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Global folding of polypeptides entering the endoplasmic reticulum (ER) starts as soon as they emerge
from the narrow Sec61 translocon. Attainment of the native structure can take from several minutes to
hours, depending on the gene product. Until then, non-native folding intermediates must be protected
from molecular chaperones that recognize misfolded determinants and could prematurely interrupt
folding programs by re-directing them to disposal pathways. On the other hand, futile folding attempts
must actively be stopped to prevent intraluminal accumulation of defective cargo. This review describes
recent advances in understanding how terminally misfolded polypeptides are extracted from the folding
environment and directed to specific dislocons within the ER membrane for transfer to the cytoplasm for
proteasome-mediated degradation.
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1. Folding intermediates versus terminally misfolded
polypeptides, a matter of time

Nascent polypeptide chains co-translationally enter the mam-
malian endoplasmic reticulum (ER) through the Sec6lafy
complex [1]. The translocation channel formed by the a-subunit
can accommodate a-helical structures but probably not larger
structures. As a consequence, even the small, 17-kDa Semliki
Forest virus capsid protein (Cp) cannot fold in the translocation
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pore. Rather, its native structure is attained only after exiting the
translocon [2], where crowded conditions within the lumen appear
unfavorable for protein maturation (~300 mg/mL of protein). This is
not a problem for Cp, which is an unconventionally fast and efficient
folder that spontaneously reaches its native structure in ~50 ms
[3]. However, for the vast majority of gene products expressed
in mammalian cells, conformational maturation is much slower
and non-native, aggregation-prone conformers can remain in the
crowded luminal environment for several minutes to hours as is
the case for complex proteins such as the coagulation factors V
and VIII [4]. During this lapse of time, immature polypeptides
are vulnerable since they expose misfolded determinants that
will eventually become buried in the core of the native molecule
later in the maturation process. Maintenance of ER homeostasis
requires preservation of non-native intermediates of ongoing fold-
ing programs until complete maturation, and efficient clearance
of terminally misfolded polypeptides. This must be fine tuned to
avoid premature interruption of protein folding, or unwanted accu-
mulation of misfolded polypeptides. In light of these requirements,
some of the questions of interest are: What are the mechanisms
operating in the ER lumen that help sort misfolded polypeptides
for destruction from folding intermediates to be protected? Is this
process based on time spent in unproductive folding attempts? In
this review, we will discuss how progressive processing of oligosac-
charides displayed on newly synthesized polypeptides allows
retention in the folding environment of on-pathway intermedi-
ates to complete maturation while also acting as a molecular timer
to eventually interrupt futile folding attempts and re-direct off-
pathway intermediates to the ER-associated degradation (ERAD).
Current models describing the dislocation of terminally misfolded
polypeptides across the mammalian ER membrane for disposal by
cytosolic proteasomes will also be presented.

2. Regulation of protein folding attempts

2.1. Prolongation of folding attempts and release of native
polypetides from the calnexin cycle

The best characterized protein quality control system oper-
ating in Eukarya is based on the “glycan-code” of the ER
[5]. Most of the polypeptides entering the ER lumen are
covalently modified with pre-assembled glucose;-mannoseg-N-
acetylglucosamine,-oligosaccharides added onto asparagine side
chains in Asn-Xxx-Ser/Thr sequons (Fig. 1). Rapid removal of the
two outermost glucose residues by sequential intervention of
glucosidases I and II, generates a mono-glucosylated intermedi-
ate. Mono-glucosylated N-linked glycans recruit the ER lectins
calnexin and/or calreticulin and their associated oxidoreductase
ERp57. ERp57 can catalyze the formation of disulfide bonds, a rate
limiting reaction of polypeptide maturation, by acting as an oxi-
dizing agent. Removal of the innermost glucose residue by the
glucosidase II prevents re-association with the lectin chaperones
for those polypeptides that collapse into the native conformation
upon release from calnexin/calreticulin. These native polypeptides
rapidly exit the ER for transport to their final destinations.

