
INTRODUCTION

Proteins must mature to their native confor-
mation in order to perform their respective
functions. As a consequence, the cell has
evolved mechanisms to assist in the folding
and maturation of proteins under the subopti-
mal folding conditions present within the cell.
The maturation of proteins during synthesis,
or cotranslationally, increases the efficiency of

this reaction by constraining the folding
ensemble that can be sampled and limiting the
time in which nonproductive interactions can
occur. In addition, a quality control mecha-
nism is also in place, which ensures the fidelity
of the maturation process, as well as many
other cellular processes.

As the place where the majority of protein
maturation occurs for proteins that traverse
the secretory pathway, the endoplasmic retic-
ulum (ER) is specialized to assist and ensure
the proper maturation of proteins. The ER
provides the redox conditions required for
disulfide bond formation and contains a num-
ber of molecular chaperones, foldases, and
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covalent modifiers that cooperate to generate
a unique maturation environment. Some of
these factors perform dual functions within
the ER by facilitating the folding reaction as
well as monitoring the integrity of the matu-
ration process. Thus, the ER has established a
stringent quality control system that aids and
scrutinizes the maturation of newly synthe-
sized proteins (1).

Quality control checkpoints exist in many
organelles along the secretory pathway (1,2). In
the ER, proteins deemed defective by the qual-
ity control process are sorted for degradation
by the cytosolic 26S proteasome through a
process termed ER-associated protein degrada-
tion or ERAD, whereas native proteins are
directed to ER exit sites for export to the
ER–Golgi-intermediate compartment (ERGIC)
enroute to the Golgi. Once in the ERGIC or cis-
Golgi, aberrant proteins that have eluded ear-
lier checkpoints can also be selectively
returned to the ER, indicating the existence of
quality control machinery at these locations.
Later in the secretory pathway, checkpoints
also exist that support the routing of defective
proteins to the lysosome for destruction.
However, the majority of quality control deci-
sions for proteins traversing the secretory path-
way appear to be made in the ER.

The high protein concentration in the ER
lumen (approx 100 mg/mL) creates an over-
crowded environment that can potentially hin-
der the folding efficiency in this compartment.
Thus, the ER machinery must be preorganized
or actively recruited to specific areas of need to
meet the daunting task of assisting and over-
seeing the maturation of the large population
of proteins that travel through the secretory
pathway. The cell appears to utilize protein
modifications, such as N-linked glycosylations,
to regulate the recruitment of protein machin-
ery to assist nascent chains with these funda-
mental cellular processes.

N-Linked glycans are modifications that are
capable of performing a diverse set of duties in
the cell. They can provide structural compo-
nents of the cell wall and extracellular matrix,
modify the stability and structure of proteins,

and perform a variety of signaling and traffick-
ing functions through glycan–lectin interac-
tions (reviewed in ref. 3). N-Linked glycans are
large (measuring 30 × 10 × 10 Å in the high-
mannose form), flexible, and soluble (4). These
properties allow them to shield large portions
of the protein from solvent, proteases, or anti-
bodies. Defects in glycosylation are associated
with disease conditions, including cancer, dia-
betes, rheumatoid arthritis, and von
Willebrand factor deficiency (4–9). Recently, it
has become more apparent that N-linked gly-
cans can also act as lumenal signals by direct-
ing the transport of native and defective
proteins in the secretory pathway (10). The
dynamic, bulky, solvent accessible, and highly
specific characteristics of N-linked glycans
make them ideal modifications for recruiting
protein maturation and quality control
machinery within the tight confines of the ER. 

GLYCAN TRANSFER 
AND PROCESSING

A critical step in the maturation of glycopro-
teins in the ER involves the addition and mod-
ification of carbohydrates. Although the
construction of the transferred glycan involves
multiple steps, including the separate addition
of each sugar residue by distinct transferases,
ER resident proteins quickly begin to disas-
semble it. Therefore, a question that has arisen
is why cells would expend the energy required
to assemble a large sugar antennary, only to
immediately take it apart. Presumably, each
modification results in a glycan with a slightly
different composition that has a distinct role in
protein maturation or quality control. 

During co-translational translocation of gly-
coproteins into the ER through the Sec61
translocon, a 14-carbohydrate moiety consist-
ing of 3 glucoses, 9 mannoses, and 2 N-acetyl
glucosamines (Glc3Man9GlcNAc2) (see Fig. 1),
is transferred en bloc to growing nascent
chains. The transfer from a dolichol pyrophos-
phoryl carrier to an asparagine of an N-linked
glycosylation consensus sequence (Asn-X-
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Ser/Thr) is catalyzed by the oligosaccharyl-
transferase (OST). The yeast OST consists of
eight subunits with the Stt3 subunit likely con-
taining the OST active site (11,12). The ability
of the OST to glycosylate substrates co-transla-
tionally implies that it must reside proximal to
the translocon.

Immediately after transfer, glucosidase I, an
integral membrane protein with a lumenal cat-
alytic domain, removes the terminal α-1,2

linked glucose residue. Next, glucosidase II, a
soluble heterodimeric protein, releases the first
α-1,3 glucose linkage (13). These initial trim-
ming steps occur rapidly, generating a
monoglucosylated glycan that can be recog-
nized by the ER resident lectin chaperone cal-
nexin (CNX) and its soluble paralog
calreticulin (CRT) to assist the nascent chain in
reaching conformational maturity (14–18) (see
Fig. 2, step 1). Eventually, the final glucose
residue is trimmed by glucosidase II, leaving
the glycan in a nonglucosylated form that can
no longer be recognized by CNX or CRT.

The deglucosylated glycan is now ready for
inspection by the UDP-glucose:glycoprotein
glucosyltransferase (GT). The GT is a soluble
glycoprotein present in the ER lumen that
appears to recognize both the oligosaccharide
and protein components of non-native pro-
teins (19). In the event that the glycoprotein
has not acquired its native conformation, the
GT can reglucosylate it and permit another
round of lectin chaperone binding (20,21) (see
Fig. 2, step 4). Persistent rounds of chaperone
binding and release as result of reglucosyla-
tion by the GT and the subsequent deglucosy-
lation by glucosidase II (otherwise known as
“the CNX cycle”) can enhance the global fold-
ing efficiency by preventing aggregation and
retaining a glycoprotein in the ER until its
folding is completed.

Additionally, two ER localized mannosi-
dases can catalyze the hydrolysis of one man-
nose residue each. Mannosidase I cleaves the
single α-1,2 mannose residue from the α-1,3
branch of the core oligosaccharide, generating
the B-isomer (lacking the terminal B-anten-
nary α1-2, mannose; Fig. 1) (22). Another ER-
localized α-1,2 mannosidase, ER mannosidase
II, can cleave a second mannose residue, gen-
erating the Man8C isomer or Man7 isomer if
both the B and C mannoses are removed (23).
Unlike glucose trimming, mannose removal is
much slower, usually occurring directly
before transport from the ER (24). As a result,
it has been hypothesized that mannose
removal acts as a “timer” for protein folding
in the ER, marking the end of a glycoprotein’s
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Fig. 1. Illustration of the transferred struc-
ture of an N-linked glycan. A 14- carbohydrate
moiety consisting of two N-acetyl glu-
cosamines (squares), nine mannoses (circles),
and three glucoses (triangles) is transferred en
bloc to the ASN of an N-linked glycosylation
consensus site (ASN-X-SER/THR). Respective
cleavage sites of ER glucosidases and mannosi-
dases as well as A, B, and C branches are indi-
cated. The symbols used for the different
sugars are used in Figs. 2–4.



ability to enter the lectin chaperone-binding
cycle (24,25). 

