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ABSTRACT Proteins synthesized in the endoplasmic reticulum (ER) encounter
quality control checkpoints that verify their fitness to proceed in the secretory
pathway. Molecules undergoing folding and assembly are kept out of the ex-
ocytic pathway until maturation is complete. Misfolded side products that in-
evitably form are removed from the mixture of conformers and returned to the
cytosol for degradation. How unfolded proteins are recognized and how irre-
versibly misfolded proteins are sorted to ER-associated degradation pathways
was poorly understood. Recent developments from a combination of genetic
and biochemical analyses has revealed new insights into these mechanisms.
The emerging view shows distinct pathways working in collaboration to filter
the diverse range of unfolded proteins from the transport flow and to divert
misfolded molecules for destruction.
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INTRODUCTION
Nearly all proteins secreted from the cell or resident along the secretory path-

way begin their journey within the membranes of the endoplasmic reticulum
(ER). They cross or integrate into the membrane through a proteinaceous pore
called the translocon (Johnson & van Waes, 1999; Meacock et al., 2000; Romisch,
1999). Physically separated from the cytosol, the ER maintains its own distinct
lumenal environment for the specific needs of secretory protein biogenesis. An
extensive array of factors are on hand to carry out essential maturation steps
that can include signal sequence cleavage, N- and O-linked glycosylation, gly-
cosylphosphatidylinositol (GPI)-anchor addition, folding and oligomerization,
disulphide bond formation, and isomerization. Since these activities are found
nowhere else along the secretory pathway, the uncontrolled flux of immature
proteins out of the ER would be disastrous. This scenario is averted by a mech-
anism termed “ER quality control (ERQC),” which monitors protein folding
and assembly and prevents the transport of immature molecules.

The ER must also contend with proteins that become irreversibly misfolded.
Errors in transcription and translation, environmental stress (including oxida-
tive damage and unfavorable temperatures), and subunit stoichiometric imbal-
ances are some of the leading causes for erroneous protein biogenesis (Ellgaard
& Helenius, 2003; Wickner et al., 1999). Up to 30% of all newly synthesized
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proteins are estimated to be defective (Schubert
et al., 2000). Left unchecked, aberrant proteins can
be dire to an organism, as they are inherently toxic
(Bucciantini et al., 2002). To neutralize them, cells de-
ploy another pathway coupled to ERQC. Termed ER-
associated degradation (ERAD), offending molecules
are taken out of folding pathways and targeted for
degradation.

The flux through the ER includes soluble proteins,
single and multi-spanning integral membrane proteins,
and lipid anchored proteins. Misfolded proteins that
emerge from any of these populations can be elimi-
nated by ERAD. Regardless of species, they are recog-
nized, targeted, and translocated to the ubiquitylation
machinery located on the cytosolic face of the ER for
modification (most substrates). The molecules are next
extracted from the membrane and finally degraded by
the 26S proteasome. The process seems simple enough,
but the wide variety of substrates made it difficult to
imagine that a single pathway could sufficiently moni-
tor all molecules. It is now clear that the task is accom-
plished through a collaboration of multiple pathways.
Investigators are currently undertaking the challenge to
delineate these pathways, to understand how the cell
arrives at the decision that a protein is misfolded, and
how substrates are targeted to the degradative machin-
ery. This review will emphasize these and other emerg-
ing concepts and is not intended to be comprehensive.
For additional reading, the reader is directed to sev-
eral excellent reviews recently published (Ellgaard &
Helenius, 2003; Kostova & Wolf, 2003; McCracken
& Brodsky, 2003; Sitia & Braakman, 2003; Trombetta
& Parodi, 2003).

ER QUALITY CONTROL: SORTING
AND RETENTION

Proteins synthesized in the ER pose special problems
for quality assurance. Soluble molecules can diffuse in
the lumenal milieu, whereas more spatially constrained
membrane proteins can have domains exposed to the
lumen, lipid bilayer, and the cytosol. A quality control
system must be able to detect and retain the full range
of unfolded proteins while allowing the progress of ma-
ture molecules. Since most nascent secretory proteins
eventually fold and traffic out of the ER, the mech-
anisms that comprise ERQC appear to be indepen-
dent from the decisions to degrade molecules deemed
misfolded.

Chaperones: Screeners at the First
Line of Defense

Precisely how cells sort and retain unfolded pro-
teins remains unclear. The best-understood mechanism
found in higher eukaryotes, the calnexin/calreticulin
cycle, integrates activities of both folding and quality
control to serve a subset of glycoproteins. Calnexin and
calreticulin are homologous lectin chaperones resident
in the ER, each with their own substrate preferences.
Both bind newly synthesized glycoproteins that con-
tain N-linked glycan(s) trimmed to a single terminal
glucose residue by glucosidase I and II. While bound,
substrates undergo conformational maturation assisted
by a variety of folding enzymes (Frenkel et al., 2004;
Molinari & Helenius, 1999; Oliver et al., 1997; Pollock
et al., 2004). The process continues until the remaining
glucose residue is cleaved by glucosidase II and the sub-
strate is released. Next, a dedicated folding sensor, UDP-
glucose:glycoprotein glucosyl transfrease (GT), samples
each substrate. Folding intermediates are reglucosylated
by GT to allow another round of lectin binding and
folding. The substrate specificity of GT is notable, as
it recognizes partially structured non-native conforma-
tions over native or fully unfolded molecules (Caramelo
et al., 2003; Ritter & Helenius, 2000; Trombetta &
Helenius, 2000). Through this activity, GT returns fold-
ing intermediates to the cycle while misfolded proteins
are made available for ERAD (see An ERAD receptor
for carbohydrate signals below). The proteins that go off
cycle can then interact with chaperone proteins that in-
clude BiP (an Hsp70 family member) and protein disul-
fide isomerase (PDI, an oxidoreductase) as a prerequi-
site for ERAD (Molinari et al., 2004; Molinari et al.,
2002).

Nascent proteins that do not use the calnexin/

calreticulin cycle encounter other ER chaperones and
folding catalysts immediately upon translocation. These
factors assist in folding and keep their substrates in the
ER in the process (Molinari et al., 2004). In the event that
nascent proteins fail to fold or assemble, chaperones
play a number of roles to prepare substrates for ERAD.
BiP (heavy chain binding protein) is well known for its
role in retaining unassembled immunoglobulin heavy
chains, for which its name was derived (Haas & Wabl,
1983; Hendershot & Kearney, 1988). This function is
widespread; many examples in the literature describe
specific interactions between BiP and misfolded ER lu-
menal proteins. BiP, with its partners Scj1p and Jem1p,
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is also needed to prevent substrates from aggregating
so that they remain competent for ERAD (Nishikawa
et al., 2001). This mirrors the role of its cytosolic ho-
molog, Hsp70, in maintaining the translocation com-
petence of presecretory proteins (Chirico et al., 1988;
Deshaies et al., 1988). Indeed, cytosolic chaperones also
play key roles in the ERAD of some substrates (see
below).

PDI, whose expression is coordinately regulated with
BiP by the unfolded protein response (UPR), is also re-
quired for the retention and subsequent degradation
of a broad range of substrates (Bottomley et al., 2001;
Gillece et al., 1999). In mammalian cells, PDI forms
mixed disulfides with the β-secretase isoforms that fail
to fold following attempts in the calnexin/calreticulin
system (Molinari et al., 2002). Another oxidoreductase,
ERp44, uses free cysteines in mediating the retention
of the Ero1p, a resident ER protein. Erp44 also forms
mixed disulfides with unassembled IgM chains to me-
diate their retention (Anelli et al., 2003). Yet another
family member, Eps1p, is required for the retention
of misfolded yeast Pma1p (Pma1-D378N) (Wang &
Chang, 1999). In strains deleted of the EPS1 gene,
Pma1-D378N traffics efficiently to the plasma mem-
brane but the distribution of normal ER resident pro-
teins is unaltered. Together, these reports show that one
major function of lumenal oxidoreductases is to retain
misassembled proteins.

Recent evidence suggests that PDI plays the broader
role of actively unfolding and targeting substrates to
the ERAD pathway. Cholera toxin enters the cell and
journeys through the secretory pathway in reverse un-
til it reaches the ER. There, it crosses the membrane
to the cytosol, probably through the ER Sec61 pore
complex normally used for import. The toxin en-
ters the cell as an A1 subunit (the active domain) co-
valently attached to the A2 subunit through a disul-
fide bond. For A1 retro-translocation to occur, the pair
must be reduced and unfolded after they enter the ER
lumen. Searching for the “unfoldase,” Tom Rapoport’s
group developed and followed a toxin unfolding activ-
ity biochemically. The activity co-purified with a single
protein, PDI. The unfoldase activity of PDI seems to
use an on-off substrate binding cycle typical of other
chaperones, except that PDI’s is regulated by its redox
state rather than ATP binding and hydrolysis (Tsai et al.,
2001). Thus, the toxin adapted a pre-existing function
of PDI to gain entry to the cytosol where it attacks its
target. If misfolded proteins dislocate through the same

pore, they would need to unfold fully and to reduce
any disulfide bonds that may have formed. By extend-
ing PDI’s role in cholera toxin dislocation to ERAD, it
is a leading candidate in the priming of substrates for
export.

A Multifaceted Defense is Deployed
Against Aberrant Proteins

The restriction of the calnexin/calreticulin system to
a subset of glycoproteins suggested that ERQC is com-
prised of multiple pathways. This notion, along with
the idea that such pathways converge at a common
degradation mechanism, emerged from the pioneering
studies of two independent groups. From entirely dif-
ferent perspectives, elegant genetic strategies using bud-
ding yeast were performed to dissect the regulation and
degradation of one of the two yeast HMG-CoA reduc-
tase isozymes, Hmg2p, involved in sterol biosynthesis
(Hampton et al., 1996), and CPY∗, a misfolded vari-
ant of the soluble vacuolar peptidase carboxypeptidase
Y (Knop et al., 1996). Through these studies, identical
components were discovered that are needed for the
degradation of both proteins. These included the E3
ubiquitin ligase Hrd1p/Der3p and its associated factor
Hrd3p (Bays et al., 2001; Bordallo et al., 1998; Gardner
et al., 2000; Plemper et al., 1999), the E2 ubiquitin con-
jugating enzyme Ubc7p and its associated ER mem-
brane anchor Cue1p (Biederer et al., 1997; Hampton &
Bhakta, 1997; Hiller et al., 1996), and the 26S protea-
some (Hampton & Bhakta, 1997; Hiller et al., 1996).
Together, these studies demonstrated that both mem-
brane and soluble substrates utilize a common core
mechanism involving substrate ubiquitylation on the
cytosolic face of the ER membrane followed by protea-
somal degradation (Figures 1 and 2).