A fraction of the polypeptides released from the lectin chap-
erones and de-glucosylated by the glucosidase II collapses into
non-native structures. The quality control machinery decides
whether these misfolded molecules should be given another
chance to attain their native structure, or if they should be extracted
from the folding environment and degraded (see Section 2.2). A
polypeptide that has been subjected to a single round of associa-
tion with calnexin/calreticulin is likely to expose a high-mannose
oligosaccharide tree comprising 9 mannose residues. The fold-
ing sensor UDP-glucose:glycoprotein glucosyl transferase (UGT1)
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Fig. 1. Structure of an N-linked glycan. The asparagine-linked core oligosaccharide
is composed of two N-acetylglucosamine (blue squares), nine mannose (green cir-
cles, dark green for the cleavable a1,2-bonded mannose residues) and three glucose
residues (orange triangles). Letters a-n are assigned to each residue and the type of
linkage is designated between the saccharides. A-C define the tree antenna of the
protein-bound oligosaccharide.

readily re-glucosylates the terminal o«1,2-bonded mannose on
branch A (Fig. 1) of high-mannose oligosaccharides displayed
on non-native polypeptides through its recognition of exposed
hydrophobic regions [6-9]. This supports substrate re-association
with calnexin/calreticulin [9,10]. Lectin chaperone binding can
direct the maturation pathway by slowing the folding process,
inhibiting oligomerization and aggregation, and retaining non-
native substrates in the ER [11-14]. Furthermore, rebinding to
calnexin and calreticulin can promote the reshuffling of non-native
disulfide bonds, which has been reported to be the major in vivo
activity of ERp57 [15]. One or more cycles of release/re-association
might be required to eventually attain the unique native architec-
ture of the mature polypeptide chain for proper secretion [16,17].

2.2. Extraction of terminally misfolded polypeptides from the
calnexin cycle

2.2.1. Consequences of extensive de-mannosylation of terminally
misfolded polypeptides

Mechanisms are in place to avoid the risk that folding-defective
polypeptides are unduly retained by the folding machinery. Both
the structure of the polypeptide chain and the composition of
the N-linked oligosaccharides play a crucial role in the interrup-
tion of futile folding attempts. First, the UGT1, whose action is
required to retain non-native polypeptides in the calnexin chap-
erone system, specifically recognizes near native or pseudo native
conformers [8,18] and is proposed to ignore extensively misfolded
polypeptides. Second, persistent failure to attain a native structure
exposes N-glycans to ER-resident exo-mannosidases that progres-
sively remove terminal «1,2-bonded mannose residues (dark green
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in Fig. 1) thereby reducing the reglucosylation capacity of UGT1
(100% for Mang oligosaccharides, 50% for Mang, and 15% for Man;
[19]). Removal of the terminal A-branch mannose residue (man-
nose g in Fig. 1), which is the acceptor for UGT1-reglucosylation
eventually results in the irreversible extraction of the terminally
misfolded polypeptide from the calnexin binding cycle.

The trimming of A-branch mannose residues appears to be
crucial for protein disposal from the mammalian ER. In fact,
pharmacologic inhibition of a1,2-mannosidases not only prevents
glycoprotein degradation in wild type cells but also in cell lines
that transfer truncated oligosaccharides (e.g. GlcsMansGIcNAc,
(B3F7 cells) or MansGIlcNAc, (MadIA214 cells)). In these cells, the
only cleavable a1,2-bonded mannose residues are those on the A-
branch, whose removal is thus required to elicit disposal [20-22].In
keeping with the important role of substrate de-mannosylation in
preventing prolonged retention of folding-defective polypeptides
in the calnexin chaperone system, inactivation of 1,2 mannosi-
dases or deletion of EDEM1 substantially delays release of ERAD
substrates from calnexin [23,24]. Mannose trimming has two addi-
tional consequences: it might generate an oligosaccharide, which
serves as a ligand for the ERAD lectins OS-9 and XTP3-B (see below)
and it might facilitate dislocation across the ER membrane by
decreasing the size of the bulky, highly hydrophilic oligosaccha-
rides displayed on terminally misfolded polypeptides.

