binding by MHC Class | Molecules

It seems obvious that the process of protein degradation, peptidase trimming,
TAP-mediated peptide translocation, peptide trimming in the ER, peptide
loading onto MHC class I molecules, and peptide export are constructed such
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that optimal peptide generation and loading of MHC class I molecules occurs.
This is, however, not the case. The process of antigen presentation, i.e., the
resultant of these different steps, is highly inefficient. Recently the kinetics
and efficiency of various steps in this process were determined (Princiotta
et al. 2003; Yewdell et al. 2003). Proteasomes do not know where to cleave in
a protein substrate to generate the correct MHC class I peptides (there are only
a standard, nonpolymorphic proteasome and a specialized immunoprotea-
some, and many different MHC class I molecules). The proteasome probably
generates peptides of various lengths but usually the correct C-terminus of
a peptide (Cascio et al. 2001). It has to, since cells lack carboxypeptidase
activities (Reits et al. 2003). In addition, the proteasome will destroy many
potential MHC class I binding peptides.

The resulting proteasomal-produced peptide fragments diffuse through
the cell and are targeted first by TPPII and subsequently by other aminopep-
tidases (Reits et al. 2004). The half-life of many peptides is in the range of
5 s. This activity is such that more than 99% of the peptides generated are
destroyed before they can be translocated into the ER (Reits et al. 2003). In the
ER, many peptides are destroyed by ERAAP and/or removed by the translo-
con, while only a few peptides will interact with MHC class I molecules. In
fact, cells contain 10° proteins of which about 2x10° are degraded per minute
whereas only 10* MHC class I molecules per minute will be loaded with pep-
tides (Yewdell 2001, 2003). This means that only 0.5% or less of the peptides
can maximally bind MHC class I molecules. The rest is destroyed unless many
more peptides are made than can be loaded onto MHC class I molecules (Reits
et al. 2000b). It should be noted that many MHC class I molecules are made
but not loaded with peptides. Consequently, under conditions of increased
peptide generation (for example following a viral infection), the other MHC
class I reservoir can be loaded with peptides as well, resulting in an increased
expression of MHC class I molecules. The inefficiency of the system may be
essential to generate this pool of peptide recipient MHC class I molecules,
lost unless the intracellular peptide pool increases, for example as the result
of a viral infection. In conclusion, only few substrates make it into MHC class
I binding peptides. The rest are fully turned over into amino acids, not being
of any immunological relevance.

8
How the MHC Class | Route Is Manipulated

Obviously, it is fairly beneficial for pathogens to interfere with the system
of antigen presentation by MHC class I molecules. This indeed often hap-
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pens, as discussed in detail elsewhere in this volume. The major viral targets
are proteins that are dispensable for household processes. More specifically,
viral TAP inhibitors are frequently found, inhibitors affecting the dedicated
chaperone tapasin and viral inhibitors targeting MHC class I H-chains or H-
chain/B,m heterodimers for degradation, usually through the ERAD system
(Basta et al. 2002; Ben-Arieh et al. 2001; Hewitt et al. 2001; Koppers-Lalic et al.
2003). Viral inhibitors affecting the proteasome, TPPII, TOP or other pepti-
dases, ERAP, ER chaperones, or the SEC61/translocon have not been defined,
not unexpectedly, because inhibition of these would affect cell viability, thus
being a disadvantage for the pathogens rather than an advantage.

Obviously, chemical inhibitors may be used to affect antigen presentation
by MHC class I molecules. Inhibitors for TAP have been designed (being
peptides with long side chains), but these cannot be used in living cells or
organisms because they do not pass membranes (Gromme et al. 1997). This
is also true for the active 35-amino acid fragment of the viral TAP inhibitor
ICP47 (Galocha et al. 1997). Inhibitors for the proteasome have been de-
signed and clinically used in anti-cancer treatments (Kane et al. 2003; Konda-
gunta et al. 2004; Papandreou and Logothetis 2004). These inhibitors prevent
proteasome-mediated protein degradation (possibly generating aggregates as
a consequence) and peptide loading of MHC class I molecules. Whether these
compounds can be used to inhibit/treat MHC class I-related autoimmune
diseases such as Bechterew and Reiter’s syndrome, is unclear.