The upstream sorting steps were less clear, but the
available genetic evidence suggested the existence of di-
vergent mechanisms. DER1, first discovered by Dieter
Wolf ’s group as being required for the degradation of
the soluble substrates CPY∗ and PrA∗ was found to be
entirely dispensable for the membrane substrates Sec61-
2p (mutant translocon pore component) and Pdr5p∗

(mutant membrane transporter ATPase) (Knop et al.,
1996; Plemper et al., 1998). Also consistent with these
results, DER1 was absent from the outcome of the HRD
genetic selection (Hampton et al., 1996). These stud-
ies raised the possibility that soluble and membrane
proteins define two substrate classes, each with its own
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FIGURE 1 ERAD of proteins bearing cytosolic determinants. Misfolded integral membrane proteins with cytosolic lesions are detected
by cytosolic chaperone/recognition factors, ubiquitylated, extracted out of the membrane, and degraded by the 26S proteasome as
described in the text. The substrate is represented by the black freeform line drawing. The lesion depicted by a star and ubiquitin with
triangles. For clarity, not all known factors of each component class is depicted. The translocon is not labeled as it is not clear whether
one is required in this pathway.

FIGURE 2 ERAD of substrates bearing lumenal determinants. Soluble and integral membrane proteins (depicted by the black freeform
lines) with lumenal lesions are detected by lumenal chaperone/recognition factors, targeted to the membrane, dislocated through a
protein conducting channel, ubiquitylated, and degraded by the 26S proteasome as described in the text. Stars depict the location of
substrate lesions and triangles depict ubiquitin. As in Figure 1, not all factors described in the text are shown for the sake of clarity.
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devoted quality control pathways. Further support of
the hypothesis came from their distinct requirements
for chaperones. The lumenal chaperones BiP, Scj1p,
Jem1p, and PDI are required for the degradation of the
soluble substrates CPY∗, non-glycosylated pro-α fac-
tor (pαF), and A1PiZ (mutant variant of the α-1 pro-
tease inhibitor). By contrast, the cytosolic chaperones
Hsp70 and associated DnaJ-like factors are dispensable
(Brodsky et al., 1999; Nishikawa et al., 2001; Plemper
et al., 1997). The chaperone requirements are inverted
for several membrane substrates, including unassem-
bled Vph1p (subunit of the yeast vacuolar H+-ATPase),
the cystic fibrosis transmembrane conductance regu-
lator (CFTR), Ste6-166p (mutant yeast a-factor trans-
porter), and Sec61-2p (Hill & Cooper, 2000; Huyer
et al., 2004; Taxis et al., 2003; Yang et al., 1993; Zhang
et al., 2001). The notion of separate pathways for solu-
ble and membrane proteins offered a simple basis for
how substrates are “seen” by ER quality control. How-
ever, it remained unclear whether the data really re-
flected distinct pathways or simply different substrate
requirements for “accessory” factors within the same
pathway.

ER Quality Control: Two Sides
of the Same Coin?

Subsequently, combined genetic and biochemical
analyses determined at least two quality control sys-
tems that work in parallel. In yeast, soluble substrates
in the lumen require the maintenance of protein traf-
ficking between the ER and Golgi apparatus, whereas
this activity is entirely dispensable for membrane sub-
strates (Caldwell et al., 2001; Taxis et al., 2002; Vashist
et al., 2001). The difference suggested retrieval from a
post-ER compartment for soluble substrates and static
retention for membrane substrates. The notion was con-
firmed directly by applying in vitro vesicle budding as-
says using purified ER microsomal membranes. CPY∗

and soluble misfolded viral protein KHN were pack-
aged into COP II (coatamer protein) transport vesicles,
while Ste6-166p was completely excluded (Vashist et al.,
2001). Whether the trip to the Golgi is a prerequisite
for the degradation of soluble substrates is less clear. It
has been suggested that the strong stabilization of sol-
uble substrates in protein trafficking mutants could be
an indirect effect (Taxis et al., 2002). Thus, substrate re-
cycling might simply reflect the retention mechanism
of their associated chaperones PDI and BiP, which are

retrieved from the Golgi apparatus via the recycling re-
ceptor Erd2p (Semenza et al., 1990).

Although it was clear that ERQC is composed of
multiple pathways, hints emerged that substrate fate is
not solely determined by soluble versus membrane asso-
ciation. For example, retention in mammalian cells did
not follow the trend of yeast. Misfolded or unassem-
bled membrane proteins can utilize either retrieval or
static retention mechanisms, although usually not both
(Elkabetz et al., 2003; Hammond & Helenius, 1994;
Nehls et al., 2000; Yamamoto et al., 2001). Examples
of retrieval mechanisms for membrane substrates were
also recently reported in yeast. Unassembled Fet3p, a
subunit of the plasma membrane iron transporter, is
retained through a retrieval mechanism that is depen-
dent on Rer1p (Sato et al., 2004). Previously, Rer1p was
known for retaining a subset of ER resident transmem-
brane proteins including Sec12p (Sato et al., 1995). For
its role in ER quality control, Rer1p likely recognizes
the unpartnered Fet3p transmembrane segment, much
in the way that it retrieves resident proteins (Sato et al.,
1996). This example suggests that retrieval in ERQC is
not a mechanism devoted exclusively to soluble pro-
teins. However, since unassembled Fet3p is not de-
graded by ERAD, it is not currently known whether the
Rer1p-dependent mechanism is also used by molecules
destined for ERAD.

Among ERAD substrates, inspection of lesions
pointed to another possible mechanism for sorting. Un-
like soluble substrates, statically retained Sec61-2p and
Ste6-166p have little exposed in the lumen and have
lesions near or in their cytosolic domains (Loayza et al.,
1998; Nishikawa et al., 2001). Thus, the site of the lesion
could be a major determining factor for sorting. To ad-
dress the question, a series of ERAD substrates were
configured with defined misfolded domains (Vashist
& Ng, 2004). An integral membrane substrate called
KWW was constructed misfolded only in its lumenal
domain (KHN fused to native Wsc1p transmembrane
and cytosolic domains). If proteins were sorted simply
on the basis of membrane association, KWW would
be statically retained. Upon testing, KWW followed
the pathway used by the soluble substrates precisely.
This and other chimeric molecules demonstrated that
the site of lesion could determine the path taken, re-
gardless of membrane association. The pathways were
designated ERAD-L (lumenal) and ERAD-C (cytoso-
lic) to emphasize the place where the lesion is detected.
The ERAD-C system monitors the cytosolic domains
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of membrane proteins (Figure 1) and ERAD-L monitors
the lumenal domains of soluble and membrane proteins
(Figure 2). Bolstering this view, recent studies from the
Michaelis and Brodsky groups showed that the ERAD-L
substrate CPY∗ requires lumenal chaperones while cy-
tosolic chaperones are entirely expendable. Conversely,
the ERAD-C substrate Ste6-166p requires cytosolic and
not lumenal chaperones (Huyer et al., 2004).

Taken together, these studies show that the ER mem-
brane separates two complementary but distinct quality
control systems. They are not equivalent since ERAD-L
has the added burden of repatriating substrates to the
cytosol. For this function, a glycan-dependent recep-
tor, known variously as EDEM, Htm1p, and Mnl1p,
was recently discovered that serves to target substrates
for dislocation (see below). In line with the two-system
concept, the lumenally oriented receptor is entirely dis-
pensable for ERAD-C substrates, even if they are gly-
cosylated. The pathways that act on the model sub-
strates are ordered sequentially as two checkpoints with
ERAD-C preceding ERAD-L. Substrates with strong
cytosolic determinants (e.g., Ste6-166p and KWS) use
ERAD-C without regard to the state of the lumenal
domain (Vashist & Ng, 2004). These studies offered a
glimpse of how quality control systems work when han-
dling idealized model substrates.

Unlike idealized substrates, real-world substrates
could potentially form boundless conformations such
that the location (within a molecule), “strength,” and
duration of determinants could change over time. Thus,
the misfolded side-products of a given molecule could,
in principle, utililze different pathways. Studies from
the Wolf and Brodsky groups provided some hints to
this view. Attachment of CPY∗ (ERAD-L) to a trans-
membrane anchor (CT∗) bypassed CPY∗’s normal re-
quirement for the lumenal factors Der1p and BiP (Taxis
et al., 2003). Since CT∗ lacks a cytoplasmic domain, it
seems possible that the context of the fusion created a
novel determinant, perhaps in CT∗’s particular trans-
membrane segment, that does not occur when fused
to a folded protein. Indeed, lesions in the hydrophilic
domains of transmembrane proteins can disrupt the or-
dering of membrane segments (Chen et al., 2004). Per-
haps the best example so far is exemplified by the ge-
netic requirements needed to degrade CFTR in yeast.
CFTR is not native to this organism so even the wild
type version fails to fold correctly. Compared with other
model ERAD substrates, CFTR is degraded very slowly
(t1/2 ∼ 60 min) suggesting that it is either structurally

difficult to process or does not rapidly form ERAD de-
terminants. Indeed, factors of both lumenal (Htm1/

Mnl1p) and cytosolic (Hsp70) quality control systems
are needed to degrade CFTR (Gnann et al., 2004; Zhang
et al., 2001).

Analyses of membrane protein substrate determi-
nants suggest the existence of an “ERAD-M” (mem-
brane) system. One of the best-characterized determi-
nants for ERAD is the transmembrane segment of the
α-subunit of unassembled T-Cell receptors (Bonifacino
et al., 1990). However, the fashion by which it is de-
graded remains unknown. There are indications that
HMG-CoA reductase (Hmg2p) levels might be reg-
ulated through ERAD monitoring of transmembrane
segments. An N-terminal transmembrane domain of
Hmg2p was determined to be necessary and suffi-
cient for conferring targeted degradation (Gardner &
Hampton, 1999). However, as a functioning protein
that is not misfolded, it was not clear how it is rec-
ognized by ERAD when sterol levels are low. Hampton
and coworkers proposed the provocative hypothesis
that Hmg2p undergoes conformational changes that
confer an “unfolded” appearance. This idea is quite
plausible, since Sec61-2p, which contains a mutation
in one of its transmembrane segments, is recognized
by ERAD, even though it is functional (Sommer &
Jentsch, 1993). The idea was tested using the chemical
chaperone glycerol, which has been shown to aid fold-
ing and stabilize folded structures. Media supplemented
with glycerol stabilized Hmg2p and reduced association
with Ubc7p under conditions of regulated degradation
(Gardner et al., 2001). Furthermore, experiments showed
that chemical chaperones decrease Hmg2p protease sen-
sitivity (Shearer & Hampton, 2004). This finding sup-
ports the view that conditional conformational changes
could provide the basis of regulated turnover.

Despite the wealth of evidence, it is possible that
the lumenal and cytosolic ERQC systems can suffi-
ciently detect proteins with disrupted membrane seg-
ments without the need for an “ERAD-M” mechanism.
It is possible that structural abnormalities in membrane
domains cause subtle but detectable changes in the
hydrophilic domains that are sensed by ERAD-L or
ERAD-C.