2.2.2. Members of the glycosyl hydrolase family 47 as ERAD
regulators

In the budding yeast, substrate de-mannosylation is operated by
two distinct «1,2 mannosidases, namely Mns1p (an ortholog of the
mammalian ER mannosidase I, ERManl) and Htm1p (an ortholog of
EDEM) [25]. A degradation code is generated that appears to con-
sist of an exposed terminal a1,6-bonded mannose residue, which
supports the recruitment of ERAD sorting lectins [26].

For mammalian cells, it remains unclear whether extensive
de-mannosylation is mediated by one or by more members of
the glycosyl hydrolase family 47 (GH47) of a1,2 mannosidases.
This family comprises the ERManl [27], EDEM family mem-
bers (EDEM1,-2 and —3 [28]) and a collection of Golgi-resident
enzymes [29]. It has been claimed that in Mammalia, the ERManl
might be sufficient to extensively de-mannosylate folding defective
polypeptides (reviewed in [30,31]). However, in vitro experiments
showed that this enzyme efficiently removes the i mannose from
Mang oligosaccharides (Fig. 1) to generate Mangg, but it fails
to further process the oligosaccharide to any significant extent
even after 24 h of incubation at non-physiologic concentrations
of enzyme [32]. Moreover, ERManl overexpression in mammalian
cells results in accumulation of Mang species [33]. These findings
suggest that like yeast, the extensive de-mannosylation of ERAD
substrates observed in mammalian cells requires intervention by
other members of the GH47 family. One possibility is that EDEM
family members contribute to substrate de-mannosylation. Ini-
tially, EDEM proteins were described as mannosidase-like lectins
rather than active mannosidases since they lack two cysteine
residues thought to be conserved in active mannosidases [34-36].
Moreover, it had been shown that deletion of Mns1p was sufficient
to abolish substrate de-mannosylation in Saccharomyces cerevisiae,
thus identifying Mns1p as the sole active mannosidase in the bud-
ding yeast and implying that Htm1p, the yeast ortholog of EDEM,
had no mannosidase activity [35]. Both these observations leading
to conclude that mammalian EDEM proteins must be enzymati-
cally inactive lectins appear to be incorrect. First, it appears that
the two cysteine residues lacking in EDEM proteins are actually
not conserved amongst a1,2-mannosidases and that their pres-
ence is dispensable for glycanase activity [37]. Second, it was shown
that removal of mannose i by Mns1p is a pre-requisite for further
oligosaccharide processing by Htm1p in S. cerevisiae. Thus, lack of

protein de-mannosylation upon Mns1p inactivation was not due
to the absence of other a1,2-mannosidases in yeast, but to the fail-
ure to generate the sugar structure that serves as a substrate for
other ER-resident ac1,2-mannosidases, namely Htm1p [25]. Hence,
at least in the budding yeast, two distinct a1,2-mannosidases
appear to co-operate in the extensive de-mannosylation of mis-
folded polypeptides thatis required for their re-routing to the ERAD
pathway [25].

Attempts to monitor the glycanase activity of mammalian EDEM
proteins in vitro have failed thus far. However, EDEM proteins con-
serve the sequence and the 3D structure of the catalytic site of
ERManl and also conserve all the residues required to bind kifunen-
sine, a specific inhibitor of «1,2-mannosidases [29,38]. It is possible
that EDEM proteins facilitate ERAD by acting as mannose-binding
lectins that bind misfolded proteins or components of dislocation
complexes (see Section 3). However, data showing that overexpres-
sion of EDEM1 [20,39] or EDEM3 [33] enhances de-mannosylation
of folding-defective polypeptides in mammalian cells unless con-
served residues of the catalytic site are mutated are consistent with
a direct role of EDEM proteins acting as a1,2-mannosidases that
generate the glycan code for ERAD (discussed in [30]).