9
The Eternal Cycle of Events, or Not ...

In conclusion, proteins are degraded by the proteasome and further degraded
by TPPII and other peptidases into single amino acids. These single amino
acids can then be used to build new proteins that—immediately in the case of
DriPs or slowly for successful proteins—are degraded again into single amino
acids. The MHC class I antigen presentation system samples a small amount
out of this cycle for presentation purposes. Degradation intermediates that are
simultaneously substrate to peptidases in the cytoplasm and ER lumen and
to MHC class I molecules are presented. Critical steps in acquiring peptides
by MHC class I molecules are the peptide cycle over the ER membrane with
TAP pumping peptides into the ER and the SEC61/translocon transporting
them out. Although the dynamics of this cycle are not fully understood, the
end result is again that a small fraction of imported peptides make it into
something immunologically useful: an MHC class I peptide complex. The
remainder is ultimately degraded into single amino acids, as are MHC class
I molecules failing to obtain peptides during their biosynthesis.
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Abstract The catalytic polypeptides of certain bacterial and plant protein toxins reach
their substrates in the cytosol of mammalian cells by retro-translocation from the
endoplasmic reticulum (ER). Emerging evidence indicates that these proteins sub-
vert the ER-associated protein degradation (ERAD) pathway that normally removes
misfolded or unassembled proteins from the ER, to achieve retrotranslocation. Upon
entering the ER lumen, the toxins are unfolded to be perceived as ERAD substrates.
Toxins that retro-translocate from the ER have an unusually low lysine content to
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avoid ubiquitin-mediated proteasomal degradation. This allows the exported toxins
to refold into the proteasome-resistant, biologically active conformation, and leads to
cellular intoxication.

Abbreviations

CT Cholera toxin

CT-A Cholera toxin A chain

Stx SHIGA toxin

ExoA Pseudomonas aeruginosa exotoxin A
RTA Ricin toxin A chain

RTB Ricin toxin B chain

Gb3 Globotriaosylceramide

EE Early endosome

RE Recycling endosomes

TGN trans-Golgi network

ER Endoplasmic reticulum
PDI Protein disulfide isomerase
1

Introduction

Certain bacteria and plants produce protein toxins that introduce a portion of
the toxin into the cytosol of target cells to disrupt essential cellular processes
such as signalling, cytoskeleton assembly, vesicular trafficking or protein
synthesis. Because these toxins act catalytically, they must cross a cellular
membrane to interact with their cytosolic substrates. This is not an easy task
for any stably folded protein, and the toxins have evolved several mechanisms
to breech the cellular barriers.

One way is for a toxin to enter the cell by crossing the plasma membrane.
Examples of this type of cell entry would be Pertussis adenylate cyclase toxin
that causes pertussis (Sekura et al. 1985), Staphylococcus A toxin that causes
scarlet fever (Bhakdi and Tranum-Jensen 1991), and aerolysin O toxin that
induces diarrhea (Buckley et al. 1981). Exactly how these proteins form pores
or cross the plasma membrane is poorly understood. Another way is for the
toxins to cross the endosomal membrane. Examples of this type of cell entry
are diphtheria toxin (Pappenheimer 1977), anthrax toxin (Mock and Fouet
2001), and botulinum toxin (Minton 1995). The way these proteins cross the
endosomal membrane depends on conformational changes in their structure
caused by acidification of the endosomal vesicle. These proteins insert directly
into the membrane to somehow facilitate transport of the catalytic domain
from the endosome lumen to the cytosol. All of these proteins must disrupt
membrane integrity to induce disease.
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Some protein toxins, however, are not structurally equipped to enter cellu-
lar membranes directly. This group has evolved to co-opt pre-existing mech-
anisms of protein transport to deliver their catalytic domains to the cytosol.
They do this by moving from the cell surface all the way to the endoplasmic
reticulum (ER) (Johannes and Goud 1998; Lencer and Tsai 2003; Lord and
Roberts 1998; Sandvig and van Deurs 2002). These toxins enter the ER as
stably folded proteins and they co-opt components of ERAD to unfold and
retro-translocate a portion of the toxin to the cytosol, presumably without
disruption of membrane structure. Examples of these toxins are cholera toxin
(CT) (De 1959; Dutta et al. 1959), Shiga toxin and the Shiga-like toxins (Stx)
(O’Brien and Holmes 1987), Pseudomonas exotoxin A (ExoA) (Iglewski and
Kabat 1975), and the plant toxin ricin (Balint 1974). They represent powerful
model systems to study basic mechanisms of ERAD. Here, we will review the
recent studies that define the molecular mechanisms for retro-translocation
of CT and ricin to the cytosol. We will also briefly discuss Stx and ExoA, which
are toxins that also enter the cytosol through the ER but the mechanisms are
not as well defined.

