Protoplasma (1999) 207: 16-23

PROTOPLASMA
© Springer-Verlag 1999
Printed in Austria

Endoplasmic-reticulum-associated protein degradation inside and

outside of the endoplasmic reticulum

N. Erwin Ivessa*, Clandia Kitzmiiller, and Maddalena de Virgilio

Department of Molecular Genetics, University and Biocenter Vienna, Vienna

Received March 4, 1999
Accepted March 16, 1999

Summary. Newly synthesized polypeptides that enter the endo-
membrane system encounter a folding environment in the lumen
of the endoplasmic reticulum (ER) constituted by enzymes, lectin-
like proteins, and molecular chaperones. The folding process is
under scrutiny of this abundant catalytic machinery, and failure
of the new arrivals to assume a stable and functional conformation
is met with targeting to proteolytic destruction, a process which
has been termed ER-associated degradation (ERAD). In recent
years it became clear that, in most cases, proteolysis appears to
take place in the cytosol after retro-translocation of the sub-
strate proteins from the ER, and to depend on the ubiquitin-
proteasome pathway. On the other hand, proteolytic activities
within the ER that have been widely neglected so far may also
contribute to the turnover of proteins delivered to ERAD. Thus,
ERAD is being deciphered as a complex process that requires
communication-dependent regulated proteolytic activities within
both the ER lumen and the cytosol. Here we discuss some recent
findings on ERAD and their implications on possible mecha-
nisms involved.

Keywords: Endoplasmic reticulum; Protease; Protein degradation;
Retro-translocation; Ubiquitin-proteasome pathway.

Abbreviations: o1 AT alpha-1-antitrypsin; apoB apolipoprotein B;
BiP immunoglobulin-heavy-chain-binding protein; CFTR cystic
fibrosis transmembrane conductance regulator; CPY carboxypepti-
dase Y; ER endoplasmic reticulum; ERAD ER-associated degrada-
tion; HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A; MHC
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Introduction

The rough domain of the endoplasmic reticulum (ER)
is the entry point into the secretory pathway for most

* Correspondence and reprints: Department of Molecular Genetics,
Biocenter Vienna, Dr.-Bohr-Gasse 9/2, A-1030 Vienna, Austria.

proteins that are destined for the endomembrane
system (ER, Golgi apparatus, endosomes, lysosomes,
secretory vesicles, and granules), for the plasma
membrane, and for secretion. In higher eukaryotes,
these proteins, synthesized on membrane-bound
polysomes, are co-translationally inserted into the ER
by passage through the translocation channel com-
prised of the Sec6l protein complex (Rapoport et al.
1996). This implies that the nascent polypeptide chain
is transferred into the ER lumen in an extended
and thus essentially completely unfolded state and
requires folding processes to take place inside the
ER, allowing the protein to attain its native confor-
mation. In addition, many proteins undergo co- and
posttranslational modifications early on during
their biogenesis. These include N-linked glycosylation,
and, owing to the oxidizing environment of the
ER lumen, the formation of disulfide bonds. The
folding process per se is facilitated by the presence of
high concentrations of molecular chaperones, such
as BiP (also called GRP78), GRP9%4, and PDI, as
well as of lectinlike molecules, such as calnexin and
calreticulin (reviewed by Leitzgen and Haas 1998,
and see below). Folding is intended to result in a
rather stable conformation of the newly synthesized
protein, enabling it to assume a functional role, either
within the endomembrane system or after secre-
tion. Failure of the protein to comply with the rules
of folding apparently results in its removal by
proteolytic degradation, a process which takes place at
or close to the site of synthesis at the ER and, there-
fore, has been called ER-associated degradation
(ERAD).
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Common features of ERAD for different
substrate proteins

Already from early studies on the subject it became
apparent that ERAD is a process independent of lyso-
somal degradation and autophagy (Klausner and Sitia
1990). It involves initial retention of the substrate
protein in the ER, which is followed, sometimes after
a considerable lag phase, by rapid degradation without

detectable proteolytic intermediates. Notably, the sub- -

strates for ERAD may be transmembrane or lumi-
nally disposed proteins and are mutant, truncated, or
otherwise misfolded proteins. Subunits of oligomeric
protein complexes synthesized in excess of the stoi-
chiometrically required amount (e.g., TCR subunits),
and even wild-type proteins (CFTR, apoB, and HMG-
CoA reductase), some of which are metabolically
regulated, may also be subject to ERAD (Table 1).