The final processing of N-linked glycans
occurs upon transport to the Golgi (reviewed
in refs. 10 and 26). This process involves step-
wise trimming by exoglycosidases and the
addition of new sugar residues by glycosyl-
transferases. In the cis stack, an exomannosi-
dase can cleave the remainder of the α-1,2
linked mannoses, resulting in a Man5GlcNAc2
glycan. Alternatively, an endomannosidase pre-
sent in some cell types can assist this process for

the A branch (27). Upon reaching the medial
stack, the addition of a GlcNAc residue to the α-
1,3 linked mannose of the A branch precedes
hydrolysis of two more terminal mannose
residues, one from each of the B and C branches,
respectively (see Fig. 1). Glycosyltransferases
then promote the transfer of complex carbohy-
drates, including GlcNAc, galactose, sialic acid,
and fucoses, to the glycan antennary. The addi-
tion of complex carbohydrate varies extensively
and is responsible for generating a broad array
of mature oligosaccharides.
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Fig. 2 CNX/CRT-binding cycle. (1) N-Linked glycans are transferred to a glycosylation site by
the oligosaccharyltransferase (OST). Glucosidases (Gluc) I and II rapidly remove the first two
glucose residues, respectively. (2) The monoglucosylated glycan is recognized by the lectin chap-
erones calnexin and calreticulin (CNX/CRT), which are bound to the oxidoreductase, ERp57. (3)
Removal of the final glucose by glucosidase II generates a nonglucosylated glycan. (4) If the gly-
coprotein is deemed non-native by the folding sensor UDP-glucose:glycoprotein glucosyltrans-
ferase (GT), it will reglucosylate the glycan and allow it to rebind CNX/CRT. Cycles of
CNX/CRT-binding mediated by persistent deglucosylation and reglucosylation by glucosidase II
and the GT, respectively, provide the protein with many opportunities to reach its native state. (5)
Once the protein has acquired its native conformation, it will exit the ER and be transported to
the Golgi (6).



THE ROLE OF N-LINKED GLYCANS 
IN GLYCOPROTEIN FOLDING 
AND ANTEROGRADE TRANSPORT

CNX and CRT

Calnexin (CNX) and calreticulin (CRT) are
two homologous lectin chaperones found in
the ER of eukaryotic cells. CNX is an approx
570-amino acid type I membrane protein that
is essential for Schizoaccharomyces pombe via-
bility; but not Saccharomyces cerevisiae (28–30).
CRT is an approx 418-amino acid-soluble pro-
tein that has been shown to be essential in
mouse development, but is absent in yeast
(31). Contrary to classic ATP-driven polypep-
tide-binding chaperones, CNX and CRT inter-
act with the carbohydrate side chains. This is
supported by the recent CNX structure and
isothermal titration calorimetry data for
CRT, which have shown that they are both
monovalent lectins that recognize the entire
Glcα1-3Manα1-2Manα1-2Man structure of a
glucosidase I and II trimmed N-linked glycan
(32,33). Although there is in vitro evidence
to suggest that CNX could also contain a
polypeptide- binding site, this has not been
shown in a cellular context (34,35).

The CNX structure provides further infor-
mation about the structural features of its two
functional domains, which include a “P-
domain” and a lectin domain. The P-domain is
a proline-rich region that forms a 140 Å
extended arm (residues 270–414), which sepa-
rates two antiparallel β-sheets (residues 61–262
and 415–458) that come together to form the β-
sandwich that comprises the globular lectin
domain (32). Similar to CNX, CRT has been
shown by nuclear magnetic resonance (NMR)
to contain a 120 Å extended arm or P-domain
(residues 189–288) that could also divide the
lectin domain of CRT, but the complete struc-
ture of CRT has not been solved (36). The P-
domains in CNX and CRT are made up of two
types of sequence repeats. The first is a 17-
residue (type 1) and the second is a 14-residue
(type 2) repeat. They are arranged in a 11112222
pattern in CNX and a 111222 pattern in CRT.

These repeats interact with each other in a
head-to-tail fashion, where the type 1 copies
extend away from the lectin domain and the
type 2 copies fold back on the type 1 repeats to
return to the lectin domain, forming the large
hairpin. The role of the P-domain has recently
been shown to support binding and recruit-
ment of the oxidoreductase ERp57 (35,37). 

As previously stated, CNX/CRT binds to
monoglucosylated glycans, which are gener-
ated on nascent chains by the sequential action
of glucosidases I and II (14,16,17,38). These
interactions can commence cotranslationally
while the nascent chain is still engaged with
the translocon (18,39–41). CNX/CRT binds
directly to hydrophilic solvent-accessible pro-
tein modifications, in contrast with traditional
chaperone systems that bind exposed
hydrophobic domains, which are the hall-
marks of a non-native protein (42). Glucosidase
II then performs the second of its two func-
tions, removing the final α-1,3 linked glucose
residue, which initiates chaperone release or
prevents chaperone rebinding (16). 

The roles of CNX/CRT interactions have
been studied extensively by ablating glucosi-
dase trimming with inhibitors or genetic
manipulations (43–45). These studies have
found that binding increases the efficiency of
maturation, inhibits aggregation, and retains
misfolded substrates within the ER. When
release from the chaperones is inhibited by the
posttranslational addition of glucosidase
inhibitors, oxidation, oligomerization, and
transport are prevented (16,43,46). This indi-
cates that the folding, oxidation, oligomeriza-
tion, and transport occur after the substrate is
released from CNX/CRT (see Fig. 2, step 5).
Therefore, CNX/CRT binding actually acts to
slow the maturation process, but this delayed
process progresses with increased efficiency.

Generally, glycoproteins possess multiple
glycans and folding domains. Therefore, the
location of glycans in a particular domain
might support the delayed folding of the gly-
cosylated domain by recruiting and binding to
CNX/CRT. This suggests that glycans could
direct the folding and chaperone-binding
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profile of a maturing nascent chain. Previously,
we have proposed that glycans have evolved
to be localized in specific locations on a protein
where it is advantageous to slow the folding of
a particular folding domain. This theory was
tested by monitoring the cotranslational or
ribosome-associated folding of the type I mem-
brane glycoprotein influenza hemagglutinin,
which has seven glycosylation sites and six
disulfide bonds (39,41). Site-specific deletion of
chaperone-binding sites by the alteration of
consensus glycosylation sequences permitted
the mapping of the binding site for each chap-
erone individually and the characterization of
the folding reaction in the absence of binding
to defined domains. Hemagglutinin has a large
disulfide loop that connects the N- and C-ter-
mini. The three N-terminal glycans on hemag-
glutinin direct the binding of CNX to the
N-terminus of the protein. This binding helps
to protect an N-terminal Cys from forming
non-native disulfide pairs until its C-terminal
partner Cys emerges from the translocon. This
hypothesis is supported by the accelerated and
less efficient cotranslational folding observed
for hemagglutinin in the absence of N-terminal
glycans (39). Therefore, N-linked glycans can
be positioned within a protein to facilitate the
efficient acquisition of native structure within
the cell by controlling the timing and location
of chaperone binding.