3. Re-routing of folding-defective polypeptides to ER
membrane dislocons

The exposure of oligosaccharides lacking terminal a1,2-bonded
mannoses distinguishes non-native polypeptides to be re-routed
into the ERAD pathways from newly synthesized polypeptides
to be retained in the folding machinery for completion of the
folding program. In mammalian cells, removal of mannose i
from the oligosaccharide B branch might be a pre-requisite for
further mannose processing assuming that the mechanisms oper-
ating in S. cerevisiae [25,26] are conserved in higher Eukarya.
Removal of mannose g from the oligosaccharide branch A (Fig. 1)
might only be critical for those organisms equipped with the
calnexin chaperone system because it prevents UGT1-operated
substrate re-glucosylation thus irreversibly extracting non-native
polypeptides from the calnexin cycle. Finally, removal of man-
nose k exposes a terminal o1,6-bonded mannose residue to
generate a carbohydrate signal that is decoded by a series of
ERAD lectins containing mannose 6-phosphate receptor homol-
ogy domains (MRH), namely the OS-9 and the XTP3-B splice
variants [40]. Interestingly, both of these proteins can also
specifically bind misfolded non-glycosylated structures [40-44]
or glycosylated substrates when their MRH domain is mutated
[42,44] suggesting that they also possess the ability to directly
recognize aberrant proteins. Moreover, it has recently been
shown that their intervention is crucial for disposal of solu-
ble, misfolded polypeptides, but it is dispensable for disposal
of the same polypeptides when anchored at the ER membrane
[44a].

0S-9 and XTP3-B are inducible genes whose expression is reg-
ulated by the ER-stress activated transcription factor Xbp1 [42].
Their splice variants play a role in retention-based ER quality con-
trol and ERAD [40,42-45]. Current models propose that 0S-9 and
XTP3-B shuttle misfolded polypeptides to retrotranslocation (dislo-
cation) complexes in the ER membrane containing an E3 ubiquitin
ligase (HRD1), a membrane adapter protein (SEL1L) and an elu-
sive membrane-embedded pore that serves as the conduit for the
dislocation of misfolded proteins to the cytoplasm (discussed in
Section 4, Fig. 2 and [42-45]). 0S-9 and XTP3-B deliver misfolded
polypeptides to the adapter protein SEL1L, which helps in the
recruitment of lectin receptors to the ERAD membrane complex
[42-45].
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Fig. 2. Models for ERAD substrate targeting to ER membrane dislocons. (A) Oligosaccharides act as signals for ERAD. Polypeptides that cannot reach their native structures
are subjected to extensive de-mannosylation by GH47 family members. The generated Mannoses_; oligosaccharide is then bound by the lectins ERAD receptors 0S-9 and
XTP3-B, which then direct the misfolded polypeptide to the HRD1 dislocation complex through binding to the adaptor protein SEL1L. The polypeptide is unfolded, reduced
by PDI (or another reductase), polyubiquitylated by HRD1 and retrotranslocated into the cytoplasm as driven by the action of p97. The poly-ubiquitylated polypeptide is
destroyed by the 26S proteasome in the cytoplasm. (B) Oligosaccharides as a link to the dislocation machinery. Alternatively, 0S-9 and XTP3-B bind misfolded polypeptides
independent of the displayed N-glycan and through its lectin site (MRH domain) they bind the N-glycans of SEL1L. The different mannose composition of the N-glycan is
depicted in color code: gray, oligosaccharide with nine mannose (Many); red, five to seven mannose residues (Mans_7); white, oligosaccharide with an undefined number of

mannose residues (Many).

The role of de-mannosylated oligosaccharides as a signal for
polypeptide disposal decoded by ERAD lectins is widely accepted
[30,31,46]. However, one report showed that the 0S-9 MRH
domain supports the binding to oligosaccharides displayed on
SEL1L, thus with the dislocation machinery rather than with ERAD
substrates [44] (a finding that failed to be confirmed by oth-
ers [43]) and a second one showed that EDEM1 as well can
use its lectin site to form a functional complex with SEL1L
[39]. These data are puzzling because they seem to question
the actual role of protein-bound oligosaccharides as ERAD sig-
nals. EDEM1, 0S-9 and XTP3-B have all been shown to bind
misfolded substrates irrespective of their glycosylation status
[39-44]. Moreover, the active-site directed inhibitor kifunen-
sine reduces association of EDEM1 with SEL1L, leaving substrate
binding unaffected [39]. EDEM1 is also thought to deliver ERAD
substrates to Derlin-2 and Derlin-3, or to a quality control com-
partment in which the highly enriched ERManl would extensively
de-mannosylate ERAD substrates [47]. Altogether, these results
suggest that bipartite signals may be involved in ERAD substrate
selection involving both misfolded and glycan signals, and similar
forces may be used in the recruitment of ERAD machinery com-
plexes.