2
Toxin Structure and Function

CT, Stx, ExoA and ricin are A/B-subunit toxins. They are composed of a cat-
alytic polypeptide (the A subunit) that associates with one or more cell-
binding peptides (the B subunit). Only the A-subunit crosses the limiting
membrane of the ER to enter the cytosol. Ricin and ExoA are single A and
B polypeptide toxins (A-B toxins), whereas CT and the Stx family consist of
a single A chain associated with a pentamer of B chains (A-Bs toxins) (Fig. 1).
All these toxins are synthesized in pro-form and require activation by prote-
olytic cleavage in order to release the A-subunit from its A-B precursor or to
cleave a precursor A polypeptide into A1- and A2-chains. The cleaved A and
B, or the A1- and A2-, chains remain disulfide bonded.

2.1
CT Structure and Function

The CT A and B subunits are synthesized by the Vibrio with an N-terminal
signal sequence directing them to the periplasm where holotoxin assembly oc-
curs (Hirst and Holmgren 1987; Mekalanos et al. 1983). Five identical 11-kDa
peptides associate in a ring-like structure to form the pentameric B-subunit
(/255 kDa) (Merritt and Hol 1995). The B-subunit is a lectin that binds to
the oligosaccharide domain of a membrane glycolipid, ganglioside GM1. It
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Fig.1 Crystal structure of toxins that retro-translocate from the ER. Shown from the
left are the A-Bs toxins cholera toxin (CT) and Shiga toxin (Stx), and the A-B toxins
ricin and Pseudomonas exotoxin A (ExoA). Structures are shown sideways with the
surface of the B-subunits containing the binding sites for their membrane receptors
facing downwards. The toxin A subunits are shown in yellow. CT, Stx and ExoA have
a proteolytic cleavage site within a loop subtended by a disulfide bond. Arrows indicate
the position of the proteolytic cleavage site, and the asterisks indicate the positions of
the Lys-Asp-Glu-Leu (KDEL) ER retrieval motif at the C-termini of the CT A2 and the
Exo0A catalytic domains, respectively. Ricin and Stx do not have KDEL motifs

can bind up to five gangliosides. The A-subunit assembles noncovalently with
the B-subunit. Structurally and functionally, CT is very closely related to the
heat-labile enterotoxins produced by Escherichia coli (Sixma et al. 1991, 1993;
Spangler 1992). After secretion from the Vibrio, it is cleaved into Al- and A2-
chains, which are still linked by a disulfide bond and extensive noncovalent
interactions (Sixma et al. 1993). Even after reduction and proteolytic cleavage
in vitro, the Al- and A2-chains remains stably associated. The A2-chain pro-
trudes with its C-terminus through the central pore in the B-ring and tethers
the A- and B-subunits together. The extreme C-terminus of the A2-chain has
an ER-sorting KDEL motif facing the membrane (Lencer et al. 1995) (Other
bacterial toxins also contain C-terminal ER retrieval signals, including E. coli
heat labile enterotoxin [Lencer et al. 1995] and the protein synthesis inhibitor
ExoA [Chaudary et al. 1990]). The Al-chain enters the cytosol and causes
disease. It is an ADP-ribosyltransferase that modifies the heterotrimeric G
protein Gs-o to activate adenylyl cyclase (Moss and Vaughan 1977). This in-
duces intestinal chloride secretion that causes the massive secretory diarrhea
seen in cholera (Kaper et al. 1995).