Physiologically, the dynamic nature of ERAD-L pre-
pared a safety valve for the turnover of excess substrate.
When ERAD was saturated under conditions of se-
vere stress, CPY∗ was not retained in the ER but trans-
ported to the vacuole (the yeast lysosome) where it was
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degraded. This alternative pathway is regulated by the
UPR and essential for ER stress tolerance (Spear & Ng,
2003). Increasing the load of misfolded membrane pro-
teins elicits a different response. The overexpression
of misfolded Ste6 in yeast leads to their concentra-
tion in ER subdomains termed ER-associated compart-
ments (ERACs) (Huyer et al., 2004). The static retention
mechanism remains faithful but modified to segregate
misfolded proteins until they can be degraded. This
mechanism is not unique to Ste6 variants, as CFTR was
observed in similar ER subdomains (Fu & Sztul, 2003).
In mammalian cells, some substrates localize to a pre-
Golgi compartment proposed to be a staging area for
dislocation (Kamhi-Nesher et al., 2001). Since the com-
partments are revealed upon substrate excess, their seg-
regation could be an alternative stress response that pre-
vents harmful interactions until they can be degraded.

For ERAD-C substrates, the precise mechanism of re-
tention is unknown. In the case of Ste6-166p, the pro-
tein is excluded from COPII coated vesicles (Vashist
et al., 2001). It is now established that cargo proteins
leaving the ER are sorted into transport vesicles through
interactions with receptors or the vesicle coat protein
Sec24p (Belden & Barlowe, 2001; Miller et al., 2003).
Given that ERAD-C substrates require the activity of
cytosolic chaperones, formation of chaperone com-
plexes in cytosolic domains could easily disrupt the
formation of COPII coats. Thus, ERAD-C substrates
might be retained by simple exclusion from entering
COPII vesicles.

ERAD: Substrate Targeting,
Dislocation, and Degradation

One of the key questions to understanding ER stress
tolerance is how the decision is made to degrade an ER
retained molecule. Simply being unfolded and bound
to chaperones are not sufficient criteria. Otherwise, all
newly synthesized proteins would be subject to degra-
dation. Once the decision is made, it is manifested by
targeting the substrate to the ubiquitylation machin-
ery located on the cytosolic face of the ER. To under-
stand the transition between ERQC and ERAD, protein
translocation mechanisms provide excellent paradigms.
The principles governing presecretory protein translo-
cation can be useful for framing our views on ERAD
(Johnson & Haigh, 2000). In ER import, preproteins
are synthesized with signal sequences recognized by re-
ceptors (signal recognition particle, Sec61, and Sec62)

that direct the nascent polypeptide to the translocon
pore (Plath et al., 2004). For soluble proteins, signal se-
quences are removed by signal peptidase, which pre-
cludes their use in ER quality control. Yet, misfolded
soluble proteins in the lumenal milieu must be recog-
nized and targeted to the membrane for dislocation to
the cytosol. Given that the primary structure of mis-
folded proteins and their normal counterparts are iden-
tical, the signal sequence hypothesis is not directly ap-
plicable. How then could a “signal” or determinant be
used to differentiate proteins destined for ERAD from
other molecules, particularly those in the process of
folding?

Counting Carbs to Rid Unwanted
Proteins

Recently, a model for substrate targeting involving
glycan chains was put forth. Most secretory proteins
are modified by branched carbohydrate chains at the
sequence Asn-X-Ser/Thr, with X being any amino acid
but proline (reviewed in Helenius & Aebi, 2001). Al-
though it was long recognized that N-linked carbo-
hydrates are required for the degradation of glycosy-
lated substrates, their precise function in ERAD was
unclear (Knop et al., 1996). Because of their bulky and
hydrophilic nature, it was suggested that the modifi-
cation helps maintain solubility or favorable substrate
conformation. The idea that N-linked glycans could be
used as ERAD targeting determinants emerged from
observations that the trimming of core carbohydrates
(Glc3Man9GlcNAc2 to Man8GlcNAc2: Glc, glucose;
Man, mannose; GlcNAc, N-acetylglucosamine) was re-
quired for efficient degradation (Jakob et al., 1998;
Tokunaga et al., 2000). The failure of Man9GlcNAc2,
Man7GlcNAc2, and Man6GlcNAc2 glycoforms to sub-
stitute for Man8GlcNAc2implied a degree of specificity
expected of a signal:receptor interaction (Jakob et al.,
1998). Interestingly, the only other structure with sig-
nificant activity in yeast, Man5GlcNAc2, was found on
some mammalian substrates in vivo prior to degrada-
tion (Frenkel et al., 2003). Compared with the rate of
trimming by glucosidase I and II, the terminal man-
nose was removed much more slowly by mannosidase
I. This difference led to the proposal of a timing mecha-
nism that would give newly synthesized proteins a fixed
period to fold. Should the protein fail to fold after the
removal of the first mannose, the Man8GlcNac2 gly-
coform would be recognized by a lectin receptor that
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targets the substrate to ERAD (Jakob et al., 1998). These
studies laid the foundation for carbohydrate-based tar-
geting system for ERAD. The obvious missing link was
the lectin receptor.

An ERAD Receptor for Carbohydrate Signals

By mining the Saccharomyces cerevisiae genome
sequence, two independent groups identified a
gene, HTM1 (homologous to mannosidase I)/MNL1
(mannosidase-like protein), encoding a protein that
fits the criteria for a lectin receptor (Jakob et al.,
2001; Nakatsukasa et al., 2001). Htm1/Mnl1p bears
40% sequence similarity to yeast α-mannosidase but
does not encode key residues essential for catalysis.
Htm1/Mnl1p is an ER resident membrane protein
(Nakatsukasa et al., 2001) whose absence does not alter
the processing of N-linked glycans (Jakob et al., 2001).
Most importantly, it is required for the degradation of
the glycosylated substrates CPY∗, Pdr5∗, and Stt3-7p
and dispensable for non-glycosylated substrates Sec61-
2p and �GpαF.

The importance of the discovery was underscored by
the simultaneous discovery of a mammalian ortholog,
EDEM (ER degradation-enhancing α-mannosidase-like
protein). EDEM was discovered as a UPR-inducible
gene by suppression subtractive hybridization suggest-
ing it might play a role in ER stress tolerance (Hosokawa
et al., 2001). Surprisingly, the yeast HTM1/MNL1 gene
is not UPR-inducible and the significance of the dif-
ference between species is unknown (Travers et al.,
2000). EDEM overexpression enhances the turnover
of misfolded glycoproteins by taking substrates out
of the calnexin cycle earlier (Hosokawa et al., 2001;
Molinari et al., 2003). EDEM interacts directly with
substrate and is associated with calnexin (Molinari et al.,
2003; Oda et al., 2003). Reducing EDEM levels resulted
in prolonged substrate cycling suggesting that it ac-
tively transitions substrates from retention to ERAD.
These results show that EDEM works downstream of
the calnexin cycle as a post-retention step in target-
ing substrates to ERAD. Thus, the slow activity of α-
mannosidase endows the signal on the substrate for
EDEM to remove it from the cycle. However, because
known yeast substrates do not use a calnexin cycle for
retention (as it lacks GT), Htm1/Mnl1/EDEM must
accept substrates from diverse mechanisms. This raises
the question of how the putative receptor avoids tar-
geting folded proteins to ERAD, since all glycopro-
teins are processed to the Man8GlcNac2 glycoform, at

least transiently. How can the system be selective un-
der these circumstances? It is likely that protein deter-
minants exposed only in the unfolded protein work
in concert with the Man8GlcNac2 glycoform. In this
way, only those proteins that persist long enough to be
trimmed by α-mannosidase and remain unfolded are
recognized by the lectin. However, this possibility re-
mains speculative, as such determinants have yet to be
uncovered.

Ship ‘em out!

Once a lumenal substrate is targeted, it must be
moved to the other side of the membrane for degra-
dation. In most transmembrane transport mechanisms,
channel-forming protein complexes mediate the pro-
cess. Because of the topological diversity of ERAD sub-
strates, the identity, or even the general necessity, of
a dislocation conduit remains controversial. There is
broad agreement, however, that some sort of pore is re-
quired for the passage of soluble substrates (Ellgaard &
Helenius, 2003; Kostova & Wolf, 2003; McCracken &
Brodsky, 2003; Sitia & Braakman, 2003; Trombetta
& Parodi, 2003). Whether a pore complex is needed
for all transmembrane substrates is less clear. Substrates
with disordered cytosolic domains, in principle, can be
recognized by chaperones and/or ubiquitylation factors
and extracted directly from the membrane for degrada-
tion. Alternatively, the passage of transmembrane seg-
ments through a translocon pore might be energeti-
cally more favorable than “pulling” them directly out
of membranes. Membrane substrates with exclusively
lumenal lesions would likely utilize a pore complex to
initiate the dislocation process since recognition occurs
in the lumen (Vashist & Ng, 2004).

The earliest candidate for the dislocation pore was
the import pore complex itself. The basic complex is
a trimer composed of the Sec61 α, β, and γ subunits
(Sec61, Sbh1p, and Sss1p in yeast, respectively) (Görlich
& Rapoport, 1993; Panzner et al., 1995). The β, and γ

subunits are small single-spanning transmembrane pro-
teins while the α subunit comprises the bulk of the pore
with ten transmembrane segments (Van den Berg et al.,
2004). Proteins associated with the pore complex in-
cluding Sec62, Sec63, and the SRP receptor function to
mediate targeting activity for imported proteins. No di-
rect interactions between Sec61 and ERAD factors have
been reported but a SEC63 mutant reportedly compro-
mises ERAD suggesting a possible dual role for the fac-
tor (Plemper et al., 1997).
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The case for a role of the Sec61 complex in protein
dislocation was built on findings from several labora-
tories. The first assessed the environment encountered
by an unusual ERAD substrate. The major histocom-
patibility complex (MHC) class I heavy chains mediate
antigen presentation to immune cells. To evade this de-
fense, the human cytomegalovirus encodes the proteins
US2 and US11 to target MHC class I heavy-chain pro-
teins for degradation by ERAD (Wiertz et al., 1996).
Since the effect is rapid and performed with either pro-
tein alone, the US2- or US11-dependent turnover of a
single substrate offers a powerful system to dissect the
later steps of ERAD. In the presence of US2, Sec61α was
found associated with heavy chain (Wiertz et al., 1996).
This raised the tantalizing possibility that the import
pore does double duty as the “dislocon.” Consistent
with this idea, a variety of yeast SEC61 mutants re-
duced the turnover rate of misfolded protein substrates
in vivo and in vitro (Pilon et al., 1997; Plemper et al., 1997;
Zhou & Schekman, 1999). In yeast, deletion of SSH1, a
non-essential homolog of SEC61, results in partial sta-
bilization of CPY∗ suggesting the possible involvement
of a second translocon (Wilkinson et al., 2001). How-
ever, since Sec61p is essential for import (and to a lesser
extent, its homolog), it is possible that an ERAD factor
became limiting due to defective translocation. The ob-
served defects would then be indirect, and the scenario
cannot be ruled out in the absence of data demonstrat-
ing import competence for all classes of presecretory
proteins. At present, Sec61’s role in dislocation is not
yet firmly established; however, the accumulated data
make it a strong candidate.