In addition to OS-9 and XTP3-B, other ER-resident chaperones
have also been reported to act as quality control receptors that shut-
tle ERAD substrates for delivery to a mammalian ERAD dislocation
complex. BiP and PDI have been shown to associate with ERAD sub-
strates just before dislocation [24] for delivery to SEL1L[43]. Finally,
GRP94 has also been reported to deliver ERAD substrates to SEL1L
possibly upon formation of transient complexes with 0S-9 [44].
Therefore, a number of ERAD receptors appear to be involved in

the selection of ERAD substrates and their delivery to ERAD exit
sites.

4. Dislocation across the ER membrane and
poly-ubiquitylation

Aberrant proteins identified by quality control receptors are
targeted to ERAD complexes that contain a retrotranslocation
membrane channel that provides a route for the displacement of
the ERAD substrate to the cytoplasm for proteasomal degradation.
Translocons involved in the anterograde translocation of proteins
have been extensively studied and are made up of integral mem-
brane proteins that contain multiple membrane spans creating a
gated aqueous pore within the membrane [1,48]. The identity of
the retrotranslocation channel(s)/dislocon(s) remains controver-
sial as a number of ER membrane proteins have been proposed to
serve this function for the ERAD pathway including Sec61, Derlin
and E3 ubiquitin ligase family members [49]. All in all, dislocons
support the emergence of the ERAD substrates in cytoplasm for
poly-ubiquitylation and subsequent proteasomal degradation.

4.1. ERAD substrates dislocation, the identity of the channel

4.1.1. Sec61

Sec61 is the translocon or the portal for entrance of nascent
chains into the ER or the secretory pathway [1,48]. Sec61 has also
been implicated in supporting dislocation of ERAD substrates to
the cytoplasm. The analysis of yeast strains containing mutations
in Sec61p has uncovered strains that are anterograde translocation
proficient but deficient in retrotranslocation suggestive of a role
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for Sec61 in the dislocation of ERAD substrates to the cytoplasm
[50-52]. Furthermore, ERAD substrates including class I heavy
chain directed to ERAD by the cytomegalovirus gene products
US2/US11, the yeast mating pheromone paF, the rapidly turned-
over protein Deg1:Sec62P™ or the catalytic subunits of bacterial
toxins to be dislocated from the ER lumen into the cytosol have
been cross-linked or co-precipitated with Sec61 [50,53-55]. The
inactivation or depletion of Sec61 prevented dislocation of the A1l
subunit of cholera toxin into the cytosol [53]. Also, proteasomes
associate with Sec61 [56] and the co-translocational degradation
of ApoB utilizes Sec61 [57] and the Sec61-associated co-chaperone
p58, which is hypothesized to convert the translocon complex
into a dislocation machinery [58]. While ample evidence supports
Sec61 acting as the retrotranslocation channel, the crystallographic
structure of archaeal homologue of Sec61, SecY, suggests that
the pore size is small (~3A [59]), making it difficult to envi-
sion how this translocon could support the dislocation of ERAD
substrates that, even when fully unfolded, might display oligosac-
charides moieties extending for about 30 A from the polypeptide
chain.

4.1.2. Derlins

Additional ER polytopic membrane proteins have also been pro-
posed to play a role in ERAD substrate dislocation. The human
cytomegalovirus (US2/US11)-induced dislocation of class I heavy
chain has been reported to depend on Derlin proteins, rather
than Sec61 [60,61]. Furthermore, the translocation of paF from
mammalian microsomes using a real-time translocation assay was
unaffected by antibodies to Sec61, but blocked by Derlin-1 anti-
bodies [62]. A yeast homologue of Derlin-1 termed Derlp for
‘degradation in the ER’ was first identified through a screen that
produced strains characterized by stabilization and ER retention
of yeast ERAD substrates [63]. Derlin-1 has two additional fam-
ily members in mammalian cells called Derlin-2 and Derlin-3. The
overexpression of Derlin-1, -2 and -3 accelerates the degradation
of ERAD substrates, and their knockdown can block degradation
[60,61,64]. As for Sec61, a role of Derlins in dislocation across the
ER membrane of viruses [65,66] and of bacterial products [67]
has been reported. The Derlins are also associated with luminal,
membrane-embedded and cytosolic components required for pro-
tein disposal from the ER such as EDEM1, PDI, HRD1, SEL1L, and
VIMP, which recruits the p97 ATPase and its cofactors to aid in
the ERAD substrates extraction process [44,60,61,64,67] (Fig. 2).
However, it is possible that Derlins participate in a complex that
contain the dislocation channel, rather than forming the channel
themselves. Additional studies will be required to determine the
precise role of the Derlin proteins in ERAD.