ERp57

CNX/CRT binding also helps to recruit the
associated oxidoreductase activity of ERp57 to
the site of glycosylation. Crosslinking of
ERp57 to the chaperones CNX and CRT and
temporally to nascent glycoproteins bearing
trimmed N-linked glycans was the first evi-
dence that ERp57 was involved in glycopro-
tein maturation (47–49). As discussed
previously, ERp57 binds to CNX/CRT through
strong protein–protein interactions (KD = 18 ×
10-6 M) with the hairpin turn of the P-domain
(37). Two WCGHCK motifs in ERp57 are simi-
lar to domains found in protein disulfide iso-
merase (PDI), ERp72, and thioredoxin (50). In

vitro studies have shown that ERp57 possess
both thiol-disulfide oxidase and reductase
activities (51–56). Together, these data have
unveiled a new dimension to the roles of CNX
and CRT within the lumen of the ER that
expands the functional relevance of glycan
positioning within a protein. The intriguing
contradiction in the dual CNX/CRT functions
of delaying oxidation and recruiting an enzyme
that apparently catalyzes the formation of
disulfide bonds remains to be resolved.

UDP-Glucose: Glycoprotein
Glucosyltransferase

The GT is believed to be the folding sensor
in the ER, which controls rebinding to
CNX/CRT, the ER retention of non-native gly-
coproteins, and potentially aids in targeting to
ERAD (57,58). It is a 150-kDa soluble ER
enzyme consisting of two domains (59). The N-
terminal domain comprises approx 80% of the
protein and is believed to be involved in sub-
strate recognition. The C-terminal domain con-
tains the transferase active site. The tight
binding of the C-domain to the N-domain
brings together the reglucosylation and sub-
strate recognition activities.

The GT is known to reglucosylate
Man9–7GlcNAc2 forms with decreasing affin-
ity as mannose residues are removed from the
glycan (60). It was originally proposed to rec-
ognize denatured or unfolded glycoproteins
(20), and more recent evidence supports this
proposal. In these in vitro studies, the GT has
been shown to recognize misfolded domains,
polypeptides that display hydrophobic regions
near a glycan, or solvent-accessible hydropho-
bic patches in molten globule-like conformers
that mimick folding intermediates of nascent
glycoproteins (19,61,62). Thus, reglucosylation
is controlled by the composition of the exposed
polypeptide chain during more advanced fold-
ing states when some secondary structure and
long-range interactions are present (59). 

The unique features of the GT enable it to
control whether or not a newly synthesized
glycoprotein is degraded or allowed to tra-
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verse the secretory pathway. In this manner,
incorrectly folded glycoproteins can oscillate
between monoglucosylated and unglucosy-
lated forms catalyzed by opposing activities of
the GT and glucosidase II (59). As the cycle
progresses, proteins that finally pass the qual-
ity control test are transported out of the ER
(see Fig. 2, step 6). Glycoproteins that continue
to expose GT-recognizable regions on their
polypeptide remain in the cycle and eventually
create a substrate that is targeted for ERAD.
These properties indicate that the GT can func-
tion in the folding of a protein by reinitiating
association of unfolded proteins with CNX,
CRT, and ERp57, as well as in degradation by
prolonging the retention of a substrate. 

The GT quality control decisions appear to
be critical in mammalian cells, as well as S.
pombe, where the protein is essential under
extreme stress conditions (63). However, its
activity is not present in S. cerevisiae, indicating
that the CNX cycle is not functional in S. cere-
visiae, explaining why CNX is also nonessential
here (64). This suggests the presence of redun-
dant pathways that can compensate for the
absence or defects in the CNX-binding cycle.
The binding of a CNX/CRT substrate to BiP in
the presence of glucosidase inhibition indicates
that the ER hsp70 system might be able to com-
pensate for ablation of the CNX-binding cycle
(65). Inhibition of ERp57 by the same means
resulted in PDI association with nascent chains
(66). However, human CD1d heavy chain,
which associates with CNX, CRT and ERp57,
has impaired disulfide bond formation when
the binding of these chaperones is inhibited.
Thus, BiP and PDI must not be able to replace
the function of CNX/CRT and ERp57 for this
substrate (67). These results imply that the
necessity for the CNX/CRT-binding cycle for
proper maturation is highly protein dependent.

Anterograde Transport

Proteins that pass the quality control test are
sorted for transport to the Golgi. Some debate
exists concerning how sorting and trafficking
from the ER to Golgi is mediated. The “bulk

flow” model assumes that once a maturing
protein passes inspection by the ER quality
control machinery, it will be transported by
default (68,69). However, recent evidence sug-
gests that ER to Golgi sorting is both an active
and selective process. A di-acidic motif DXE in
vesicular stomatitis virus G protein and the
FYCENE motif found at the C-terminus of cer-
tain surface potassium channels have both
been shown to act as ER exit signals by binding
COPII coat proteins (70,71).

Recently, ERGIC-53 and VIP36, two intracel-
lular lectins specific for high-mannose glycans,
have been shown to play a role in the sorting of
glycoproteins for transport (72). ERGIC-53, a
transmembrane protein that cycles between the
ER and the Golgi has been proposed to facilitate
ER to Golgi trafficking of glycoproteins (73).
This proposal is based on studies that suggest
ERGIC-53 accelerates the transport of human
cathepsin D and coagulation factors V and VIII
to the Golgi in a glycan-dependent manner
(74,75). Furthermore, inhibition of mannose
trimming prevents association of ERGIC-53
with its cargo, implying that specific carbohy-
drates might play a role in sorting to the Golgi.
The role of VIP36 in sorting has not been
demonstrated empirically, but its sequence
homology to ERGIC-53 indicates that it might
also be involved in transport.