Recently, a number of studies have raised questions
of about Sec61’s identity as the dislocation pore. At
the very least, the door was opened to other candi-
dates. First, Ploegh and colleagues demonstrated that
a tightly folded protein, methotrexate-bound dihydro-
folate reductase, when fused to MHC class I HC dislo-
cated efficiently in the presence of US2 or US11 (Tirosh
et al., 2003). This finding suggested that the disloca-
tion pore, at least the one used by MHC class I HC,
could accommodate a large structure. However, the re-
cent resolution of the archaea SecY translocon struc-
ture, which is conserved with the eukaryotic Sec61 com-
plex, makes it difficult to imagine how a fully folded
protein could traverse the pore at its narrowest of 5-
8

�

A (Van den Berg et al., 2004). Earlier work from Art
Johnson’s lab suggested a different conclusion. Using
various molecules to quench fluorescent probes local-

ized within the pore, they derived a maximum limit of
40–60

�

A—a size that accommodates many folded pro-
teins (Hamman et al., 1997). Given the extent of con-
servation (about 50% similarity), could archaea and eu-
karya translocons really be so different? Even assuming
that Sec61 accommodates only extended chains, an ex-
port role cannot be ruled out, since ERAD substrates
are probably actively unfolded before dislocation (Tsai
et al., 2001). Together, these studies raise more ques-
tions than answers regarding Sec61. Is there evidence
for an alternative translocon for certain substrates? In-
deed, two recent studies introduced a new candidate,
Derlin-1.

The yeast ortholog of Derlin-1, DER1, was the first
gene cloned from a genetic screen targeting genes re-
quired for the degradation of CPY∗ and PrA∗ (Knop
et al., 1996). DER1 is UPR regulated and encodes a pro-
tein of 212 residues that consists of four transmembrane
segments with the N- and C-termini oriented to the cy-
tosol (Hitt & Wolf, 2004; Travers et al., 2000). In yeast,
it is required for ERAD-L substrates and dispensable
for ERAD-C substrates (Vashist & Ng, 2004). Thus, it
is a specialized factor of ERAD and not one of its core
constituents like the proteasome. What role does it play
in ERAD?

Devising elegant but entirely different biochemi-
cal methodologies, the Rapoport and Ploegh groups
demonstrated that ERAD-related events in the ER lu-
men and cytosol are linked via Derlin-1. Both lab-
oratories exploited the powerful US11/MHC class I
heavy-chain system for their analyses. In one approach,
the profile of proteins associated with wild-type US11
were compared with a defective US11 mutant (Lilley
& Ploegh, 2004). Derlin-1 bound to wild-type US11
and not the mutant suggesting a direct role in US11-
mediated dislocation. Indeed, Derlin-1 transiently as-
sociates with the substrate and a dominant negative
Derlin-1 construct inhibited ERAD. In the other study,
a membrane receptor for cytosolic p97 (Cdc48 in yeast)
was sought using affinity purification of a digitonin ex-
tract of purified microsomal membranes (Ye et al., 2004).
p97 is an AAA-ATPase required for the dislocation of all
nearly all substrates examined to date (see below). Two
polypeptides were identified. The first was identified as
Derlin-1, and the second was a novel transmembrane
protein termed VIMP (VCP-interacting membrane pro-
tein; VCP is another name for p97). VIMP was shown
to directly anchor p97 to the ER membrane through
its cytosolic domain. VIMP also interacts with Derlin-1
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suggesting that VIMP provides the link between Derlin-
1 and p97.

Taken together, these studies show that MHC class I
heavy chains are targeted to Derlin-1 via US11 through
direct interaction. Substrate translocation is assisted by
the p97/Ufd1/Npl4 complex through interaction with
VIMP and Derlin-1. Missing from the story is the iden-
tity of the translocon. Because subunits of the Sec61
translocon were not found associated with any of the
components of this system, it led to the proposal that
Derlin-1 itself comprises all or part of a translocon pore
used by a subset of substrates (Ye et al., 2004). Alterna-
tively, Derlin-1 could primarily function to link target-
ing factors (US11, Htm1/Mnl1/EDEM) to the Sec61
translocon much the way that the SRP receptor and the
Sec62/63 complex adapt the translocon for different
modes of import (Gilmore et al., 1982; Plath et al., 2004).
Ultimately, identification of the dislocon(s) may require
the establishment of a fully reconstituted in vitro ERAD
system, much like those established for translocation
into the ER (Görlich & Rapoport, 1993; Panzner et al.,
1995).

AAA ATPases: Providing the Muscle

The forces driving the import of polypeptides into
the ER include extrusion of the nascent chain from
the ribosome in co-translational translocation and a
ratcheting mechanism mediated by BiP/nascent chain
complexes in the post-translational mode (Görlich &
Rapoport, 1993; Matlack et al., 1999). For the dislo-
cation of ERAD substrates, the AAA ATPase Cdc48/

p97 (AAA: ATPases associated with diverse cellular
activities) along with its cofactors Npl4 and Ufd1 pro-
vide the mechanical energy. AAA ATPases are a large
family of enzymes involved a wide array of cellular
functions and found in all organisms. Structurally, they
form hexameric complexes with a central pore and an
amino terminal domain (for review, see Lupas & Martin,
2002). Cdc48/p97 itself is involved in diverse functions
that include homotypic membrane fusion, proteolysis,
mitotic spindle disassembly, nuclear envelope assem-
bly, and transcriptional activation (DeHoratius & Silver,
1996; Hetzer et al., 2001; Rape et al., 2001). The partic-
ipation of AAA ATPases in so many cellular functions
is due to their underlying activity to unfold and dis-
assemble proteins (reviewed in Lupas & Martin, 2002).
As such, it can be easily envision how these enzymes
can be adapted to extract or “pull” proteins out of
membranes.

Bacterial and mitochondrial AAA ATPases extract
membrane proteins prior to proteolysis (Kihara et al.,
1999; Leonhard et al., 2000). Thus, it was with great in-
terest that Cdc48/p97 and its cofactors Npl4 and Ufd1
were implicated in the extraction of ERAD substrates
to the cytosol. The evidence came simultaneously from
different perspectives. The NPL4 gene was shown to be
identical to HRD4, a gene required for the regulated
degradation of HMG CoA reductase (Bays et al., 2001).
The discovery was intriguing since OLE1 was found as
a high copy suppressor of npl4-1 and npl4-2 (Hitchcock
et al., 2001). The Ole1p enzyme plays a key role in regu-
lating unsaturated fatty acid levels in the yeast ER. The
true nature of the connection was brought to light by
another study.

OLE1 is regulated by the redundant transcription
factors Spt23p and Mga2p (Hoppe et al., 2000). Both
factors are initially synthesized as inactive ER trans-
membrane proteins with the active domains cytosoli-
cally oriented. When available fatty acids are low, they
are “clipped” from the membrane by a ubiquitin and
proteasome dependent reaction and translocated to the
nucleus. Npl4p participates in the pathway by forming a
complex with its partner Ufd1p as adaptors for Cdc48p
(Meyer et al., 2000). Specifially, the Cdc48/Ufd1/Npl4p
complex functions to actively liberate the processed and
ubiquitylated form of Spt23p (p90) from its membrane
bound partner (p120) (Rape et al., 2001). Along similar
lines, the complex probably “pulls” HMG CoA reduc-
tase from the membrane as a post-ubiquitylation step
before it can be degraded by the proteasome. Consis-
tent with this view, the substrate is fully ubiquitylated
in a hrd4-1 allele (Bays et al., 2001).

Direct evidence for Cdc48’s role in substrate dis-
location came from two studies. Using a cleverly de-
vised semi-intact mammalian cell system (Shamu et al.,
2001), Rapoport and colleagues showed that addition
of a dominant negative variant of p97/Cdc48 to the
system inhibited the dislocation of MHC class I HCs
without affecting its ubiquitylation. Correspondingly,
yeast mutants of each complex component inhibited
the degradation of both the membrane integrated heavy
chain and soluble CPY∗ (Ye et al., 2001). Although the
proteasome can unfold proteins before degrading them,
Sommer and coworkers showed that it is not required
for dislocation. CPY∗ degradation is impaired in protea-
somal mutants but not its ubiquitylation or dislocation.
Significantly, this was observed for a mutant of RPT4,
which encodes a proteasomal AAA ATPase of the 19S
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cap (Jarosch et al., 2002). This finding suggests that the
Cdc48/Ufd1/Npl4p complex is the only driving force
required for the extraction of these substrates from the
ER. The findings explain why mutant CFTR accumu-
lated as cytosolic inclusions called aggresomes when
proteasomal degradation was inhibited (Kopito & Sitia,
2000).

Whether the substrate is soluble, contains multi- or
single transmembrane segments, misfolded lumenally
or in the cytosol, or an ERAD-targeted folded protein,
the Cdc48/Ufd1/Npl4p complex has been implicated
in the degradation of every class (Gnann et al., 2004;
Huyer et al., 2004; Jarosch et al., 2002; Rabinovich et al.,
2002; Wang & Chang, 2003; Ye et al., 2001). The com-
plex represents a mechanism a step removed from the
proteasome through which multiple pathways seem to
converge. One notable exception is the aglycosylated
precursor protein of the S. cerevisiae α factor mating
pheromone, called pαF. The substrate is soluble but
does not exhibit the same genetic requirements for its
degradation as other ERAD-L substrates. Although it is
degraded by the proteasome, it does not require ubiqui-
tylation, ER to Golgi transport, Der1p, Htm1p, Hsp70s,
Hsp90, or the Cdc48/Ufd1/Npl4p complex (Brodsky
et al., 1999; Lee et al., 2004; McCracken & Brodsky,
1996; Pilon et al., 1997; Werner et al., 1996; and our un-
published results). Because of its relatively small size,
pαF is thus far the only ERAD substrate amenable to
in vitro analysis that couples substrate import and export
using purified ER microsomal membranes (McCracken
& Brodsky, 1996). Using this assay, the Brodsky and
Römish groups have shown that the ER chaperones
BiP and PDI are both required for pαF dislocation
(Brodsky et al., 1999; Gillece et al., 1999). Surprisingly,
it also requires the sole yeast calnexin/calreticulin ho-
molog, Cne1p, even though pαF is not glycosylated
(McCracken & Brodsky, 1996). Cne1p seems to be dis-
pensable for other yeast soluble substrates like CPY∗

so pαF degradation represents a distinct ERAD-L path-
way (Knop et al., 1996). Indeed, recent data from the
Brodsky laboratory have shown that pαF can be ex-
ported from the ER using the 19S regulatory cap of the
proteasome as the sole driving force (Lee et al., 2004).
Subsequent addition of the 20S particle (the proteolytic
subunit) resulted in degradation. Taken together, these
results show that ERAD substrate dislocation relies on
AAA ATPases. Although the Cdc48/Ufd1/Npl4p com-
plex predominates, the 19S regulatory cap of the pro-
teasome can be recruited for some substrates.