As a general observation, it turned out in recent
years that ERAD is, in fact, a cytosolic process medi-
ated by the 26S proteasome, after extraction of the
substrate protein from the ER (retro-translocation;
Sommer and Wolf 1997). Arriving in the ER lumen,
the newly synthesized protein encounters a variety of
lectinlike proteins and chaperones, a selected set of
which it may transiently associate with, resulting in
initial retention and allowing folding processes to
occur during a limited period of time (see below).
After a protein has failed the folding endeavors of the
cellular machinery, a recognition event must occur, fol-
lowed by targeting of the protein to the degradative
pathway. This process should imply retargeting of the
misfolded protein to the translocon on the luminal side
of the ER and reprogramming of the translocon for
retro-translocation (Sommer and Wolf 1997). Alterna-
tively, but less likely, in a reversal of protein import,
the nascent polypeptide may simply be extracted from
the translocation channel, if it remained directly or
indirectly associated with the translocon during the
folding, recognition, and targeting process.

In many cases the addition of ubiquitin moieties to
the substrate protein, a reaction that takes place in the
cytosol, has been observed (Ward et al. 1995, Jensen
et al. 1995; for a review, see Bonifacino and Weissman
1998) (Table 1). In yeast this process is mediated by
two ubiquitin-conjugating enzymes, Ubc6p, an ER
transmembrane protein with its functional domain
facing the cytosol, and soluble Ubc7p, which is
recruited to the ER membrane by Cuelp (Biederer
etal. 1997). Novel proteins, such as Derlp,

Der3p/Hrd1p, and Hrd3p, that may be involved in tar-
geting to ERAD and retro-translocation and whose
precise function needs to be established, have been
identified in yeast (see Sommer and Wolf 1997). Fur-
thermore, it has been proposed that ubiquitination
(Bordallo et al. 1998, de Virgilio et al. 1998), or the
activity of proteasomes (Mayer et al. 1998, Plemper et
al. 1998) are required for retro-translocation to occur.
Glycoproteins are usually deglycosylated during or
after retro-translocation by a cytosolic N-glycanase
(Wiertz et al. 1996), although considerable processing
of glycans within the ER lumen has also been demon-
strated (Le et al. 1992, Weng and Spiro 1997, de Vir-
gilio et al. 1998).

Role of ER-resident and cytosolic chaperones
in ERAD

The lectinlike proteins calnexin and calreticulin were
found to bind to a number of newly synthesized gly-
coproteins, where they function as a retention device,
allowing the substrate proteins to profit from the
folding environment of the ER (Trombetta and
Helenius 1998). Correctly folded proteins appear to be
released from calnexin and calreticulin as soon as their
folding process is completed. In the case of aberrant
proteins, the final dissociation from the lectinlike pro-
teins and targeting to the proteolytic pathway requires
a specific oligosaccharide structure which is acquired
by trimming of mannose residues from the N-linked
glycan (Jakob et al. 1998, M. Yang et al. 1998). Among
the proteins that bind to calnexin and/or calreticulin
are CFTR, MHC class I heavy chain, and apoB
(Table 1).

A prominent chaperone of the ER is BiP, which
recognizes hydrophobic and exposed patches that
would be buried in the correctly folded protein. BiP
may serve multiple functions, such as limiting the
accessibility of the translocation chaonel on the
luminal side in the absence of ongoing translation and
translocation, retention of proteins in the ER, pro-
moting their folding process, and possibly delivery of
misfolded proteins to ERAD (Leitzgen and Haas
1998). Interestingly, the half time of interaction of BiP
with the immunoglobulin light chain, a substrate
protein for ERAD, correlates precisely with the half-
life of the immunoglobulin subunit and thus depends
on the physical stability of the complex formed
between BiP and an unfolded region of the substrate
protein (Skowronek et al. 1998). Further interaction
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Table 1. Features of ERAD for some known substrate proteins