N-LINKED GLYCANS DIRECT
ENDOPLASMIC RETICULUM-
ASSOCIATED PROTEIN
DEGRADATION

Once proteins reach their native conforma-
tion, they are sorted for transport from the ER.
Surprisingly, up to one-third of all proteins fail
to pass inspection by the quality control
machinery (76). As a consequence, such pro-
teins are retained in the ER and subsequently
targeted for degradation by the cytosolic 26S
proteasome (10,77,78). The disposal of pro-
teins from the ER, or ERAD, involves multiple
steps (see Fig. 3). The cytosolic steps, which
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Fig. 3. Model of ERAD. A nascent protein chain is cotranslationally inserted into the ER lumen
through the Sec61 translocon. Carbohydrates are added cotranslationally by the OST and immedi-
ately trimmed by Gluc I and II. Trimming to the monoglucosylated state supports CNX/CRT bind-
ing and ERp57 recruitment. A misfolded protein undergoes multiple rounds of CNX/CRT binding.
Persistent reglucosylation by the GT and mannose removal by mannosidase (Man) I indicates that
the protein is misfolded and has been retained in the ER by the CNX cycle for a prolonged period
(1–3). As a consequence, the glycoprotein is then transferred from CNX to EDEM (4). The glyco-
protein is then retranslocated through the Sec61 translocon in a relatively unfolded state, deglyco-
sylated by the N-glycanase Png1p, and ubiquitinated via the ubiquitination enzymes E2 and E3 (5).
The AAA-ATPase p97 hexameric ring is believed to provide the energy required for dislocation.
Finally, the substrate is degraded by the 26S proteasome (cylinder denoted as 26S). 



lead to proteasome degradation, are well char-
acterized (for review, see ref. 78). This process
involves tagging the protein to be destroyed
with the 76-amino acid polypeptide ubiquitin.
The tagged protein is then recruited to the pro-
teasome by ubiquitin-binding proteins for
subsequent destruction. While the degrada-
tion of secretory cargo utilizes these cytosolic
processes, additional upstream events are
required to recognize, sort, and retranslocate
the defective proteins to the cytosol for ubiq-
uitination and eventual proteolysis.

Lumenal requirements for degradation
include: (1) an initial signal of protein defec-
tiveness on the ERAD substrate; (2) a possible
tag to label the retained protein as aberrant
(analogous to ubiquitin on the cytosolic side);
(3) a receptor to recognize the tag and target it
to a translocon; and (4) a mechanism for
retranslocation that includes a driving force to
power the translocation of the protein from the
lumen to the cytosol through a defined
translocon (a process that might also aid in the
disassembly and/or unfolding of the ERAD
substrate). Ultimately, the lumenal processes
must be tightly coordinated with the cytosolic
events they later converge with, in order for
proteolysis by the proteasome to occur. As
observed for both glycoprotein maturation
and transport, N-linked glycans and carbohy-
drate-binding proteins are implicated in many
of the steps involved in ERAD, establishing
their significance in protein quality control.
Here, the individual processes involved in
ERAD are described, with emphasis placed on
the role of specific glycoforms and their corre-
sponding lectins.

ER Retention

Proteins that fail the quality control test can
be sequestered by ER resident proteins and
prevented from traversing the secretory path-
way (1). The retention of non-native proteins in
the ER performs two complementary func-
tions. First, it ensures that non-native proteins
are not deployed throughout the cell. At the
same time, it also provides the non-native sub-

strate with additional opportunities to reach
conformational maturity within the specialized
maturation environment of the ER. 

The ER retention of a substrate is mediated
by its binding to resident ER proteins that pos-
sess ER retention signals. Soluble ER resident
proteins contain C-terminal KDEL sequences
(or HDEL in yeast) that support the retrieval of
proteins from the ERGIC or Golgi to the ER
(79). Retrieval is mediated by the recycling of
the KDEL receptor back to the ER by its selec-
tive inclusion in COPI coated vesicles, which
bud from the cis-Golgi. CRT, ERp57, GRP94,
GT, and BiP contain KDEL or KDEL-like reten-
tion motifs. Type I membrane proteins (such as
CNX) contain the KKXX ER retention sequence
on their C-terminal cytosolic tails, which medi-
ates ER retrieval by binding directly to COPI
coat proteins (80). The retention of nascent pro-
teins by CNX was elegantly displayed by the
expression of a truncated CNX mutant that
lacked its retention signal (81). In these experi-
ments, incompletely assembled T-cell receptors
were bound by the truncated version of CNX,
which permitted its exit from the ER. The satu-
ration of chaperone-binding sites by the over-
expression of defective protein can also led to
the leakage of aberrant proteins from the ER.

A variety of diverse mechanisms appear to
be in place within the ER to support the reten-
tion of premature, non-native, or incompletely
assembled proteins. As described earlier, the
exposure of hydrophobic patches proximal to
N-linked glycans supports their reglucosyla-
tion by the GT, leading to persistent CNX/CRT
binding and ER retention. Retention of protein
aggregates is mediated by the inclusion of ER
resident proteins in the aggregate or the aggre-
gate size, precluding its ability to be packaged
into vesicles exiting the ER. Cys residues on
secretory proteins are generally covalently
linked within disulfide bonds, helping to stabi-
lize proteins. The exposure of free Cys or free
thiol groups are often associated with aberrant
proteins and have been shown to mediate the
retention of ER cargo by forming intermolecu-
lar disulfide bonds with a variety of protein
disulfide isomerase family members (82).
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These retention motifs, including the aggrega-
tion of nascent chains, the presence of free thi-
ols, or hydrophobic patches, are responsible for
the integrity of the quality control process by
preventing the secretion of nonfunctional pro-
teins throughout the cell.

ERAD Signals and Tags

The signals for ER retention and the even-
tual degradation of a terminally misfolded
substrate are believed to be structurally-based,
as opposed to functionally-based, because
most proteins exiting the ER are not yet active.
Furthermore, engineering and performing a
specific functional test for each individual
secretory protein within the ER is not feasible.
Thus, ERAD substrates are often chosen from
the pool of retained proteins, resulting in the
overlapping characteristics between ERAD
and the retention signals discussed earlier. One
defining characteristic of an ERAD substrate
appears to be the expanded length of time the
protein is retained within the ER. In this model,
an extended time of retention correlates with
the futility of the protein reaching its native
form resulting in the targeting of the protein
for destruction.

In the case of glycoproteins, the N-linked gly-
can has been proposed to play a dual role as the
timer of ER residency and the ERAD tag, which
targets the protein for destruction. Specifically,
the mannose-trimmed Man8GlcNAc2 form of
the N-linked glycan is believed to serve as the
signal for degradation by recruiting a mannose-
specific ERAD receptor (24,25). Implications for
mannosidase I trimming inducing proteasomal
degradation have been shown in mannosidase-
deficient cells or with mannosidase inhibitors
where glycoproteins that are normally
degraded are stabilized (24,25,83,84). The slow
process of mannose removal, compared to that
of glucose, supports the hypothesis that man-
nose trimming acts as a timing mechanism to
distinguish between slow folding and hope-
lessly misfolded proteins (24, 25). 

Many ER resident and transport-competent
proteins, which are also trimmed to Man8, can

avoid the degradation machinery. Therefore,
the presence of a Man8 isoform cannot be the
sole determinant of protein degradation. As a
consequence, it has been proposed that both
the Man8 isoform and the existence of exposed
hydrophobic patches act together to signal the
degradation of a substrate (85). Alternatively,
it is plausible that a Glc1Man8GlcNAc2 glycan
serves as the degradation signal. The presence
of the Glc1 indicates defectivity as measured
by the GT, whereas trimming by mannosidase
I (to Man8) signals prolonged ER retention. In
this scenario, a properly folded protein would
be trimmed to Man8GlcNAc2, whereas ERAD
substrates would be distinguished by the pres-
ence of a terminal glucose.