2.2
Ricin Structure and Function

Ricin contains a ribosome-inactivating A-chain (RTA) disulfide linked to
a galactose-binding lectin (RTB). It is made in the producing castor oil plant
as a precursor (proricin) in which a short linker separates the A- and B-chains
(Lamb et al. 1985). The linker is a targeting signal that directs the transport of
proricin to vacuoles (Frigerio et al. 2001), where proteolytic activation occurs
to generate mature holotoxin (Harley and Lord 1985). Unlike CT, proteolytic
cleavage and reduction of ricin in vitro causes complete dissociation of the
two subunits. RTA enters the cytosol and cleaves a specific adenine residue
from a highly conserved loop in the large rRNA of eukaryotic ribosomes
(Endo et al. 1987). Ribosomes containing depurinated 28S rRNA cannot bind
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elongation factors and are therefore incapable of protein synthesis. While
members of the bacterial STx family differ structurally from the plant toxin
ricin in that they are A-Bs toxins like CT, their catalytic Al acts in an identical
way to RTA, removing the same adenine residue from 28S rRNA (Endo et al.
1988). Although the primary sequence homology between the plant ricin and
bacterial STx A-chains is not strong, the key catalytic residues are absolutely
conserved. The A subunit of STx is cleaved into A1 and A2 akin to the process-
ing of CT-A. Cleavage occurs after entry into the target cell and is mediated
by the ubiquitous membrane-bound protease furin (Garred et al. 1995). In
contrast to CT, however, the Stx A2 peptides do not possess a C-terminal ER
retrieval signal.

Like ricin, ExoA is also synthesized as a single polypeptide chain and
proteolytically cleaved and reduced to form the active toxin (McKee and
FitzGerald 1999). Unlike ricin, it has an ER-targeting C-terminal KDEL-like
motif (Chaudary et al. 1990).

3
The Pathway from Cell Surface to Endoplasmic Reticulum

3.1
Surface Binding and Cell Entry

Both CT and ricin begin their journey into the cell by binding to membrane
receptors via the B-chain(s) followed by endocytosis (Lencer and Tsai 2003;
Lord and Roberts 1998). CT binds specifically to the ganglioside GM1 (Holm-
gren et al. 1975), and ricin binds specifically to galactosides with a f1-4
linkage (Olsnes and Pihl 1982). Since a wide range of surface glycoproteins
and glycolipids contain this galactoside, ricin is promiscuous in its bind-
ing to cell surface components. Like CT, the Stx family binds to a specific
membrane glycolipid, interacting with the trisaccharide domain of globo-
triaosylceramide (Gb3;/CD77) (Lindberg et al. 1987). ExoA binds specifically
to the a;.macroglobulin receptor, which is a membrane protein (Kounnas et
al. 1992).

Binding to these receptors is required for endocytosis that may occur by
multiple mechanisms (Sandvig et al. 2004). Even so, each of these toxins can
eventually be found in the early and recycling endosome (EE/RE) (Sandvig et
al. 2004). While some toxins (diphtheria and anthrax toxins, for example) can
cross into the cytosol from this endosomal compartment, others cannot (ricin,
CT, Stx family and ExoA). This group must undergo retrograde transport to
alocation in the cell where protein translocation channels already exist - the
endoplasmic reticulum (ER).
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3.2
Transport to the Endoplasmic Reticulum

The pathway backwards from cell surface to ER for CT and the Stx family is
dependent on lipid transport. Toxin binding to glycolipids with strong affinity
for lipid microdomains (detergent-resistant membranes or “lipid rafts”) ap-
pears to be critical for sorting into this pathway, not necessarily for a specific
mechanism of internalization per se, but possibly for a subsequent sorting
step at the level of EE/RE (Falguieres et al. 2001; Fujinaga et al. 2003). The lipid
pathway may move directly from the trans-Golgi network (TGN) to ER with-
out passing through the Golgi cisternae (Feng et al. 2004) and independently
of COP-I vesicles that typify retrograde transport in the classic secretory
pathway (Cosson and Letourneur 1994; Letourner et al. 1994).

ExoA also traffics backwards from the PM to the ER, but this appears to
be critically dependent on binding to the KDEL-receptor that cycles between
TGN, Golgi cisternae and ER (Miesenbock and Rothman 1995). It is proposed
that the KDEL-receptor sorts ExoA in retrograde transport vesicles from TGN
through the Golgi cisternae to the ER (Chaudary et al. 1990; Jackson et al.
1999; Kreitman and Pastan 1995; Seetharam et al. 1991).

The pathway backwards from PM to ER for ricin is not known, but is
likely to follow either the lipid-dependent or KDEL-dependent pathways, or
both. Ricin toxin does not contain an ER-sorting KDEL-motif and it can bind
glycolipids that contain terminal galactose. There is also evidence that ricin
may interact with the chaperone calreticulin in the Golgi complex. Calreticulin
has a KDEL-motif, and it is possible that ricin co-opts calreticulin to sort
backwards in the COP-I pathway to the ER by indirectly binding the KDEL-
receptor (Day et al. 2001). The precise Golgi-to-ER pathway exploited by ricin
remains unclear, however, since this toxin can enter cells inhibited in both the
classical COP1-dependent and lipid-dependent pathways (Chen et al. 2003).
In some situations, it also appears that ricin, like CT, can bypass the Golgi
stack altogether (Llorente et al. 2003).