Substrate protein Reason(s) for ERAD Chaperone(s) Ubiqui- References
involved tination
Alpha-1-antitrypsin point mutation (PiZ), calnexin, UDP- yes? Le et al. 1992, 1994; Lomas et al.
misfolding, ER glucose:glycoprotein 1992; Qu et al. 1996; Teckman
aggregation glucosyltransferase, and Perlmutter 1996; Werner
BiP (in yeast) et al. 1996; Choudhury et al. 1997,
Brodsky et al. 1999
ApoB lack of assembly into a BiP, GRP9%4, ERp60, yes Zhou et al. 1995, 1998; Yeung
lipoprotein particle due to ERp72, calreticulin, et al. 1996; Fisher et al. 1997,
low lipid availability calnexin, Hsp70 Adeli et al. 1997; Wu et al. 1997;
Chen et al. 1998; Linnik and
Herscovitz 1998
CFTR deltaF508 point mutation (deltaF508), calnexin, Hsp70, yes Y. Yang et al. 1993; Pind et al.
misfolding, cytoplasmic Hsp90 1994; Jensen et al. 1995; Ward
aggregation (“aggresomes”) et al. 1995; M. Loo et al. 1998;
Sato et al. 1998
Mutant CPY (yeast) point mutation, misfolding BiP yes Hiller et al. 1996; Plemper et al.
1997; Bordallo et al. 1998
HMG-CoA reductase regulated by mevalonate ?° nd*® McGee et al. 1996
(mammalian)
HMG-CoA reductase regulated by mevalonate ? yes Hampton and Bhakta 1997
(yeast)
MHC class I heavy lack of assembly, induced BiP, ERp60, nd* Wiertz et al. 1996; Ortmann et al.
chain by human cytomegalovirus calreticulin, calnexin, yes® 1997; Pamer and Cresswell
proteins US2 and US11 tapasin 1998; Lindquist et al. 1998;
Hughes et al. 1998;
Morrice et al. 1998
Mutant Pdr5p (yeast) point mutation, misfolding ? yes Plemper et al. 1998
P-glycoprotein (human) point mutation, misfolding calnexin nd Jensen et al. 1995; T. Loo
and Clarke 1994, 1998
Mutant pro-alpha factor mutation (lack of BiP, calnexin nd McCracken and Brodsky
(yeast) glycosylation), misfolding 1996; Brodsky et al. 1999
Mutant Sec61p (yeast) mutation, misfolding ? yes Sommer and Jentsch 1993;
Biederer et al. 1996
Mutant Ste6p (yeast) mutation, misfolding ? yes Loayza et al. 1998
TCR alpha failure to assemble, BiP, calreticulin, nof Suzuki et al. 1991; van Leeuwen
charged amino acids in the calnexin yes® and Kearse 1996, 1997; Huppa
transmembrane domain and Ploegh 1997; Yu et al. 1997;
Y. Yang et al. 1998
TCR delta failure to assemble, calreticulin, calnexin yes van Leeuwen and Kearse
charged amino acids in the 1996, 1997; Y. Yang et al. 1998
transmembrane domain
Truncated ribophorin failure to assemble calnexin yes de Virgilio et al. 1998
I RIx
Mutant uracil permease mutation, misfolding ? yes Galan et al. 1998

(yeast)

2 Qu et al. (1996) reported on the ubiquitination of calnexin found in association with «1AT

®So far none reported
¢ Not detected

4 Wiertz et al. 1996

¢ Hughes et al. 1997

£Yu et al. (1997) found that a TCR alpha variant having all lysine residues replaced by arginines is also a substrate for proteasomal degra-
dation that probably is ubiquitin-independent

¢ Yang et al. 1998
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partners of BiP include apoB and mutant car-
boxypeptidase Y (CPY) in yeast (Table 1).

Other ER-resident chaperones that have been
found to interact with substrate proteins for ERAD
are GRP9%4, ERp60, and ERp72 (Table 1 and below).
The role of PDI as a chaperone in ERAD is less clear
thus far, as its binding to substrate proteins may be due
to its disulfide isomerase activity. In addition, some
specialized chaperones have been identified that
appear to interact only with certain substrate proteins.
These include tapasin for MHC class I heavy chain
(Ortmann et al. 1997) and receptor-associated protein
(RAP) for proteins belonging to the low-density
lipoprotein receptor family (Bu and Schwartz 1998,
Willnow 1998).

Hsp70, an abundant cytosolic chaperone, has been
detected to interact with proteins that are delivered to
degradation, most notably with transmembrane pro-
teins, such as CFTR, whose cytoplasmic parts remain
exposed (Y. Yang et al. 1993). ApoB that is inefficiently
translocated into the lumen of the ER, especially
under conditions of low lipid availability, was also
shown to bind to Hsp70 cotranslationally (Zhou et al.
1995, 1998). Furthermore, recent evidence indicates
that also cytosolic Hsp90 associates with CFTR and
that degradation of the protein is accelerated when the
interaction with the chaperone is pharmacologically
perturbed (M. Loo et al. 1998).