ERAD Receptors 

Molecular chaperones are proposed to be
involved in deciphering the ERAD signal and
acting as ERAD receptors based on their abil-
ity to recognize and bind misfolded proteins.
BiP has been shown to be required for the
ERAD of soluble nonglucosylated substrates,
indicating that it might function as an ERAD
receptor (86). Additionally, carbohydrate-
binding proteins are believed to participate in
the ERAD of glycoproteins, as they might be
able to recognize the ERAD form of the
trimmed N-link glycan (see Fig. 3, step 4).
Current studies are focused on identifying the
components involved in ERAD and their
mechanisms of action.

A specific function for CNX in ERAD was
initially proposed based on the impaired
degradation of pre-pro-αFactor in ER-derived
microsomes lacking a functional CNX gene
(87). Further implications of CNX playing a
role in the sorting of defective proteins for
ERAD have been made more recently. In tem-
poral studies that examined the interactions
between ERAD substrates and CNX, the time
of degradation corresponded to the substrate
release from the lectin chaperone (88–90). This
is also supported by the prolonged interactions
observed between α1-antitrypsin (AT) and
major histocompatibility complex (MHC) class
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I heavy-chain molecules with CNX after pro-
teasomal inhibition (25,89) and the sorting of a
PiZ mutant of AT to a nonproteasomal degra-
dation pathway when CNX interactions were
prevented (91). In the latter case, degradation
of PiZ could then be redirected to the protea-
some if interaction with CNX was promoted
by the posttranslational addition of glucosi-
dase inhibitors.

Whereas a number of studies have linked
CNX to ERAD, only a few studies have specif-
ically looked at CRT. Those results suggest
that the role of CRT is limited to the matura-
tion process. CRT did interact with MHC class
I heavy chains in a CNX-deficient cell line, but
not during the timeframe associated with
degradation (92). Moreover, eliminating CRT
interactions in such cell lines through the
addition of glucosidase inhibitors did not
affect the levels of MHC class I degradation.
Other reports that have examined lectin chap-
erone interactions preceding degradation also
showed that CRT failed to interact with either
the transmembrane ERAD substrate, the nico-
tinic acetylcholine receptor, or soluble α2-
plasmin inhibitor mutants (90,93). Thus, a
decision to degrade a defective substrate
might preclude interactions with CRT.

Of the known ER lectins, it is clear that CNX
plays a critical role in the retention of proteins
deemed non-native by the GT. Recent studies
have implicated a mannosidase-like ER protein
in the extraction of substrates from CNX that
are trimmed to Man8 (signifying prolonged ER
residency) and then targeted for ERAD (see Fig.
3, step 4) (94,95). In these studies, ERAD sub-
strates interacted sequentially with CNX, then
the mannosidase-like protein. A mannose-spe-
cific receptor was initially identified in yeast,
termed Htm1p or Mnl1 (for homologous to
mannosidase or mannosidase-like, respec-
tively) (96,97). Subsequently, a mammalian
ortholog was also identified, called EDEM (ER-
degradation enhancing mannosidase) (98).
Each of these proteins contains a mannosyl
hydrolase domain, but lack the two conserved
Cys residues required for hydrolase activity.
Deletion of Htm1p/Mnl1 specifically reduced

degradation rates of glycosylated ERAD sub-
strates in yeast (96,97). Similarly, impairment
of EDEM expression by RNAi stabilized an
ERAD substrate, whereas the overexpression
of EDEM decreased the ERAD substrate’s half-
life (95 98). Furthermore, the transcription of
EDEM was upregulated under ER stress condi-
tions by IRE1p activation, suggesting that it
might be the mammalian mannose-specific
ERAD receptor (99) (see Fig. 4).

The extraction of ERAD substrates from the
CNX-binding cycle by EDEM appears to
involve a direct interaction between CNX and
EDEM through the cytosolic tail or transmem-
brane region of CNX (94). This optimally posi-
tions EDEM to directly extract substrates from
CNX or to bind CNX-released substrates, as
stabilizing CNX binding by posttranslation-
ally inhibiting glucosidase II can slow the
degradation process (see Fig. 3, step 4)
(25,88,94). Although the carbohydrate speci-
ficity of EDEM has yet to be directly demon-
strated, the results of such studies support a
model where doomed proteins undergo
rounds of CNX binding. The eventual glycan
trimming by mannosidase I generates a glyco-
form that is no longer an optimal substrate for
the CNX cycle, thereby promoting transfer to
EDEM. Precisely how EDEM orchestrates the
degradation part of the ERAD pathway
remains to be elucidated.

Although a growing body of evidence sup-
ports the role of lectin chaperones in retention
and sorting of ERAD substrates, some conflict-
ing results have also been reported.
Saccharomyces cerevisiae lacks GT activity and
the subsequent CNX-binding cycle (64), yet it
has a functional ERAD pathway. A number of
studies have demonstrated rapid degradation
in the absence of lectin chaperone interactions
after the addition of glucosidase inhibitors or
the expression of substrates in cell lines defec-
tive for components of the CNX-binding cycle
(84,89,91,100). Others found no effect on degra-
dation upon glucosidase inhibition (74,101,102).
If CNX/EDEM interactions are required for
sorting to ERAD, then how does proteasome
degradation occur at accelerated levels when
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Fig. 4. The mammalian UPR pathway. In the absence of ER stress, BiP remains bound to three
distinct ER transmembrane receptors: IRE1, ATF6, and PERK. (1) As aberrant proteins accumu-
late, BiP is titrated away, allowing both IRE1 and PERK to form homodimers that activate their
cytosolic kinase domains. PERK phosphorylates the eukaryotic translation initiation factor, eIF2α
to attenuate protein synthesis. IRE1, on the other hand, transautophosphorylates itself and sub-
sequently activates its C-terminal endonuclease activity. (2) Release of BiP from ATF6 allows it to
travel to the Golgi, where cleavage of its C-terminal basic leucine zipper DNA-binding domain
(Z) by the proteases S1P and S2P promote its liberation and migration to the nucleus. (3) The Z
domain of ATF6 upregulates the transcription of molecular chaperones containing an upstream
ER stress response element (ESRE), of which one of these is XBP-1. (4) The presence of secondary
structure prevents translation of XBP-1. (5) The activated endonuclease domain of IRE1 then
splices out the intron containing secondary structure, permitting the translation of XBP-1. (6)
Once translated, XBP-1 induces the expression of UPR target genes, including EDEM. 



these interactions are ablated by glucosidase
inhibition for some ERAD substrates? Does
EDEM binding require prior CNX binding? Or
can other ER resident proteins accomplish the
sorting of defective proteins in the absence of
CNX/EDEM binding? Additionally, many of
the studies that examined the role of lectin
chaperones in ERAD employed glucosidase
inhibitors that could have affected the actions
of other carbohydrate-binding proteins as well.
Furthermore, protein levels were frequently
examined via immunoprecipitation and
sodium dodecyl sulfate–polyacrylamide gel
electroporesis (SDS-PAGE). These techniques
might not accurately account for protein lev-
els if required epitopes are masked or if sub-
strates form large, insoluble aggregates (a
possibility that is augmented by disrupting
the chaperoning activities of carbohydrate-
binding proteins).