The emerging picture implies there are at least two routes available for
toxins to progress from the TGN to ER. In one, the toxin, carried by the KDEL
receptor or some other cycling protein receptor, moves via the Golgi complex
in a COP1-dependent manner. This appears to be the route followed by PETx.
In the second, the toxin is transported directly from the TGN to ER, bypassing
the Golgi complex altogether, perhaps by virtue of an interaction with a raft-
associated glycolipid receptor. This appears to be the pathway taken by CTx
and STx (Fig. 2). Once in the ER, it is known, at least for CT, that the toxins
bound to their lipid receptors can move anterograde from the ER to the cis
Golgi and recycle back to the ER in a KDEL-mediated retrieval step. This
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Fig. 2 The retrograde intracellular transport route from the cell surface to the ER.
Surface-bound toxin enters the cell by endocytosis and is initially delivered to
early/recycling endosomes (EE/RE), from where it moves directly to the trans-Golgi
network (TGN). Nonproductive routing is thought to include transport to late en-
dosomes (LE) and lysosomes (L), and recycling back to the plasma membrane (PM).
Transport from the TGN to the ER may occur via the Golgi stack or may proceed directly

recycling for CT by binding to the KDEL receptor is proposed to retain CT in
the ER and maximize retro-translocation of the Al-chain to the cytosol.

4
Retro-translocation

As described in detail elsewhere in this volume, the ER is a compartment in
which an elaborate array of chaperones, enzymes and oxidoreductases func-
tions to ensure the correct folding, assembly and disulfide bond formation
of proteins entering the secretory pathway. It also operates a stringent qual-
ity control system, known as ER-associated protein degradation (ERAD), to
retain proteins that fail to fold or to assemble properly. For such proteins,
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this system can facilitate their structural maturation; or if they are terminally
misfolded, the ER can dispose of these proteins by retro-translocating them
to the cytosol for degradation by the proteosome. It is this aspect of protein
quality control in the biosynthetic pathway that CT, the Stx family, ricin, and
Exo0A co-opt to reach the cytosol and cause disease. Evidence for a functional
correlation between ERAD and sensitivity to CT, ExoA and ricin has been
provided in studies using mutant CHO cells that display either decreased or
increased ERAD activities (Teter and Holmes 2002; Teter et al. 2003).

CT, and probably all the other toxins, enters the ER in its native A-Bs (or A-B
for ricin and ExoA) conformations (Fujinaga et al. 2003). Here, the toxins are
first recognized, reduced, and unfolded by ER chaperones, and subsequently
targeted to a protein-conducting channel for retro-translocation to the ER.

4.1
Substrate Recognition

One of the conundrums in the biology of the toxins that use the ER for retro-
translocation is that the mammalian ER is a protein-folding environment
functionally similar to both the bacterial periplasm and plant cell ER where
the toxins are initially produced. In one instance, the toxins are folded and
specific SH groups are oxidized to form disulfide bonds, and in the other
instance, the toxins are unfolded and disulfide bonds reduced. In the case of
CT, the explanation for this problem is known. The structure of CT contains
a molecular switch that allows for toxin folding and assembly in the bacterial
periplasm, but signals entry into the ERAD pathway for unfolding and subunit
dissociation in the ER of target mammalian cells. This molecular switch is the
critical protease site in the loop connecting the A1- and A2-chains that allows
for toxin activation (see above). Proteolytic cleavage of this loop converts
CT into a substrate for protein disulfide isomerase (PDI). This ER chaperone
unfolds and dissociates the Al chain from the rest of the toxin in preparation
for retro-translocation to the cytosol (Tsai et al. 2001). The exact motif that
allows PDI to act on CT is not known, but it likely has to do with exposure
of hydrophobic domains in the Al-chain that are buried in the uncleaved
proform of the toxin.