Aggregation of substrate proteins

One of the cellular reactions to the expression of pro-
teins that cannot fold correctly is aggregation. In the
context of ERAD this has been observed in a variety
of different manifestations, mostly depending on the
substrate protein. For instance, the PiZ variant of
alpha-1-antitrypsin (a1AT) is known to form insolu-
ble oligo- and multimeric aggregates within the lumen
of the ER, whereas only part of the protein appears
to be degraded (Le etal. 1992, Lomas et al. 1992).
Aggregate formation correlates with the severe al AT
deficiency phenotype associated with liver disease
(Teckman and Perlmutter 1996). Another ER storage
phenotype is the formation of so-called Russell bodies,
where immunoglobulins consisting of mutant IgM
heavy chains assembled with light chains accumulate
in dilated ER cisternae and cannot be secreted or
degraded (Valetti et al. 1991).

A novel type of aggregate, formed by cytosolic
accumulation of CFTR and other transmembrane

proteins that fold inefficiently in the ER, was recently
discovered and called “aggresome” (Johnston et al.
1998). These structures are characterized as stable,
high-molecular-weight, detergent-insoluble, multi-
ubiquitinated aggregates. Their formation was de-
tected after the inhibition of proteasomes, or after
overexpression of the wild-type or mutated substrate
proteins resulting in saturation of proteasome activity.
Intact microtubules are required for the localization of
the aggregates close to the microtubule-organizing
center, but not for their biogenesis itself. Furthermore,
it was shown that the intermediate-filament protein
vimentin redistributes upon formation of aggresomes,
forming a cagelike structure around the aggregated
proteins. It was proposed that the appearance of
aggresomes i a general cellular response to overex-
pression of proteins, when the capacity of intracellular
folding and degradation machineries is exceeded
(Johnston et al. 1998).

Protein processing and degradation within the ER?

It was originally believed that ERAD takes place
within the ER lumen or a closely related tubular-
vesicular compartment. This assumption was soon gen-
erally dismissed after the involvement of the ubiqui-
tin-proteasome pathway became clear. However, a
number of observations, even from recent origin,
seems difficult to reconcile with exclusively cytosolic
degradation, and several findings point towards the
ER lumen or even the ER membrane as a site of pro-
teolytic processing. Two PDI-like proteins, ERp60 and
ERp72, with cysteine protease activity were found to
process proteolytically and degrade resident ER pro-
teins in vitro (Urade et al. 1993). Moreover, ERp60,
also called ER-60 protease or ERp57, was shown to
bind to and degrade human lysozyme overexpressed
in mouse fibroblasts and in vitro, specifically when the
protein had been mutated and is misfolded or dena-
tured (Otsu et al. 1995); similarly, association of PDI
with misfolded lysozyme variants was observed (Otsu
et al. 1994). In addition, ERp60 was also identified as
a component of the ER quality control system, as it
binds transiently to newly synthesized glycoproteins
and appears to act in concert with calnexin and cal-
reticulin (Oliver et al. 1997). In this case, the interac-
tion of ERp60 with its target protein depends on
glucose trimming of the N-linked glycan. An involve-
ment of ERp60 in the assembly of MHC class I mole-
cules has been described (Lindquist etal. 1998,
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Hughes et al. 1998, Morrice et al. 1998). The associa-
tion of ERp60 and other ER proteins, such as BiP, with
apoB in human hepatoma cells was also detected; in
fact, ERp60 apparently causes the generation of dis-
tinct proteolytic fragments from the apolipoprotein
(Adeli et al. 1997). The appearance of distinct apoB
fragments has been ascribed to a dithiothreitol-sensi-
tive, but cysteine-protease-inhibitor- and proteasome-
inhibitor-insensitive protease in the ER lumen (Wu
et al. 1997). Interestingly, the role of ERp60 in protein
maturation within the lumen of the ER seems to vary
according to the context; thus the protein may fulfill
the function of a chaperone and/or a protease.

Recently, a luminally disposed proteolytic activity,
whose precise nature remains to be elucidated, was
detected that acts on certain mutated forms of human
P-glycoprotein (P-gp), a membrane protein of the
ATP-binding cassette protein family with 12 trans-
membrane domains, and results in the appearance of
an unstable proteolytically processed product (T. Loo
and Clarke 1998). After removal of a protease-
sensitive site within the first exoplasmic loop of P-gp,
the protein remained uncleaved and stable.