Translocon 

The ER membrane contains a proteinaceous
pore made up of the Sec61 heterotrimeric
complex (α, β, and γ). The Sec61 translocon
can support the cotranslational and posttrans-
lational translocation of proteins into the ER.
Biochemical and genetic studies have also
implicated the Sec61 translocon working in
the reverse direction to retrotranslocate ERAD
substrates from the lumen to the cytosol for
proteolysis.

Interactions between Sec61 and a variety of
substrates that use the ERAD pathway have
been observed through coimmunoprecipita-
tion studies with antibodies directed against
either Sec61α or Sec61β. Studies with anti-
Sec61β antibodies include the identification of
interactions with mutant or truncated proteins
(ribophorin I and CFTR [103,104]); wild-type
proteins that are inefficiently processed and are
partially degraded by the ERAD process
(CFTR and δ opioid receptor [104,105]); and the
induced degradation of a MHC class I heavy
chain by human cytomegalovirus (deglycosy-
lated MHC class I and US2 with and without

its carbohydrate [106]). In addition, interac-
tions between Sec61α and the glycosylated
ricin toxin A-chain have also been observed
(107). This toxin appears to co-opt the ERAD’s
retranslocation pathway to deliver its toxic
peptide from the ER lumen to the cytosol.

Other substrates appear to never leave the
translocon after translation and are directly
designated for destruction. In the case of
apolipoprotein B (ApoB), its prolonged asso-
ciation with the Sec61 channel is the result of
its lipid-mediated regulated translation (108).
Pauses in translation allow for lipids to bind
cotranslationally. The absence of cotransla-
tional lipidation induces the proteasomal
degradation of ApoB. Therefore, the quality
control decision is made while the protein is
still engaged with the Sec61 translocon, cir-
cumventing the lumenal targeting steps for
ERAD. 

The Sec61 translocon is a dynamic struc-
ture. There is evidence that indicates that the
channel can triple in size upon ribosome bind-
ing (109). The permeability barrier of the rest-
ing translocon is maintained by the lumenal
hsp70 family member BiP, whereas the larger
pore is sealed by the ribosome on the cytoso-
lic face of the membrane (110). Studies have
shown that the cotranslational folding of a
small-domain protein (35 Å) was not permit-
ted within the confines of the translocon (111).
Yet, glycans appear to be removed from gly-
coproteins within the cytosol prior to proteol-
ysis, indicating that the translocon would
have to support the retrotranslocation of these
bulky and hydrophilic modifications.
Together, these findings indicate that the
retrotranslocation of ERAD substrates
through the Sec61 translocon would require a
substrate to be predominantly unfolded. 

Retrotranslocation

The translocation of proteins across mem-
branes is an energy-requiring process (112,113).
Because ATP supplies are present on both sides
of the ER membrane, the driving force could
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involve a pushing process (analogous to SecA
insertion of proteins across the inner mem-
brane of bacteria), a pulling process within the
cytosol, or a combination of both. The current
hypothesis for the mechanism of retrotranslo-
cation is largely based on a pulling mechanism.

Cytosolic ATPases have been implicated in
pulling the dislocated proteins into the
cytosol. In yeast and mammals, the hexameric
AAA-ATPase p97/Cdc48, identified in mouse
and yeast, respectively, functions in a complex
with Ufd1 and Npl4 (114,115). Both the mam-
malian and yeast AAA-ATPase have been
shown to interact with the proteasome and
ubiquitinated ERAD substrates (116,117).
Mutations in either p97/Cdc48 or their cofac-
tors cause polyubiquitinated ERAD substrates
to accumulate at the ER membrane, support-
ing their role in ERAD (117–120). As a result of
its dual binding capabilities and its ATPase-
driven unfoldase activity, p97/Cdc48 has
been proposed to mediate the extraction of
proteins from the ER to present them to the
proteasome at the cytosolic face of the ER
membrane (118).

Alternatively, p97/Cdc48 might target the
proteasome to ubiquitinated substrates, where
its ATP hydrolase activity might work in con-
cert with the ATPases of the 19S cap of the pro-
teasome to drive the unfolding of a substrate
during entry into the proteasome. The 19S cap
functions as a gatekeeper for substrates tar-
geted for degradation. It contains binding sites
for ubiquitinated proteins, enzymes to depoly-
merize the ubiquitin chain, as well as six
ATPases to help unfold and thread protein into
the proteasomal core (121,122). Studies per-
formed by Mayer and colleagues suggest that
the proteasome can pull polyubiquitinated
chains from the membrane (123). In this model,
the 19S regulatory cap recognizes polyubiquiti-
nated substrates and the six ATPases at its base
pull the protein and thread it into the 20S
chamber of the proteasome. However, muta-
tions in components of the 19S cap do not pre-
vent dislocation of ERAD substrates,
suggesting that it does not independently
drive dislocation (120).

The activity of cytosolic ATPases cannot
fully explain the complete dislocation process
for all ERAD substrates. How do soluble
ERAD substrates initially engage these soluble
cytosolic ATPases, which drive the transloca-
tion process? Soluble substrates must be par-
tially retrotranslocated by an independent
mechanism to allow for a portion of the protein
to emerge into the cytosol. In addition, muta-
tions in the cofactors of p97/Cdc48, Npl4, and
Ufd1 permit ubiquitination but disrupt the
completion of the retrotranslocation process as
degradation is prevented (120,124). The fact
that the ubiquitination occurs in the cytosol
(discussed below), and the absence of a func-
tional p97/Cdc48 ATPase system can still
result in sufficient dislocation for ubiquitina-
tion indicates that a portion of the retrotranslo-
cation process is lumenally mediated or
independent of the p97/Cdc48 system. Thus,
the retrotranslocation of some ERAD sub-
strates might involve an initial pushing process
within the ER, which would support the
engagement of cytosolic ATPases and the ubiq-
uitination of proteins. Alternatively, a trans-
membrane-spanning escort protein might
provide a linkage between the ER lumen and a
cytosolic driving force. A study showing the
ubiquitination of the cytosolic tail of CNX in
the presence of a soluble ERAD substrate is
consistent with CNX acting as a potential
escort protein (125). However, further studies
will be required to fully understand the details
of the retrotranslocation process. 

Ubiquitination 

Multiple copies of a 76-amino acid polypep-
tide known as ubiquitin are covalently
attached in a multistep process to ERAD sub-
strates (78). First, a ubiquitin-activating
enzyme (E1) hydrolyzes ATP, forming a thio-
lester linkage between a Cys in its active site
and the C-terminal Gly-Gly motif of ubiquitin.
Activated ubiquitin is then transferred to a
ubiquitin- conjugating enzyme (E2), which, by
itself or in concert with an ubiquitin protein
ligase (E3), attaches ubiquitin to a substrate
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protein. Following the addition of the primary
ubiquitin to the substrate, additional ubiqui-
tins can bind the lysine at position 48 of the
preceding ubiquitin. As a result, ERAD sub-
strates frequently carry chains of ubiquitin,
with a tetraubiquitin chain considered to be the
minimum requirement for degradation (126).