Given that all the A/B toxins require proteolytic cleavage for activation,
we believe these other toxins that use ERAD also use the proteolytic motif
as a molecular switch for entry into the ERAD pathway. Proteolytic cleavage
and activation of the toxins can occur before or after entry into the target cell.
In the case of CT, the toxin is cleaved after secretion from the Vibrio into the
intestinal lumen, and in the case of ricin, the toxin is cleaved after entry into
the vacuole that contains digestive enzymes (Lord 1985a). In the case of ExoA
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and Shiga toxin (and also potentially true for CT), the toxins are activated
during entry into target cells by endogenous proteases (Gordon and Leppla
1994; Lencer et al. 1997).

4.2
Reduction, Unfolding and Subunit Dissociation

Based on the structure of the Sec61 translocon (Clemons et al. 2004; van
den Berg et al. 2004), the catalytic domains of the toxins are assumed to
be reductively separated from the B/A2-Bs subunit(s) and unfolded to some
degree before passing through the Sec61 channel. For ricin, reduction appears
to be catalyzed in the ER by PDI (Spooner et al. 2004). There is evidence that
PDI may also specifically reduce the nicked CT-Al chain and ExoA (McKee
and FitzGerald 1999; Orlandi 1997), but we do not obtain the same results for
PDI when studied in vitro with CT (Tsai et al. 2001). It is possible that several
other components of the ER can perform this function, PDI predominating
because of its abundance.

The unfolding reaction for CT has been studied. Here, we find that PDI
acts as redox-dependent chaperone to unfold the CT Al chain and dissociate
it from the rest of the toxin (Tsai et al. 2001). In its reduced form, PDI binds
and unfolds the Al chain. It may also target the PDI-A1 complex to the
ER membrane (Tsai and Rapoport 2002). At this site, the ER oxidase ERO1
catalyzes the oxidation of PDI, causing the release of the Al peptide directly
or indirectly to the retro-translocation machinery. PDI, however, may not be
a general catalyst for unfolding peptides because there is evidence that not
every polypeptide bound by PDI is driven by a redox cycle (Lumb and Bulleid
2002). In the case of CT, the data show clearly that PDI can bind, unfold,
and after catalysis by ERO1, release the Al chain under physiological redox
conditions (Tsai and Rapoport 2002; Tsai et al. 2001). PDI may not be the
only chaperone responsible for unfolding and dissociating the CT Al chain.
One recent study suggests that the ER chaperone BiP may also play a role
(Winkeler et al. 2003).

Unlike CT, PDI does not appear to promote unfolding or release of the RTA
from the holotoxin, even though PDI is probably responsible for reducing the
peptide (Bellisola et al. 2004; Spooner et al. 2004). It is known that reduction
and dissociation is required for retro-translocation of RTA, at least in plant
cells (Frigerio et al. 1998). When RTA is transiently expressed as a secretory
protein without RTB in tobacco protoplasts, the RTA appears to be able to
retro-translocate to the cytosol because it causes a significant ribotoxicity.
When RTA is co-expressed with RTB, however, this toxicity is essentially mit-
igated because the two chains assemble into holotoxin in the ER lumen. Thus
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only the reduced and free RTA is competent for retro-translocation, but unlike
CT, the RTA is released from its B-subunit in its fully folded conformation
(Wright and Robertus 1987).

So how does RTA unfold to move through the retro-translocation pore?
When RTA separates from RTB, several residues or surfaces are exposed that
can insert into artificial membranes and this may induce unfolding. Indeed,
RTA can interact with negatively charged phospholipid vesicles in a way that
triggers structural changes in the protein and membrane destabilization (Day
etal. 2002). Thus, it is possible that in vivo, RTA might interact with negatively
charged phosphatidylserine on the lumenal surface of the ER membrane to
unfold. It is also possible that ER chaperones might recognize these newly
exposed RTA domains and catalyze the unfolding reaction itself, in a way that
is similar to that shown for CT. There are no studies to date on the mechanism
of Stx or ExoA unfolding.

43
Retro-translocation: The Protein Conducting Channel and Driving Force

How do the toxins move across the ER membrane? There is some evidence
that the Sec61 translocon may be the protein-conducting channel. While the
data to date are suggestive, they are indirect and not fully conclusive. In
addition, the discovery of Derlin-1 and its function in the retro-translocation
of MHC class I in USI11 transfected cells (Lilley and Ploegh 2004; Ye et al.
2004) cast further doubt on the idea that Sec61 represents the sole protein-
conducting channel for retro-translocation. The possible role of Derlin-1 in
retro-translocation of the toxins, however, has not yet been tested directly.