It is well established that the steady-state levels of
HMG-CoA reductase are metabolically regulated by
ERAD (among other mechanisms), and that this
regulation depends on the N-terminal membrane
domain of the protein. Although HMG-CoA reduc-
tase appears to be degraded by the proteasome in vivo
(McGee etal. 1996, Hampton et al. 1996), distinct
cleavage products have been observed in vitro that
are generated due to the activity of (a) membrane-
associated cysteine protease(s) by processing the sub-
strate within the membrane domain (Moriyama et al.
1998).

One of the best-characterized proteolytic enzymes
in the ER is the signal peptidase complex, which
cleaves short peptide segments from newly synthe-
sized polypeptides required for their targeting to and
cotranslational insertion into the ER. It has been pro-
posed that, in addition to the removal of the signal
peptide, the enzyme may also be responsible for the
proteolytic processing of the H2a subunit of the
asialoglycoprotein receptor at the luminal end of
the membrane span, giving rise to a fragment com-
prising the ectodomain, which is secreted, and a mem-
brane-bound fragment, which is delivered to ERAD
(Tolchinsky et al. 1996). Moreover, a link between
signal peptidase activity and the degradation of aber-
rant proteins has been observed in yeast, as the pro-

teolytic processing and the degradation of two
chimeric membrane proteins that lack N-terminal
signal peptides were severely inhibited, when the cells
were carrying a mutation in the Secllp subunit
(Mullins et al. 1995); this subunit is essential for cell
growth and signal peptide cleavage (Bohni et al. 1988).
Thus, it appears that signal peptidase may, at least
under certain circumstances, such as in the presence of
a signal/anchor sequence, be involved in quality
control processes in the ER.

Results obtained from experiments with permeabi-
lized cells and with in vitro reconstituted systems did
not firmly establish, nor disprove, the ER as a site of
protein degradation. An early study using streptolysin
O-permeabilized fibroblasts expressing TCR alpha
and beta chain chimeras and isolated microsomes from
these cells demonstrated that neither intracellular
membrane transport nor ATP or cytosol are required
for the proteolytic breakdown of these proteins
(Stafford and Bonifacino 1991). Similar findings were
reported on the degradation of the H2a subunit of
the human asialoglycoprotein receptor in semi-
permeabilized CHO cells (Wikstrom and Lodish
1992). More recently, however, in vitro systems that
reproduce ERAD in yeast were developed, and re-
quirements for cytosol, calnexin, and ATP were in-
ferred for the degradation of substrate glycoproteins
(McCracken and Brodsky 1996, Werner et al. 1996).

From these and other data, the picture emerges that
proteolytic activities within the lumen of the ER may
be tightly linked to the quality control apparatus of the
ER and thus contribute to ERAD, possibly by making
initial cleavages into polypeptides targeted for degra-
dation. This may be required for efficient extraction
of luminal and polytopic membrane proteins from
the ER for degradation by the proteasome in the
cytosol.

Perspective

The current knowledge on ERAD reflects the view of
a multifaceted and highly regulated process with a
wide variety of players, only some of which may be
involved in the degradation of a specific substrate.
Retention in the ER and degradation are clearly sep-
arable and governed by differing mechanisms. Dimin-
ishing ER degradation usually does not result in
improved transport from the ER (see Kowalski et al.
1998), but promoting assembly, e.g., in the case of
apoB, does (Sakata et al. 1993). This has to be seen in
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the light of a concept, in which intracellular transport
processes rely on positive sorting signals and their
interactions with soluble cargo adaptors and coat pro-
teins of vesicular carriers (Kuehn et al. 1998).

The challenge of the next years will be to integrate
the rudimentary mosaic picture obtained so far
mostly by degradation analyses of many different
substrate proteins into a coherent model of ERAD in
which specific functions are assigned to all the major
contributing factors. One focus will be on trying to
understand the coordinated regulation between two
topologically distinct compartments, the ER lumen
and the cytosol, in the context of ERAD. Another
important point will be to elucidate the actual target-
ing step at which the system makes the decision to give
up further folding attempts and to deliver the polypep-
tide to the degradative machinery. Clearly, this will
require the extensive characterization of some of the
proteins known to participate in ERAD, and possibly
the identification of novel components, e.g., by using
yeast genetics.
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