Ubiquitin Provides a Handle

The dispensability of the Cdc48/Ufd1/Npl4p com-
plex for pαF was not surprising given it is never ubiq-
uitylated. However, ubiquitylation is a hallmark of all
other ERAD substrates examined. We now know that
the ubiquitin tag acts not only as a signal for the pro-
teasome but also to promote extraction. Before the
implication of p97/Cdc48 in ERAD, it was already es-
tablished that substrate ubiquitylation is required for
dislocation in yeast and mammalian cells (Biederer et al.,
1997; Shamu et al., 1999). Moreover, extended ubiquitin
chains are required, since incorporation of a ubiquitin
K48R mutant, which prevents a specific type of polyu-
biquitin chain, impairs CPY∗ dislocation as does expres-
sion in a �ubc1�ubc7 strain, which results in shortened
ubiquitin chains (Jarosch et al., 2002). Although Cdc48
can bind unmodified substrate, the Npl4-Ufd1 complex
binds polyubiquitin to activate the ATPase activity of
Cdc48 to promote the dislocation process (Meyer et al.,
2000; Ye et al., 2003). Thus, anchoring the complex to
Derlin-1 through VIMP puts it in the “right place at the
right time” to capture emerging, newly ubiquitylated
substrates. In ERAD, polyubiquitin serves two masters:
first, as a signal for substrate extraction from the ER and
second, its conventional role in marking substrates for
the proteasome.

After Crossing the Border

Once the substrate is cytosolic, it must be delivered
to the proteasome. Recent data indicate that an ad-
ditional step beyond the Cdc48 complex is required
for delivery of substrates to the proteasome. Wolf and
colleagues devised a clever genetic selection scheme to
identify novel ERAD factors. They fused a membrane
anchored version of CPY∗ to the product of the yeast
selectable marker LEU2 and created the reporter pro-
tein CTL∗. In a leu2 but otherwise wild type strain, the
reporter does not confer leucine prototrophy because it
is rapidly degraded. Mutants that stabilize the reporter
grow on media lacking leucine and can be easily identi-
fied using this phenotype. By screening a yeast genomic
deletion collection, strains lacking known ERAD genes
scored positively as expected. In addition, two partially
redundant factors Dsk2p and Rad23p were identified
(Medicherla et al., 2004). This was an exciting discovery
since these can bind polyubiquitin chains. In a dsk2,
rad23 double mutant, stabilization of CPY∗ was accom-
panied by normal ubiquitylation and extraction from
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membranes, indicating that these factors function be-
tween the Cdc48 and the proteasome. Interestingly, a
CPY∗ variant that never entered the ER was degraded
efficiently in the same strain suggesting specificity for
ERAD substrates. The authors propose that Dsk2p and
Rad23p function together with the Cdc48 complex to
deliver substrate to the proteasome.

Once dislocated, glycoproteins are deglycosylated by
a cytosolic peptide:N -glycanase (Png1p, product of the
PNG1 gene) before they are degraded (Blom et al., 2004;
Suzuki et al., 2000). Consistent with a role in processing
ERAD substrates, Png1p and the mammalian version
of the enzyme exhibit a preference for high mannose
glycans (Hirsch et al., 2003). The enzyme also prefers un-
folded substrates. Although interesting, the significance
is more likely to do with cleavage site accessibility that
is common among N-glycosidases. Once out of their
normal environment, ERAD substrates would unlikely
have folding restored, especially after modification with
polyubiquitin.

Substrate Ubiquitylation: The Ticket
to the Big House

The basic mechanism of ERAD substrate ubiq-
uitylation is similar to other proteasomal substrates
(for reviews, see Goldberg, 2003; VanDemark & Hill,
2002). Ubiquitin (Ub) is activated through formation
of an ATP-dependent high-energy thiolester interme-
diate with an E1 ubiquitin activation enzyme. Next,
the ubiquitin moiety is transferred to a cysteine side
chain of an E2 ubiquitin conjugating enzyme (Ubc). E2s
work together with E3 ubiquitin conjugating enzymes
to transfer ubiquitin to the substrate on lysyl residues
either directly from the E2 or through an E3-Ub inter-
mediate. For substrates to be degraded, ubiquitin itself
becomes ubiquitylated usually at the K48 residue to
form polyubiquitin chains.

The earliest clue that non-native ER proteins are de-
graded by a ubiquitin/proteasomal mechanism came
from the observation that the product of an unsta-
ble yeast SEC61 allele, Sec61-2p, could be suppressed
by UBC6 null mutants. UBC6 encodes an ER mem-
brane anchored E2 with its catalytic domain cytosoli-
cally oriented (Sommer & Jentsch, 1993). Shortly after,
it was demonstrated that the �F506 variant of CFTR is
also degraded by a ubquitin/proteasomal mechanism
in mammalian cells (Ward et al., 1995). Interestingly,
in both cases, the proteins were not grossly misfolded
but nevertheless recognized as aberrant. Inhibition of

Sec61-2 degradation alone largely restores full translo-
cation activity. This shows that mutant protein is func-
tional and exemplifies the remarkable sensitivity of ER
quality control.

Thus far, three yeast E2s have been shown to partici-
pate in ERAD. Ubc6p and Ubc7p are ER localized with
the soluble Ubc7 protein anchored to the membrane
by Cue1p (Biederer et al., 1997; Sommer & Jentsch,
1993). Ubc1p, which has functions in other parts of
the cell, seems to augment the other two (Bays et al.,
2001; Biederer et al., 1997; Friedlander et al., 2000). The
Cue1p-Ubc7p dimer seems to be the most critical, as
its loss strongly disrupts the degradation of multiple
substrate classes and leads to the constitutive activation
of the UPR (Biederer et al., 1996, 1997; Hampton and
Bhakta, 1997; Ng et al., 2000). It also collaborates with
the yeast E3 proteins Hrd1/Der3p and Doa10p (Bays
et al., 2001; Swanson et al., 2001). Both are ER integral
membrane proteins containing RING finger domains.
Hrd1/Der3p carries the RING-H2 motif and Doa10p
contains a recently termed RING-CH motif. In addi-
tion to Ubc7p, Hrd1/Der3p has been shown to interact
with Ubc1p, and Doa10p with Ubc6p (Bays et al., 2001;
Bordallo et al., 1998; Swanson et al., 2001).

The generalized role of E3s in substrate recognition
seems to apply for ERAD. Hrd1/Der3p is required
for some substrates including Sec61-2p, CPY∗, HMG
CoA reductase, and KHN, but dispensable for others
like Ste6-166p, Pma1p∗, and UP∗ (mutant uracil per-
mease). Doa10p is required for Ubc6p, Pma1p∗, Ste6-
166p but dispensable for Sec61-2p, CPY∗, and KHN
(Bordallo et al., 1998; Hampton et al., 1996; Swanson
et al., 2001; Vashist et al., 2001; Vashist & Ng, 2004;
Wang & Chang, 2003; Wilhovsky et al., 2000). Inter-
estingly, CFTR degradation in yeast requires the com-
bined activity of both E3s (Gnann et al., 2004). Despite
these indications, whether the E3 directly recognize
substrates or through some intermediary complex is not
known. CHIP, a mammalian E3 protein that partici-
pates in the ERAD of CFTR is a cofactor of Hsc70
(Meacham et al., 2001). However, CHIP is not devoted
to the ERAD pathway as it recognizes a wide variety
of cytosolic substrates (reviewed in Wiederkehr et al.,
2002). Therefore, the ERAD-C mode may simply be
an adaptation of the preexisting protein quality control
mechanisms in the cytosol.

Recently, two cytosolic E3 ubiquitin ligases, Fbx2
and Fbs2, were shown to bind N-linked carbohy-
drates. Expression of dominant negative versions of the
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proteins inhibited the turnover of model substrates sug-
gesting a role in ERAD (Yoshida et al., 2002; Yoshida
et al., 2003). The discovery was intriguing since N-
glycosylated proteins are not normally found in the
cytosol and can be easily distinguished from “legiti-
mate” residents. Thus, N-linked glycans would provide
the ideal determinants to signal ubiquitylation as sub-
strates emerge from the dislocon. This discovery adds
yet another layer to the many strategies deployed by the
cell to degraded misfolded secretory proteins.

PERSPECTIVES
From the earliest recognition that unfolded pro-

teins are actively retained in the ER (Gething et al.,
1986), the last few years have brought forth an ex-
plosion of knowledge from many different fronts. We
now know that ER quality control and ERAD are crit-
ical homeostatic mechanisms and part of a coordi-
nated stress response that abrogates the toxic effects
of misfolded proteins. Not surprisingly, these mecha-
nisms are implicated in the etiology of numerous hu-
man diseases including cystic fibrosis, diabetes mellitus,
and Parkinson’s. In addition, pathogens exploit these
pathways to introduce toxins or to evade the immune
reponse.

Despite the proliferation of important discoveries
over the past few years, it is clear that the overall process
is far more complex than previously thought. Lessons
learned from a growing cast of substrates show surpris-
ing variation in their requirements for ERAD (Brodsky
& McCracken, 1999). Indeed, there are even non-native
proteins that escape detection by ERQC and caught
only in later stages of the secretory pathway (Arvan et al.,
2002). Thus, the detection and disposal of aberrant pro-
teins require multiple pathways and numerous factors,
both devoted and shared by other cellular processes. As
counterintuitive as it might sound, there exists the need
to increase the array of substrates being studied. Only
then will it be possible to clearly define all the path-
ways toward the goal of establishing a unifying view
of ERQC and ERAD. The call is probably unneces-
sary, as the field has rapidly grown with investigators
joining the effort from many perspectives. In our own
laboratory, our studies grew out of our interest in the
role of the UPR in cellular stress tolerance (Ng et al.,
2000; Spear & Ng, 2003). As authors of this article, it is
a bit frustrating to acknowledge, even with the wealth
of accumulated knowledge in ERQC and ERAD, that

only the surface has been scratched. However, as inves-
tigators, we enthusiastically look forward to the exciting
developments that are sure to come in the years ahead.

ACKNOWLEDGEMENTS
We offer our sincere apologies to our colleagues

whose important contributions were beyond the scope
of the article and were reluctantly omitted. The research
in the authors’ laboratory was supported by a grant
from the National Institutes of Health to D.T.W.N.
(GM059171).

REFERENCES
Anelli, T., Alessio, M., Bachi, A., Bergamelli, L., Bertoli, G., Camerini, S.,

Mezghrani, A., Ruffato, E., Simmen, T., and Sitia, R. 2003. Thiol-
mediated protein retention in the endoplasmic reticulum: the role
of ERp44. Embo J 22:5015–5022.

Arvan, P., Zhao, X., Ramos-Castaneda, J., and Chang, A. 2002. Secretory
pathway quality control operating in Golgi, plasmalemmal, and en-
dosomal systems. Traffic 3:771–780.