4.1.3. E3 ubiquitin ligases

Cumulating data show that dislocation of ERAD substrates
across the ER membrane follows specific pathways regulated by
luminal, transmembrane, and cytosolic complexes built around E3
ubiquitin ligases in the ER membrane [49,68-70]. In S. cerevisiae,
selection of the E3 ligases regulating polyubiquitylation and dis-
location of misfolded polypeptides is at least in part determined
by the localization of the folding defect. Transmembrane proteins
with cytosolic defects exploit the E3 ligase Doal0p and associ-
ated factors (ERAD-C pathway). Transmembrane polypeptides with
transmembrane lesions (ERAD-M substrates) as well as polypep-
tides with lesions in the ER lumen (ERAD-L substrates) are cleared
from the ER upon intervention of the E3 ligase Hrd1p and the sev-
eral proteins interacting with it [71-77]. In mammalian cells, the
presence/absence of a transmembrane anchor might play a cru-
cial role in selection of the E3 ubiquitin ligase complex assisting
dislocation/poly-ubiquitylation of a folding-defective polypeptide
[44a].

The mammalian ER membrane contains several poorly charac-
terized E3 ubiquitin ligases (e.g. RNF5/RMA1, TEB4, TRC8, RFP2)
and others such as Synoviolin/HRD1 and GP78, which have been
better characterized. The interacting partners of both are known
to some extent and their involvement in disposal of numerous
ERAD substrates has been clearly established [49,68-70]. The HRD1
complex comprises several luminal and membrane-bound proteins
such as 0S-9, XTP3-B, EDEM1, BiP or GRP94 (Fig. 2) that do not
participate in the GP78 dislocation complex [39,41,43-45,78,79].
Certainly, the different composition of the complexes might deter-
mine substrate selection. Further work will allow characterization
of substrate specificity and to predict which pathway will be used
by a given folding-defective polypeptide for efficient clearance
from the mammalian ER [44a].

5. Conclusions and Perspectives

Maintenance of cells, tissues and eventually organisms home-
ostasis relies on the capacity to translate the information stored
in the DNA in the language of proteins with high efficiency and
fidelity. Work performed by many groups in the last fifteen years
shed light on the important role of N-linked oligosaccharides and
their processing in regulation of protein biogenesis, quality con-
trol and degradation. Rapid removal of terminal glucoses, cycles of
removal and re-addition of a single glucose residue, slow and irre-
versible trimming of a1,2-bonded mannose residues generate an
array of signals displayed on immature, native or terminally mis-
folded conformers that eventually determine a protein’s fate. About
one third of the genome products mature in the ER. An apparent
small number of quality control and ERAD factors are responsible
to survey their conformation. While the number of quality control
and ERAD factors appears to be slightly expanded in higher organ-
isms, a fundamental selection process is still needed to properly
survey such a large array of cargo that traffic through the secretory
pathway. Further studies are required to determine how aberrant
protein structures are recognized and encoded using a carbohy-
drate code that can be recognized by ERAD receptors. The ERAD
receptor-substrate complex is then targeted to a distinct number of
ER membrane ubiquitylation/translocation complexes responsible
for the dislocation/polyubiquitylation of misfolded proteins to the
cytoplasm for degradation. The importance in understanding these
events is underscored by the hundreds of human diseases caused by
inefficient protein folding, premature disposal or defective removal
of aberrant by-products of protein synthesis. The precise charac-
terization of the mechanisms regulating protein folding, quality
control and degradation is crucial to develop therapeutic interven-
tion to contrast conformational diseases.
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