Substrate specificity is mediated by E3s,
which are divided into two classes (127,128).
One class, characterized by the possession of a
HECT domain, forms thioester linkages with
ubiquitin and directly catalyzes the addition of
ubiquitin to substrate. The second class of E3s
contains a RING finger motif and does not
directly interact with substrates. Instead, RING
finger E3s bind E2s, resulting in the transfer of
ubiquitin from the E2 to the substrate. 

In yeast, ubiquitination enzymes involved in
ERAD are fairly well characterized. Ubc6 is an
E2 that contains a C-terminal hydrophobic
membrane anchor (129). Ubc7 is a cytosolic E2,
which is recruited to the ER membrane by a
membrane protein, Cue1p. The ER resident
RING finger containing E3, Hrd1p/Der3p, has
been shown to interact with Ubc7. In contrast,
murine orthologs are only in the early stages of
identification and characterization. Recently,
the mammalian homologs of Ubc6 and Ubc7
(Mmubc6 and Mmubc7, respectively) have
been identified (130). Mmubc7 interacts with
the E3 tumor-autocrine motility factor (gp78)
in a RING finger-dependent manner (131). In
this scenario, gp78 might recruit Mmubc7 to
the ER membrane because it contains a region
homologous to Cue1p, a ubiquitination factor
absent in mammals. 

Glycans present on proteins within the
cytosol might also recruit an E3 for ubiquitina-
tion. A putative mammalian E3 ubiquitin ligase
specific for high-mannose glycans was recently
characterized (132). A screen conducted in
mouse brain extracts for binding partners of a
chitobiose-containing probe yielded the F-box
protein (Fbx2), which bound and ubiquitinated
glycoproteins as a complex with three other
proteins, Skp1, Cul1, and Roc (collectively
known as the SCFFbx2 complex). Several lines
of evidence implicated SCFFbx2 in ERAD and

ER-associated quality control. First, in vitro
pull-down assays using probes with different
carbohydrate moieties revealed that SCFFbx2

preferred high-mannose substrates, including
Man9GlcNAc2, Man5–7GlcNAc2, and
Man3GlcNAc2. The presence of complex mod-
ifications such as terminal glucoses, galactoses,
and GlcNAc impaired binding, whereas degly-
cosylation via PNGase F completely inhibited
interactions. Although no Man8GlcNAc2 sub-
strate was directly examined, SCFFbx2 was
linked to ERAD in vivo, as overexpression of a
dominant negative Fbx2 mutant impaired
degradation of CFTR-GFP and TCR-α sub-
units. Moreover, the interaction was detected
in the cytosol, and to some extent the mem-
brane fraction, suggesting that binding
between SCFFbx2 and its substrates occurs dur-
ing the retrotranslocation process. This study
indicates that N-linked glycans can potentially
function within the cytosol as an ERAD signal
for glycoprotein ubiquitination, placing ubiq-
uitination concurrent with extraction, and
prior to deglycosylation.

Deglycosylation

Because of the bulky nature of N-linked
glycans, they must presumably be removed
before proteasomal degradation, a function
performed by the cytosolic peptide: N-gly-
canase, termed Png1p in yeast (mPng1p in
mouse) (133,134). Early experiments showing
accumulation of deglycosylated cytosolic
retrotranslocated substrates after proteasomal
inhibition provided the first clue that an N-
glycanase functioned during ERAD
(106,135–137). Originally identified in yeast
for its ability to deglycosylate a small gly-
copeptide, the putative role of Png1p as the
cytosolic ERAD N-glycanase was uncertain
because it did not appear to deglycosylate
full-length substrates (138). However, a more
recent study showed that the disruption of
mPng1 expression by RNAi inhibited the deg-
lycosylation of ERAD substrates, demonstrat-
ing that mPng1p was indeed an active
cytosolic N-glycanase (134). In addition, deg-
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lycosylation of MHC class I heavy chains only
occurred for free unassembled heavy chains,
not for transport-competent heavy chains that
are complexed with β-2 microglobulin.
Deglycosylation was not observed for sub-
strates possessing complex carbohydrates.
These results indicated that mPng1p was spe-
cific for non-native proteins containing high-
mannose ER glycoforms, suggesting that
mPng1p did not deglycosylate full-length
substrates in earlier studies because they were
properly folded. The proposed ability of
mPng1 to distinguish between native and
misfolded proteins in a carbohydrate-specific
manner implies that it could perform a quality
control role in the recognition of ERAD sub-
strates in the cytosol. Thus, the same high-
mannose N-linked glycan, which served as a
signal for retrotranslocation in the ER, could
also provide cues for deglycosylation upon
entry into the cytosol. 

Recent studies have also provided insight
into the organization of Png1p within the
ERAD pathway. Interactions between degly-
cosylated ERAD substrates and Sec61 have
been identified by coimmunoprecipitation
with the translocon complex with anti-Sec61β
antibodies, indicating that deglycosylation
can occur during the translocation process
(103,105,106). A two-hybrid screen for part-
ners of Png1p revealed interactions with the
19S cap of the proteasome, ubiquitin, and Rad
23, a cytosolic protein containing a ubiquitin
domain that also interacts with the protea-
some (139). Thus, a glycoprotein-degradation
complex comprised of Png1p, the proteasome,
and rad23 has been proposed (140). It appears
that the processes of retrotranslocation, ubiq-
uitination, deglycosylation, and proteolysis
are tightly coupled events.

Proteolysis

The end of the ERAD pathway involves tar-
geting of the substrate to the proteasome. The
proteasome is a 2400-kDa multiproteolytic
complex consisting of a 20S proteolytic com-
ponent and a 19S cap, totaling at least 31 dif-

ferent subunits (121,122). The 19S cap regu-
lates the degradation process by recognizing
and liberating ubiquitinated substrates,
removing ubiquitin, and unfolding the sub-
strates through its ATPase activity. The 20S
component consists of four stacked rings: two
outer α-rings and two central β-rings. The pro-
teolytic activity exists in the two inner rings in
the form of six redundant active sites: two chy-
motrypsin-like sites that cleave after hydro-
phobic residues, two trypsin-like sites that
cleave after basic residues, and two caspase-
like sites that cleave after acidic residues. All
of the proteolytic enzymes of the proteasome
belong to the threonine–protease family,
which use an N-terminal threonine as the
nucleophile in the initial attack of the targeted
peptide bond. Together, the three distinct pro-
tease activities processively cleave proteins
into short peptides of 3–20 residues. 

Proteasomes are predominantly located in
the cytosol and nucleus of the cell. However,
immunogold electronmicroscopy and subcel-
lular fractionation studies have also found
proteasomes localized with ER membranes,
placing them in an optimal position for the
degradation of ERAD substrates (141–143).
Although it is clear that the proteasome is the
ultimate destination for ERAD substrates,
additional studies will be needed to under-
stand the spatial organization and temporal
roles for the additional players in the ERAD
disassembly line.