Bays, N.W., Gardner, R.G., Seelig, L.P., Joazeiro, C.A., and Hampton, R.Y.
2001. Hrd1p/Der3p is a membrane-anchored ubiquitin ligase re-
quired for ER-associated degradation. Nat Cell Biol 3:24–29.

Bays, N.W., Wilhovsky, S.K., Goradia, A., Hodgkiss-Harlow, K., and
Hampton, R.Y. 2001. HRD4/NPL4 is required for the proteasomal
processing of ubiquitinated ER proteins. Mol Biol Cell 12:4114–
4128.

Belden, W.J. and Barlowe, C. 2001. Role of Erv29p in collecting solu-
ble secretory proteins into ER-derived transport vesicles. Science
294:1528–1531.

Biederer, T., Volkwein, C., and Sommer, T. 1996. Degradation of subunits
of the Sec61p complex, an integral component of the ER mem-
brane, by the ubiquitin-proteasome pathway. Embo J 15:2069–
2076.

Biederer, T., Volkwein, C., and Sommer, T. 1997. Role of Cue1p in ubiquiti-
nation and degradation at the ER surface. Science 278:1806–1809.

Blom, D., Hirsch, C., Stern, P., Tortorella, D., and Ploegh, H.L. 2004. A
glycosylated type I membrane protein becomes cytosolic when pep-
tide: N-glycanase is compromised. Embo J 23:650–658.

Bonifacino, J.S., Suzuki, C.K., and Klausner, R.D. 1990. A peptide se-
quence confers retention and rapid degradation in the endoplasmic
reticulum. Science 247:79–82.

Bordallo, J., Plemper, R.K., Finger, A., and Wolf, D.H. 1998. Der3p/Hrd1p
is required for endoplasmic reticulum-associated degradation of
misfolded lumenal and integral membrane proteins. Mol Biol Cell
9:209–222.

Bottomley, M.J., Batten, M.R., Lumb, R.A., and Bulleid, N.J. 2001. Quality
control in the endoplasmic reticulum: PDI mediates the ER reten-
tion of unassembled procollagen C-propeptides. Curr Biol 11:1114–
1118.

Brodsky, J.L. and McCracken, A.A. 1999. ER protein quality control and
proteasome-mediated protein degradation. Semin Cell Dev Biol
10:507–513.

Brodsky, J.L., Werner, E.D., Dubas, M.E., Goeckeler, J.L., Kruse, K.B.,
and McCracken, A.A. 1999. The requirement for molecular chaper-
ones during endoplasmic reticulum-associated protein degradation
demonstrates that protein export and import are mechanistically
distinct. J Biol Chem 274:3453–3460.

Bucciantini, M., Giannoni, E., Chiti, F., Baroni, F., Formigli, L., Zurdo, J.,
Taddei, N., Ramponi, G., Dobson, C.M., and Stefani, M. 2002. Inher-
ent toxicity of aggregates implies a common mechanism for protein
misfolding diseases. Nature 416:507–511.

87 ER Quality Control and ER-Associated Protein Degradation

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Caldwell, S.R., Hill, K.J., and Cooper, A.A. 2001. Degradation of endo-
plasmic reticulum (ER) quality control substrates requires transport
between the ER and Golgi. J Biol Chem 276:23296–23303.

Caramelo, J.J., Castro, O.A., Alonso, L.G., De Prat-Gay, G., and Parodi, A.J.
2003. UDP-Glc:glycoprotein glucosyltransferase recognizes struc-
tured and solvent accessible hydrophobic patches in molten globule-
like folding intermediates. Proc Natl Acad Sci U S A 100:86–91.

Chen, E.Y., Bartlett, M.C., Loo, T.W., and Clarke, D.M. 2004. The �F508
mutation disrupts packing of the transmembrane segments of the
cystic fibrosis transmembrane conductance regulator. J Biol Chem
279:39620–39627.

Chirico, W.J., Waters, M.G., and Blobel, G. 1988. 70K heat shock related
proteins stimulate protein translocation into microsomes. Nature
332:805–10.

DeHoratius, C. and Silver, P.A. 1996. Nuclear transport defects and nu-
clear envelope alterations are associated with mutation of the Sac-
charomyces cerevisiae NPL4 gene. Mol Biol Cell 7:1835–1855.

Deshaies, R.J., Koch, B.D., Werner, W.M., Craig, E.A., and Schekman, R.
1988. A subfamily of stress proteins facilitates translocation of se-
cretory and mitochondrial precursor polypeptides. Nature 332:800–
805.

Elkabetz, Y., Kerem, A., Tencer, L., Winitz, D., Kopito, R.R., and
Bar-Nun, S. 2003. Immunoglobulin light chains dictate vesicular
transport-dependent and -independent routes for IgM degrada-
tion by the ubiquitin-proteasome pathway. J Biol Chem 278:18922–
18929.

Ellgaard, L. and Helenius, A. 2003. Quality control in the endoplasmic
reticulum. Nat Rev Mol Cell Biol 4:181–191.

Frenkel, Z., Gregory, W., Kornfeld, S., and Lederkremer, G.Z. 2003. En-
doplasmic reticulum-associated degradation of mammalian glyco-
proteins involves sugar chain trimming to Man6-5GlcNAc2. J Biol
Chem 278:34119–34124.

Frenkel, Z., Shenkman, M., Kondratyev, M., and Lederkremer, G.Z. 2004.
Separate roles and different routing of calnexin and ERp57 in en-
doplasmic reticulum quality control revealed by interactions with
asialoglycoprotein receptor chains. Mol Biol Cell 15:2133–2142.

Friedlander, R., Jarosch, E., Urban, J., Volkwein, C., and Sommer, T. 2000.
A regulatory link between ER-associated protein degradation and
the unfolded-protein response. Nat Cell Biol 2:379–384.

Fu, L. and Sztul, E. 2003. Traffic-independent function of the Sar1p/COPII
machinery in proteasomal sorting of the cystic fibrosis transmem-
brane conductance regulator. J Cell Biol 160:157–163.

Gardner, R.G. and Hampton, R.Y. 1999. A “distributed degron” allows
regulated entry into the ER degradation pathway. Embo J 18:5994–
6004.

Gardner, R.G., Shearer, A.G., and Hampton, R.Y. 2001. In vivo action of
the HRD ubiquitin ligase complex: mechanisms of endoplasmic retic-
ulum quality control and sterol regulation. Mol Cell Biol 21:4276–
4291.

Gardner, R.G., Swarbrick, G.M., Bays, N.W., Cronin, S.R., Wilhovsky, S.,
Seelig, L., Kim, C., and Hampton, R.Y. 2000. Endoplasmic reticulum
degradation requires lumen to cytosol signaling. Transmembrane
control of Hrd1p by Hrd3p. J Cell Biol 151:69–82.

Gething, M.J., McCammon, K., and Sambrook, J. 1986. Expression of
wild-type and mutant forms of influenza hemagglutinin: the role of
folding in intracellular transport. Cell 46:939–950.

Gillece, P., Luz, J.M., Lennarz, W.J., de La Cruz, F.J., and Romisch, K.
1999. Export of a cysteine-free misfolded secretory protein from
the endoplasmic reticulum for degradation requires interaction with
protein disulfide isomerase. J Cell Biol 147:1443–1456.

Gilmore, R., Walter, P., and Blobel, G. 1982. Protein translocation across
the endoplasmic reticulum. II. Isolation and characterization of the
signal recognition particle receptor. J. Cell Biol 95:470–477.

Gnann, A., Riordan, J.R., and Wolf, D.H. 2004. CFTR degradation depends
on the lectins Htm1p/EDEM and the Cdc48 protein complex in
yeast. Mol Biol Cell 15:4125–4135.

Goldberg, A.L. 2003. Protein degradation and protection against mis-
folded or damaged proteins. Nature 426:895–899.

Görlich, D. and Rapoport, T.A. 1993. Protein translocation into proteolipo-
somes reconstituted from purified components of the endoplasmic
reticulum membrane. Cell 75:615–630.

Haas, I.G. and Wabl, M. 1983. Immunoglobulin heavy chain binding pro-
tein. Nature 306:387–389.

Hamman, B.D., Chen, J.C., Johnson, E.E., and Johnson, A.E. 1997. The
aqueous pore through the translocon has a diameter of 40-60 A
during cotranslational protein translocation at the ER membrane.
Cell 89:535–544.

Hammond, C. and Helenius, A. 1994. Quality control in the secretory path-
way: retention of a misfolded viral membrane glycoprotein involves
cycling between the ER, intermediate compartment, and Golgi ap-
paratus. J Cell Biol 126:41–52.

Hampton, R.Y. and Bhakta, H. 1997. Ubiquitin-mediated regulation of 3-
hydroxy-3-methylglutaryl-CoA reductase. Proc Natl Acad Sci U S A
94:12944–12948.

Hampton, R.Y., Gardner, R.G., and Rine, J. 1996. Role of 26S proteasome
and HRD genes in the degradation of 3-hydroxy-3-methylglutaryl-
CoA reductase, an integral endoplasmic reticulum membrane pro-
tein. Mol Biol Cell 7:2029–2044.

Helenius, A. and Aebi, M. 2001. Intracellular functions of N-linked glycans.
Science 291:2364–2369.

Hendershot, L.M. and Kearney, J.F. 1988. A role for human heavy chain
binding protein in the developmental regulation of immunoglobin
transport. Mol Immunol 25:585–595.

Hetzer, M., Meyer, H.H., Walther, T.C., Bilbao-Cortes, D., Warren, G.,
and Mattaj, I.W. 2001. Distinct AAA-ATPase p97 complexes func-
tion in discrete steps of nuclear assembly. Nat Cell Biol 3:1086–
1091.

Hill, K. and Cooper, A.A. 2000. Degradation of unassembled Vph1p re-
veals novel aspects of the yeast ER quality control system. Embo J
19:550–561.

Hiller, M.M., Finger, A., Schweiger, M., and Wolf, D.H. 1996. ER degra-
dation of a misfolded lumenal protein by the cytosolic ubiquitin-
proteasome pathway. Science 273:1725–1728.

Hirsch, C., Blom, D., and Ploegh, H.L. 2003. A role for N-glycanase in the
cytosolic turnover of glycoproteins. Embo J 22:1036–1046.

Hitchcock, A.L., Krebber, H., Frietze, S., Lin, A., Latterich, M., and
Silver, P.A. 2001. The conserved npl4 protein complex mediates
proteasome-dependent membrane-bound transcription factor ac-
tivation. Mol Biol Cell 12:3226–3241.

Hitt, R. and Wolf, D.H. 2004. Der1p, a protein required for degradation of
malfolded soluble proteins of the endoplasmic reticulum: topology
and Der1-like proteins. FEMS Yeast Res 4:721–729.

Hoppe, T., Matuschewski, K., Rape, M., Schlenker, S., Ulrich, H.D., and
Jentsch, S. 2000. Activation of a membrane-bound transcription
factor by regulated ubiquitin/proteasome-dependent processing.
Cell 102:577–586.