In the case of CT, evidence for the involvement of Sec61 comes from the in
vitro expression of the CT Al-chain in ER-derived microsomes (Schmitz et
al. 2000). Here, the Al-chain was co-immunoprecipitated with components
of Sec61, suggesting the capture of a translocating intermediate. In the case of
ricin, RTA was co-immunoprecipitated with Sec61a as it entered mammalian
cells in culture (Wesche et al. 1999). Furthermore, when RTA was expressed
in yeast mutants defective in Sec61 function, the rate of degradation for RTA
was reduced, suggesting that the defect in Sec61 caused a block in export of
RTA to the cytosol. There is also some evidence that ExoA can use the Sec61
complex for retro-translocation (Koopmann et al. 2000). Almost nothing is
known, however, about how Stx reaches the cytosol from the ER, or about
what happens at the molecular level to the toxin B-subunits after the A-chains
are dissociated. In some cases, the B-chains are rapidly degraded (Spooner et
al. 2004), and in others they appear to remain stable for prolonged periods,
possibly inside the ER (reviewed in Smith et al. 2004).
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The driving force for retro-translocation of any protein also remains un-
known. Since almost all terminally misfolded proteins known to be retro-
translocated are poly-ubiquitinated, one idea is that the covalently attached
ubiquitin polypeptides may act as a plug, preventing the retro-translocating
protein from backsliding and thus acting as a ratchet to drive the transport re-
action. This idea has been tested for CT and ricin. The data show that a mutant
CT Al chain with its N-terminus chemically blocked and all lysines mutated
to arginine and thus lacking all sites for poly-ubiquitination and a mutant RTA
lacking all lysines remain essentially fully toxic (Deeks et al. 2002; Rodighiero
et al. 2002). These data show that poly-ubiquitination cannot be only driving
force for retro-translocation of the toxins. It is possible that the ability of
the CT Al chain to rapidly and spontaneously refold may cause the toxin to
ratchet itself out of the retro-translocating pore, but such rapid refolding is
not a characteristic of all the toxins and this idea has not been conclusively
tested. The AAA-ATPase p97 and its adaptor molecules Ufd1l and Npl4 are
involved in retro-translocation of other ERAD substrates (see, for example,
Bays and Hampton 2002) and may be involved in toxin retro-translocation,
but this also has not yet been tested.

4.4
After Retro-translocation: Refolding and Escape from Proteosomes

To act on their substrates, the retro-translocated toxins must to some extent
disengage from the sequential steps leading to degradation that normally
occurs upon extraction of ERAD substrates from the membrane. Assuming
the toxins are unfolded for retro-translocation, they may achieve this by
rapidly refolding in the cytosol and avoiding the proteosome, as has been
demonstrated for the CT Al chain. Alternatively, as first proposed by Hazes
and Read (1997), they may simply avoid poly-ubiquitination after arrival in
the cytosol because these toxins uniquely contain a paucity of lysines in their
primary sequence. Only the primary amines contained in lysines and at the
N-terminus of polypeptides are substrate for poly-ubiquitination.
Remarkably, the A-chains of seven different toxins believed to cross into
the cytosol through the ER posses only 2.3 lysyl residues per polypeptide on
average. This is in marked contrast to the structurally related but nontoxic
typeIribosome-inactivating proteins (ricin A chain-like polypeptides without
a B-chain) that contain an average of 18.6 lysyl residues (Deeks et al. 2002),
and proteins that exit directly from the endosome; for example, diphtheria
toxin A-chain contains 16 lysyl residues (Hazes and Read 1997). It has also
been shown that the introduction of additional lysyl residues into both RTA
and the CT Al chain significantly increases their susceptibility to proteasomal
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Fig.3 The fate of CT and ricin upon reaching the ER lumen. (A) CT enters the ER as
a fully assembled A-Bs toxin but proteolytically cleaved in the A subunit, while ricin
enters as an A-B heterodimer. (B) The reduced form of protein disulfide isomerase
(PDI) interacts with both toxins but with different results. Reduced PDI recognizes
cleaved CT, binds to and unfolds the Al subunit, and dissociates it from the rest of
the toxin. PDI reductively cleaves the disulfide bond linking the A- and B-subunits of
ricin to release the free but still folded RTA subunit. (C) In the case of CT, the PDI-A1
complex is targeted to the luminal surface of the ER membrane where Erol oxidizes
PDI to release the unfolded Al-subunit. RTA interacts with the ER membrane, which
results in RTA unfolding. (D) The unfolded CT-A1l and RTA subunits are perceived
as ERAD substrates and retro-translocated to the cytosol, possibly passing through
the Sec61p translocon. (E) Once the cytosol is reached, the paucity of lysine residues
in CT-A1l and RTA prevents extensive ubiquitination, allowing the toxin to uncouple
from the proteasomal degradation step of ERAD. CT-Al does this by rapidly refolding
into its native conformation, while RTA appears to use the ribosome as a chaperone
in an assisted refolding step. Once refolded, the toxin A subunits are proteolytically
resistant and biologically active, and go on to modify their cytosolic substrates
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degradation and reduces toxicity (Deeks et al. 2002; Rodighiero et al. 2002).
These data support the idea that the low lysine content of the ER retro-
translocating toxins has resulted from evolutionary pressure for the toxins to
avoid proteasomal degradation.