ERAD IS LINKED TO THE UNFOLDED
PROTEIN RESPONSE

Endoplasmic reticulum-associated protein
degradation is not the only cellular response to
eliminate aberrant proteins from the ER. The
unfolded protein response (UPR) is a highly
conserved signaling pathway between the ER
and the nucleus that allows the cell to respond
to ER stress or the accumulation of aberrant
proteins. The UPR functions by upregulating
the transcription of genes that directly or indi-
rectly promote the clearance of misfolded pro-
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teins and attenuates the translation of general
secretory cargo (Fig. 4) (for reviews, see refs.71
and144). Like ERAD, the UPR is sensitive to
the presence of N-linked glycans, as it is
induced in the presence of inhibitors of N-
linked glycosylation transfer (145).

In mammals, the UPR is coordinated by the
Hsp70 homolog, BiP, and three distinct ER
transmembrane receptors: IRE1, ATF6, and
PERK. In the absence of misfolded proteins,
BiP remains bound to the N-terminal lume-
nal-sensing domains of all three receptors. As
aberrant proteins accumulate, BiP is titrated
away, allowing both IRE1 and PERK to form
homodimers activating their cytosolic kinase
domains (146) (see Fig. 4, step 1). PERK phos-
phorylates the eukaryotic translation initia-
tion factor eIF2α to attenuate protein
synthesis (147,148). On the other hand, IRE1
activates its C-terminal endonuclease activity
through autophosphorylation (144). The tar-
get of IRE1’s endonuclease domain remained
elusive until the identification of the relation-
ship between ATF6 and X-box binding protein
(XBP-1) in a yeast one-hybrid screen (149).
Upon accumulation of misfolded proteins in
the ER, BiP is also titrated away from ATF6,
permitting it to travel to the Golgi (see Fig. 4,
step 2). There, two proteases, S1P and S2P
(previously characterized for their roles in
cholesterol regulation [150]), cleave the
cytosolic transcription transactivation domain
of ATF6, allowing it to travel to the nucleus,
where it binds to the ER-stress response ele-
ment (ERSE) present in the promoters of UPR
targets (148,149,151) (see Fig. 4, step 3). One
such target is XBP-1, whose mRNA encodes
an open reading frame of 267 amino acids that
cannot be translated because of the presence
of secondary structure (see Fig. 4, step 4).
However, once the endonuclease domain of
IRE1 is activated, it splices a 26-nucleotide
intron resulting in a frame shift in the open
reading frame of XBP-1 (152,153) (see Fig. 4,
step 5). As a consequence, XBP-1 is translated
into a 371-amino acid protein containing an
N-terminal DNA-binding domain and a new
C-terminal transactivation domain that will

induce the expression of UPR target genes (see
Fig. 4, step 6).

In S. cerevisiae, initiation of the UPR has been
shown to upregulate the expression of over 350
different genes (145). Approximately half of the
genes encode for proteins of known function,
with approx 100 of these being involved in the
secretory pathway. One important finding to
emerge from this study was the link between
UPR and ERAD, which was subsequently sup-
ported by a number of other studies. First,
deletion of IRE1 impaired ERAD of both CPY*
and the MHC class I heavy chain in yeast
(152,154,155). In addition, loss of ERAD func-
tion led to constitutive UPR induction
(152,156). These experiments indicated that the
UPR and ERAD were distinct but overlapping
cellular responses that allowed the ER to rid
itself of misfolded proteins.

The mechanistic link between the ERAD and
UPR pathways recently became evident
through the demonstration of the putative
mannose-specific ERAD receptor, EDEM, as a
specific target of XBP-1 (99). That study demon-
strated that the expression of EDEM was
induced later than BiP and required IRE1 acti-
vation. Mutant cells that did not express EDEM
showed impaired degradation of the NHK vari-
ant of ΑΤ, a well-characterized ERAD substrate.
However, these defects could be reversed upon
transfection with EDEM or IRE1. Based on
these results, a two-stage model of UPR was
proposed. The first stage of UPR involves the
refolding of proteins because of upregulation of
molecular chaperones stimulated by ATF6. If
the presence of unfolded proteins persists, then
a second stage consisting of both refolding and
degradation begins. This includes the IRE1-
mediated XBP-1 splicing and subsequent
upregulation of the ERAD-specific gene,
EDEM. Because CNX is not upregulated by
UPR, its expression level remains constant and
a sharp increase in the fraction of CNX com-
plexed with EDEM would be expected. This
could optimize the ER for sorting large quanti-
ties of aberrant glycoproteins for ERAD.
Additional links between UPR and ERAD will
likely be uncovered as our understanding of
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these two fundamental cellular processes
advance. 

SUMMARY

The temporal and spatial separation of core
glycan addition (in the ER) from the highly vari-
able modifications (in the Golgi) has evolved to
allow a division of labor within the cell. Upon
transfer, the glycan is immediately trimmed and
processed in a similar manner for all substrates.
The uniform processing and addition of glycans
concurrent with the initiation of protein folding
has enabled the cell to develop a glycan-depen-
dent quality control process to monitor glyco-
protein folding based on glycan composition
and protein structural determinants (10).

The glucose antennary of ER N-linked car-
bohydrates controls the binding cycle of
CNX/CRT. The necessity of the CNX/CRT-
binding cycle for the proper maturation of an
individual substrate is highly variable. Some
substrates require binding to acquire their
native state, while others do not. Not only is
the cycle dependency ambiguous, but so are
the roles of the individual glycan in a multigly-
cosylated substrate. It appears that some gly-
cans are absolutely required for maturation,
whereas others are dispensable. Evidently, gly-
cans have evolved in some cases to be posi-
tioned within critical folding domains that
might mature later, making the recruitment
CNX/CRT/ERp57 to these regions advanta-
geous for efficient maturation (41). 

The mannose branches of ER N-linked gly-
cans provide a tagging site for protein sorting
for ERAD or anterograde transport. Currently,
little is know about the ERAD or transport
requirements for the number of glycans, glycan
location, and proximal peptide environment of
the glycan. Recent studies suggest that man-
nose-trimmed glycans can act like ubiquitin,
ensuring the targeting of a protein for retro-
translocation to the cytosol for degradation or
for transport from the ER to the Golgi.
Carbohydrate-binding receptors that specifi-
cally recognize mannose-trimmed glycans

have been identified and could perform key
quality control sorting decisions.

New insight into the structural determinants
that drive the trimming of glycans to create
specific glycoforms implies that it is the
polypeptide backbone that dictates the status
of a glycan. Further investigation will likely
uncover additional carbohydrate-binding pro-
teins, which help to control protein trafficking
within the secretory pathway. As the body of
information available for the role of individual
glycans and our understanding of the mecha-
nism of the carbohydrate-binding and associ-
ated folding factors increase, we should be able
to predict the necessity and role for glycans
located in specific folding motifs of a protein.
This might also provide us with the ability to
control the fate of a protein by engineering new
sites of glycosylation.
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