Hosokawa, N., Wada, I., Hasegawa, K., Yorihuzi, T., Tremblay, L.
O., Herscovics, A., and Nagata, K. 2001. A novel ER alpha-
mannosidase-like protein accelerates ER-associated degradation.
EMBO Rep 2:415–422.

Huyer, G., Piluek, W.F., Fansler, Z., Kreft, S.G., Hochstrasser, M., Brodsky,
J.L., and Michaelis, S. 2004. Distinct machinery is required in saccha-
romyces cerevisiae for the endoplasmic reticulum-associated degra-
dation of a multispanning membrane protein and a soluble lumenal
protein. J Biol Chem 279:38369–38378.

Jakob, C.A., Bodmer, D., Spirig, U., Battig, P., Marcil, A., Dignard,
D., Bergeron, J.J., Thomas, D.Y., and Aebi, M. 2001. Htm1p, a
mannosidase-like protein, is involved in glycoprotein degradation
in yeast. EMBO Rep 2:423-430.

Jakob, C.A., Burda, P., Roth, J., and Aebi, M. 1998. Degradation of mis-
folded endoplasmic reticulum glycoproteins in Saccharomyces cere-
visiae is determined by a specific oligosaccharide structure. J Cell Biol
142:1223–1233.

Jarosch, E., Taxis, C., Volkwein, C., Bordallo, J., Finley, D., Wolf, D.H., and
Sommer, T. 2002. Protein dislocation from the ER requires polyubiq-
uitination and the AAA-ATPase Cdc48. Nat Cell Biol 4:134–139.

A. Sayeed and D. T. W. Ng 88

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Johnson, A.E. and Haigh, N.G. 2000. The ER translocon and retrotranslo-
cation: is the shift into reverse manual or automatic? Cell 102:709–
712.

Johnson, A.E. and van Waes, M.A. 1999. The translocon: a dynamic gate-
way at the ER membrane. Annu Rev Cell Dev Biol 15:799–842.

Kamhi-Nesher, S., Shenkman, M., Tolchinsky, S., Fromm, S.V., Ehrlich, R.,
and Lederkremer, G.Z. 2001. A novel quality control compartment
derived from the endoplasmic reticulum. Mol Biol Cell 12:1711–
1723.

Kihara, A., Akiyama, Y., and Ito, K. 1999. Dislocation of membrane pro-
teins in FtsH-mediated proteolysis. Embo J 18:2970–2981.

Knop, M., Finger, A., Braun, T., Hellmuth, K., and Wolf, D.H. 1996. Der1, a
novel protein specifically required for endoplasmic reticulum degra-
dation in yeast. Embo J 15:753–763.

Knop, M., Hauser, N., and Wolf, D.H. 1996. N-Glycosylation affects en-
doplasmic reticulum degradation of a mutated derivative of car-
boxypeptidase yscY in yeast. Yeast 12:1229–1238.

Kopito, R.R. and Sitia, R. 2000. Aggresomes and Russell bodies. Symptoms
of cellular indigestion? EMBO Rep 1:225–231.

Kostova, Z. and Wolf, D.H. 2003. For whom the bell tolls: protein quality
control of the endoplasmic reticulum and the ubiquitin-proteasome
connection. Embo J 22:2309–2317.

Lee, R.J., Liu, C.W., Harty, C., McCracken, A.A., Latterich, M., Romisch, K.,
DeMartino, G.N., Thomas, P.J., and Brodsky, J.L. 2004. Uncoupling
retro-translocation and degradation in the ER-associated degrada-
tion of a soluble protein. Embo J 23:2206–2215.

Leonhard, K., Guiard, B., Pellecchia, G., Tzagoloff, A., Neupert, W., and
Langer, T. 2000. Membrane protein degradation by AAA proteases
in mitochondria: extraction of substrates from either membrane
surface. Mol Cell 5:629–638.

Lilley, B.N. and Ploegh, H.L. 2004. A membrane protein required for
dislocation of misfolded proteins from the ER. Nature 429:834–
840.

Loayza, D., Tam, A., Schmidt, W.K., and Michaelis, S. 1998. Ste6p mutants
defective in exit from the endoplasmic reticulum (ER) reveal aspects
of an ER quality control pathway in Saccharomyces cerevisiae. Mol
Biol Cell 9:2767–2784.

Lupas, A.N. and Martin, J. 2002. AAA proteins. Curr Opin Struct Biol
12:746–753.

Matlack, K.E., Misselwitz, B., Plath, K., and Rapoport, T.A. 1999. BiP acts
as a molecular ratchet during posttranslational transport of prepro-
alpha factor across the ER membrane. Cell 97:553–564.

McCracken, A.A. and Brodsky, J.L. 1996. Assembly of ER-associated pro-
tein degradation in vitro: dependence on cytosol, calnexin, and ATP.
J Cell Biol 132:291–298.

McCracken, A.A. and Brodsky, J.L. 2003. Evolving questions and paradigm
shifts in endoplasmic-reticulum-associated degradation (ERAD).
Bioessays 25:868–877.

Meacham, G.C., Patterson, C., Zhang, W., Younger, J.M., and Cyr, D.M.
2001. The Hsc70 co-chaperone CHIP targets immature CFTR for
proteasomal degradation. Nat Cell Biol 3:100–105.

Meacock, S. L., Greenfield, J. J., and High, S. 2000. Protein targeting and
translocation at the endoplasmic reticulum membrane—through
the eye of a needle? Essays Biochem 36:1–13.

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

Meyer, H.H., Shorter, J.G., Seemann, J., Pappin, D., and Warren, G. 2000.
A complex of mammalian ufd1 and npl4 links the AAA-ATPase,
p97, to ubiquitin and nuclear transport pathways. Embo J 19:2181–
2192.

Miller, E.A., Beilharz, T.H., Malkus, P.N., Lee, M.C., Hamamoto, S., Orci, L.,
and Schekman, R. 2003. Multiple cargo binding sites on the COPII
subunit Sec24p ensure capture of diverse membrane proteins into
transport vesicles. Cell 114:497–509.

Molinari, M., Calanca, V., Galli, C., Lucca, P., and Paganetti, P. 2003. Role
of EDEM in the release of misfolded glycoproteins from the calnexin
cycle. Science 299:1397–1400.

Molinari, M., Eriksson, K.K., Calanca, V., Galli, C., Cresswell, P., Michalak,
M., and Helenius, A. 2004. Contrasting functions of calreticulin
and calnexin in glycoprotein folding and ER quality control. Mol
Cell 13:125–135.

Molinari, M., Galli, C., Piccaluga, V., Pieren, M., and Paganetti, P. 2002.
Sequential assistance of molecular chaperones and transient forma-
tion of covalent complexes during protein degradation from the ER.
J Cell Biol 158:247–257.

Molinari, M. and Helenius, A. 1999. Glycoproteins form mixed disulphides
with oxidoreductases during folding in living cells. Nature 402:90–
93.

Nakatsukasa, K., Nishikawa, S., Hosokawa, N., Nagata, K., and Endo, T.
2001. Mnl1p, an alpha-mannosidase-like protein in yeast Saccha-
romyces cerevisiae, is required for endoplasmic reticulum-associated
degradation of glycoproteins. J Biol Chem 276:8635–8638.

Nehls, S., Snapp, E.L., Cole, N.B., Zaal, K.J., Kenworthy, A.K., Roberts,
T.H., Ellenberg, J., Presley, J.F., Siggia, E., and Lippincott-Schwartz,
J. 2000. Dynamics and retention of misfolded proteins in native ER
membranes. Nat Cell Biol 2:288–295.

Ng, D.T., Spear, E.D., and Walter, P. 2000. The unfolded protein re-
sponse regulates multiple aspects of secretory and membrane pro-
tein biogenesis and endoplasmic reticulum quality control. J Cell Biol
150:77–88.

Nishikawa, S., Fewell, S.W., Kato, Y., Brodsky, J.L., and Endo, T. 2001.
Molecular chaperones in the yeast endoplasmic reticulum maintain
the solubility of proteins for retrotranslocation and degradation.
J Cell Biol 153:1–10.

Nishikawa, S.I., Fewell, S.W., Kato, Y., Brodsky, J.L., and Endo, T. 2001.
Molecular chaperones in the yeast endoplasmic reticulum maintain
the solubility of proteins for retrotranslocation and degradation.
J Cell Biol 153:1061–1070.

Oda, Y., Hosokawa, N., Wada, I., and Nagata, K. 2003. EDEM as an ac-
ceptor of terminally misfolded glycoproteins released from calnexin.
Science 299:1394–1397.

Oliver, J.D., van der Wal, F.J., Bulleid, N.J., and High, S. 1997. Interaction of
the thiol-dependent reductase ERp57 with nascent glycoproteins.
Science 275:86–88.

Panzner, S., Dreier, L., Hartmann, E., Kostka, S., and TA, R. 1995. Post-
translational protein transport in yeast reconstituted with a purified
complex of Sec proteins and Kar2p. Cell 81:561–570.

Pilon, M., Schekman, R., and Romisch, K. 1997. Sec61p mediates export
of a misfolded secretory protein from the endoplasmic reticulum to
the cytosol for degradation. Embo J 16:4540–4548.

Plath, K., Wilkinson, B.M., Stirling, C.J., and Rapoport, T.A. 2004. Inter-
actions between Sec complex and prepro-alpha-factor during post-
translational protein transport into the endoplasmic reticulum. Mol
Biol Cell 15:1–10.

Plemper, R.K., Bohmler, S., Bordallo, J., Sommer, T., and Wolf, D.H. 1997.
Mutant analysis links the translocon and BiP to retrograde protein
transport for ER degradation. Nature 388:891–895.

Plemper, R.K., Bordallo, J., Deak, P.M., Taxis, C., Hitt, R., and Wolf, D.H.
1999. Genetic interactions of Hrd3p and Der3p/Hrd1p with Sec61p
suggest a retro-translocation complex mediating protein transport
for ER degradation. J Cell Sci 112:4123–4134.

Plemper, R.K., Egner, R., Kuchler, K., and Wolf, D.H. 1998. Endoplas-
mic reticulum degradation of a mutated ATP-binding cassette trans-
porter Pdr5 proceeds in a concerted action of Sec61 and the pro-
teasome. J Biol Chem 273:32848–32856.

Pollock, S., Kozlov, G., Pelletier, M.F., Trempe, J.F., Jansen, G., Sitnikov, D.,
Bergeron, J.J., Gehring, K., Ekiel, I., and Thomas, D.Y. 2004. Specific
interaction of ERp57 and calnexin determined by NMR spectroscopy
and an ER two-hybrid system. Embo J 23:1020–1029.

Rabinovich, E., Kerem, A., Frohlich, K.U., Diamant, N., and Bar-Nun, S.
2002. AAA-ATPase p97/Cdc48p, a cytosolic chaperone required
for endoplasmic reticulum-associated protein degradation. Mol Cell
Biol 22:626–634.