To have enzymatic activity in the target cell cytosol, the toxins must also
refold after crossing the ER membrane. The refolding reaction in vitro has
been modeled for the CT Al-chain and for RTA. For CT, the unfolded A1-chain
can be released from PDI after oxidation. Once released, the Al-chain refolds
spontaneously and rapidly (within 5 s) (Rodighiero et al. 2002). This has led us
to propose that in vivo the CT Al-chain may refold rapidly and spontaneously
as it emerges from the retro-translocating pore. Such rapid refolding into
its native conformation would cause the peptide to avoid degradation by the
proteosome, consistent with the fact that the toxicity of native CT displays no
detectable sensitivity to proteasome inhibition.

In the case of ricin, in vitro studies show that RTA does not spontaneously
refold after release from thermal denaturation (Argent et al. 2000). Instead,
RTA requires some chaperone-like assistance, possibly from the target ribo-
some itself (Argent et al. 2000). The slower refolding rate of RTA renders
it susceptible to some degradation by the proteosome as evidenced in vivo.
Inhibition of proteasomes in cultured mammalian cells, for example, will
typically sensitize the cells to intoxication by ricin by approximately two- to
threefold.

In all cases, it is assumed that after retro-translocation and refolding the
catalytic A chains reach their substrates by diffusion-limited reactions. This,
however, has not been studied in vivo and it is possible that the toxins exploit
other cytosolic components. Our current understanding of the fate of CT and
ricin after their delivery into the ER lumen is summarized in Fig. 3.

5
Toxin Retro-translocation in Plant Cells

Anintriguing question surrounds the biosynthesis of ricin. How does the plant
synthesize large amounts of this toxin when the producing ribosomes are sen-
sitive to its action (Harley and Beevers 1982)? It has been speculated that since
ricin is initially made as an ER-targeted proricin precursor (Butterworth and
Lord 1983), the presence of RTA in this context somehow prevents its recogni-
tion as an ERAD substrate and therefore precludes its retro-translocation to
the cytosol. There is some experimental support for this, since when tobacco
protoplasts are forced to express RTA by itself, the polypeptide is found to
become co-translationally glycosylated whilst remaining toxic to ribosomes
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(Di Cola et al. 2001). Metabolic labelling showed that most RTA was degraded
by proteasomes in a process preceded by a cytosolic deglycosylation step.
This was the first reported example of a retro-translocation pathway in plant
cells. Although degradation was the fate of most of the retro-translocated
RTA, some of this enzyme was able to disengage from downstream steps and
damage the tobacco ribosomes. This does not occur during ricin biosynthe-
sis. In Ricinus seeds, ER-segregated proricin is transported via the secretory
pathway to the protein storage vacuoles (Lord 1985a, 1985b). Here, the active
holotoxin is generated by proteolysis of the 12 residues’ vacuolar targeting
signal that links the RTA and RTB sequences in the proricin precursor (Harley
and Lord 1985). Since the ribosomes of Ricinus endosperm cells show no sign
of damage while synthesizing and storing large amounts of active toxin, ricin
clearly does not retro-translocate across the vacuolar membrane. This strat-
egy of synthesis allows the seeds to make and store a highly potent toxin to
5% of total particulate protein without compromising survival.

6
Concluding Remarks

It is now clear that certain toxins move into the cytosol of target cells by co-
opting components of ERAD. The molecular components of this pathway are
only now emerging. Many questions remain unanswered and we look forward
to future studies that examine the biology of these remarkable proteins.
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