Rape, M., Hoppe, T., Gorr, I., Kalocay, M., Richly, H., and Jentsch, S. 2001.
Mobilization of processed, membrane-tethered SPT23 transcription

89 ER Quality Control and ER-Associated Protein Degradation

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



factor by CDC48(UFD1/NPL4), a ubiquitin-selective chaperone. Cell
107:667–677.

Ritter, C. and Helenius, A. 2000. Recognition of local glycoprotein mis-
folding by the ER folding sensor UDP-glucose:glycoprotein gluco-
syltransferase. Nat Struct Biol 7:278–280.

Romisch, K. 1999. Surfing the Sec61 channel: bidirectional protein
translocation across the ER membrane. J Cell Sci 112:4185–4191.

Sato, K., Nishikawa, S., and Nakano, A. 1995. Membrane protein retrieval
from the Golgi apparatus to the endoplasmic reticulum (ER): char-
acterization of the RER1 gene product as a component involved in
ER localization of Sec12p. Mol Biol Cell 6:1459–1477.

Sato, M., Sato, K., and Nakano, A. 1996. Endoplasmic reticulum localiza-
tion of Sec12p is achieved by two mechanisms: Rer1p-dependent
retrieval that requires the transmembrane domain and Rer1p-
independent retention that involves the cytoplasmic domain. J Cell
Biol 134:279–293.

Sato, M., Sato, K., and Nakano, A. 2004. Endoplasmic reticulum qual-
ity control of unassembled iron transporter depends on Rer1p-
mediated retrieval from the golgi. Mol Biol Cell 15:1417–1424.

Schubert, U., Anton, L.C., Gibbs, J., Norbury, C.C., Yewdell, J.W., and
Bennink, J.R. 2000. Rapid degradation of a large fraction of newly
synthesized proteins by proteasomes. Nature 404:770–774.

Semenza, J.C., K.G. Hardwick, N. Dean, and H.R. Pelham. 1990. ERD2, a
yeast gene required for the receptor-mediated retrieval of lumenal
ER proteins from the secretory pathway. Cell 61:1349–1357.

Shamu, C.E., Flierman, D., Ploegh, H.L., Rapoport, T.A., and Chau, V.
2001. Polyubiquitination is required for US11-dependent move-
ment of MHC class I heavy chain from endoplasmic reticulum into
cytosol. Mol Biol Cell 12:2546–2555.

Shamu, C.E., Story, C.M., Rapoport, T.A., and Ploegh, H.L. 1999. The path-
way of US11-dependent degradation of MHC class I heavy chains
involves a ubiquitin-conjugated intermediate. J Cell Biol 147:45–58.

Shearer, A.G. and Hampton, R.Y. 2004. Structural control of endoplasmic
reticulum-associated degradation: effect of chemical chaperones on
3-hydroxy-3-methylglutaryl-CoA reductase. J Biol Chem 279:188–
196.

Sitia, R. and Braakman, I. 2003. Quality control in the endoplasmic retic-
ulum protein factory. Nature 426:891–894.

Sommer, T. and Jentsch, S. 1993. A protein translocation defect linked
to ubiquitin conjugation at the endoplasmic reticulum. Nature
365:176–179.

Spear, E.D. and Ng, D.T. 2003. Stress tolerance of misfolded carboxypepti-
dase y requires maintenance of protein trafficking and degradative
pathways. Mol Biol Cell 14:2756–2767.

Suzuki, T., Park, H., Hollingsworth, N.M., Sternglanz, R., and Lennarz, W.J.
2000. PNG1, a yeast gene encoding a highly conserved peptide:N-
glycanase. J Cell Biol 149:1039–1052.

Swanson, R., Locher, M., and Hochstrasser, M. 2001. A conserved ubiqui-
tin ligase of the nuclear envelope/endoplasmic reticulum that func-
tions in both ER-associated and Matalpha2 repressor degradation.
Genes Dev 15:2660–2674.

Taxis, C., Hitt, R., Park, S.H., Deak, P.M., Kostova, Z., and Wolf, D.H. 2003.
Use of modular substrates demonstrates mechanistic diversity and
reveals differences in chaperone requirement of ERAD. J Biol Chem
35903–35913.

Taxis, C., Vogel, F., and Wolf, D.H. 2002. ER-golgi traffic is a prerequisite
for efficient ER degradation. Mol Biol Cell 13:1806–1818.

Tirosh, B., Furman, M.H., Tortorella, D., and Ploegh, H.L. 2003. Protein
unfolding is not a prerequisite for endoplasmic reticulum-to-cytosol
dislocation. J Biol Chem 278:6664–6672.

Tokunaga, F., Brostrom, C., Koide, T., and Arvan, P. 2000. Endoplasmic
reticulum (ER)-associated degradation of misfolded N-linked glyco-
proteins is suppressed upon inhibition of ER mannosidase I. J Biol
Chem 275:40757–40764.

Travers, K.J., Patil, C.K., Wodicka, L., Lockhart, D.J., Weissman, J.S., and
Walter, P. 2000. Functional and genomic analyses reveal an essen-
tial coordination between the unfolded protein response and ER-
associated degradation. Cell 101:249–258.

Trombetta, E.S. and Helenius, A. 2000. Conformational requirements for
glycoprotein reglucosylation in the endoplasmic reticulum. J Cell
Biol 148:1123–1129.

Trombetta, E.S. and Parodi, A.J. 2003. Quality control and protein folding
in the secretory pathway. Annu Rev Cell Dev Biol 19:649–676.

Tsai, B., Rodighiero, C., Lencer, W.I., and Rapoport, T.A. 2001. Protein
disulfide isomerase acts as a redox-dependent chaperone to unfold
cholera toxin. Cell 104:937–948.

Van den Berg, B., Clemons, W.M., Jr., Collinson, I., Modis, Y., Hartmann,
E., Harrison, S. C., and Rapoport, T. A. 2004. X-ray structure of a
protein-conducting channel. Nature 427:36–44.

VanDemark, A.P. and Hill, C.P. 2002. Structural basis of ubiquitylation.
Curr Opin Struct Biol 12:822–830.

Vashist, S., Kim, W., Belden, W.J., Spear, E.D., Barlowe, C., and Ng, D.T.
2001. Distinct retrieval and retention mechanisms are required for
the quality control of endoplasmic reticulum protein folding. J Cell
Biol 155:355–368.

Vashist, S. and Ng, D.T. 2004. Misfolded proteins are sorted by a sequential
checkpoint mechanism of ER quality control. J Cell Biol 165:41–
52.

Wang, Q. and Chang, A. 1999. Eps1, a novel PDI-related protein involved
in ER quality control in yeast. Embo J 18:5972–5982.

Wang, Q. and Chang, A. 2003. Substrate recognition in ER-associated
degradation mediated by Eps1, a member of the protein disulfide
isomerase family. Embo J 22:3792–3802.

Ward, C.L., Omura, S., and Kopito, R.R. 1995. Degradation of CFTR by
the ubiquitin-proteasome pathway. Cell 83:121–127.

Werner, E.D., Brodsky, J.L., and McCracken, A.A. 1996. Proteasome-
dependent endoplasmic reticulum-associated protein degradation:
an unconventional route to a familiar fate. Proc Natl Acad Sci U S A
93:13797–13801.

Wickner, S., Maurizi, M.R., and Gottesman, S. 1999. Posttranslational
quality control: folding, refolding, and degrading proteins. Science
286:1888–1893.

Wiederkehr, T., Bukau, B., and Buchberger, A. 2002. Protein turnover: a
CHIP programmed for proteolysis. Curr Biol 12:R26–R28.

Wiertz, E.J., Jones, T.R., Sun, L., Bogyo, M., Geuze, H.J., and Ploegh, H.L.
1996. The human cytomegalovirus US11 gene product dislocates
MHC class I heavy chains from the endoplasmic reticulum to the
cytosol. Cell 84:769–779.

Wiertz, E.J., Tortorella, D., Bogyo, M., Yu, J., Mothes, W., Jones, T.R.,
Rapoport, T. A., and Ploegh, H.L. 1996. Sec61-mediated transfer of
a membrane protein from the endoplasmic reticulum to the protea-
some for destruction. Nature 384:432–438.

Wilhovsky, S., Gardner, R., and Hampton, R. 2000. HRD gene depen-
dence of endoplasmic reticulum-associated degradation. Mol Biol
Cell 11:1697–1708.

Wilkinson, B.M., Tyson, J.R., and Stirling, C.J. 2001. Ssh1p determines the
translocation and dislocation capacities of the yeast endoplasmic
reticulum. Dev Cell 1:401–409.

Yamamoto, K., Fujii, R., Toyofuku, Y., Saito, T., Koseki, H., Hsu, V.W., and
Aoe, T. 2001. The KDEL receptor mediates a retrieval mechanism
that contributes to quality control at the endoplasmic reticulum.
Embo J 20:3082–3091.

Yang, Y., Janich, S., Cohn, J.A., and Wilson, J.M. 1993. The common
variant of cystic fibrosis transmembrane conductance regulator is
recognized by hsp70 and degraded in a pre-Golgi nonlysosomal
compartment. Proc Natl Acad Sci U S A 90:9480–9484.

Ye, Y., Meyer, H.H., and Rapoport, T.A. 2001. The AAA ATPase Cdc48/

p97 and its partners transport proteins from the ER into the cytosol.
Nature 414:652–656.

Ye, Y., Meyer, H.H., and Rapoport, T.A. 2003. Function of the p97-Ufd1-
Npl4 complex in retrotranslocation from the ER to the cytosol: dual
recognition of nonubiquitinated polypeptide segments and polyu-
biquitin chains. J Cell Biol 162:71–84.

Ye, Y., Shibata, Y., Yun, C., Ron, D., and Rapoport, T.A. 2004. A membrane
protein complex mediates retro-translocation from the ER lumen
into the cytosol. Nature 429:841–847.

A. Sayeed and D. T. W. Ng 90

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Yoshida, Y., Chiba, T., Tokunaga, F., Kawasaki, H., Iwai, K., Suzuki, T.,
Ito, Y., Matsuoka, K., Yoshida, M., Tanaka, K., and Tai, T. 2002.
E3 ubiquitin ligase that recognizes sugar chains. Nature 418:438–
442.

Yoshida, Y., Tokunaga, F., Chiba, T., Iwai, K., Tanaka, K., and Tai, T. 2003.
Fbs2 is a new member of the E3 ubiquitin ligase family that recog-
nizes sugar chains. J Biol Chem 278:43877–43884.

Zhang, Y., Nijbroek, G., Sullivan, M.L., McCracken, A.A., Watkins, S.C.,
Michaelis, S., and Brodsky, J. L. 2001. Hsp70 molecular chaperone
facilitates endoplasmic reticulum-associated protein degradation of
cystic fibrosis transmembrane conductance regulator in yeast. Mol
Biol Cell 12:1303–1314.

Zhou, M. and Schekman, R. 1999. The engagement of Sec61p in the ER
dislocation process. Mol Cell 4:925–934.

91 ER Quality Control and ER-Associated Protein Degradation

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


