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Equipe Hépatite C, CNRS-UMR 319, Institut de Biologie de Lille et Institut Pasteur de Lille, 59021 Lille cédex, France
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The hepatitis C virus (HCV) genome encodes two envelope glycoproteins (E1 and E2) which interact
noncovalently to form a heterodimer (E1-E2). During the folding and assembly of HCV glycoproteins, a large
portion of these proteins are trapped in aggregates, reducing the efficiency of native E1-E2 complex assembly.
To better understand this phenomenon and to try to increase the efficiency of HCV glycoprotein folding,
endoplasmic reticulum chaperones potentially interacting with these proteins were studied. Calnexin, calre-
ticulin, and BiP were shown to interact with E1 and E2, whereas no interaction was detected between GRP94
and HCV glycoproteins. The association of HCV glycoproteins with calnexin and calreticulin was faster than
with BiP, and the kinetics of interaction with calnexin and calreticulin were very similar. However, calreticulin
and BiP interacted preferentially with aggregates whereas calnexin preferentially associated with monomeric
forms of HCV glycoproteins or noncovalent complexes. Tunicamycin treatment inhibited the binding of HCV
glycoproteins to calnexin and calreticulin, indicating the importance of N-linked oligosaccharides for these
interactions. The effect of the co-overexpression of each chaperone on the folding of HCV glycoproteins was also
analyzed. However, the levels of native E1-E2 complexes were not increased. Together, our data suggest that
calnexin plays a role in the productive folding of HCV glycoproteins whereas calreticulin and BiP are probably
involved in a nonproductive pathway of folding.

Hepatitis C virus (HCV) is a positive-strand RNA virus
which belongs to the Flaviviridae family (16). Its genome con-
tains a long open reading frame of 9,030 to 9,099 nucleotides
that is translated into a single polyprotein of 3,010 to 3,033
amino acids (39). Cleavages of this polyprotein are co- and
posttranslational and generate at least 10 polypeptides includ-
ing 2 glycoproteins, E1 and E2 (54). Since the molecular clon-
ing of HCV (4), characterization of its genomic organization
and expression has progressed rapidly. However, despite this
progress, data on the HCV life cycle remain scarce. This is due
to the poor replication of HCV in cell culture.

HCV glycoproteins E1 and E2 interact to form complexes
(10, 20, 34, 53). Characterization of HCV glycoprotein com-
plex formation indicates that a majority of these proteins are
misfolded aggregates (6, 10). Since analysis of HCV glycopro-
tein assembly in viral (10) and nonviral (11) expression systems
showed similar results, this tendency toward aggregation does
not seem to be due to abnormally high-level production driven
by the viral expression systems used. This suggests that their
tendency toward aggregation could be an intrinsic property of
HCV glycoproteins. Recently, we produced a monoclonal an-
tibody (MAb) which recognizes properly folded E2 and pre-
cipitates native HCV glycoprotein complexes but not mis-
folded aggregates (6). We have shown that properly folded E1
and E2 interact to form a heterodimer stabilized by noncova-
lent interactions. Formation of stable E1-E2 complexes is slow
(t1/2 ' 2 h) because of the slow folding of these proteins.
Indeed, formation of intramolecular disulfide bonds is slow for
E1 (t1/2 . 1 h) (12), and unidentified events following the
acquisition of intramolecular disulfide bonds limit the folding
of E2 (6, 12, 21 42). In addition, E1 expressed in the absence

of E2 does not fold properly, suggesting that E2 plays a chap-
erone-like role in the folding of E1 (42).

The lack of an efficient system for cell culture replication has
so far hampered our understanding of HCV particle assembly.
However, the absence of complex glycans, the localization of
expressed HCV glycoproteins in the endoplasmic reticulum
(ER) (10, 53), and the absence of these proteins on the cell
surface (10, 61) suggest that initial virion morphogenesis may
occur by budding into intracellular vesicles. More recently, we
have confirmed that mature E1-E2 heterodimers do not leave
the ER (6), and an ER retention signal has been identified in
the C-terminal 29 amino acids of E2 (5).

Folding into a three-dimensional structure in the cell pre-
sents a polypeptide chain with some obstacles. First, the nas-
cent polypeptide chain is gradually exposed as it emerges from
the ribosome during translation or from the membrane during
translocation. Second, many polypeptides are assembled into
oligomeric complexes in vivo. Finally, they must fold in a con-
centrated protein solution that presents many opportunities
for inappropriate associations. To overcome these hurdles, the
cell expresses molecular chaperones and enzymes responsible
for preventing misassociations and facilitating proper folding
under intracellular conditions. The ER is a specialized com-
partment devoted to the maturation of membrane and secre-
tory proteins (23). Along with folding enzymes, such as protein
disulfide isomerases and prolyl cis-trans isomerases (19), the
ER contains chaperones including immunoglobulin heavy-
chain binding protein (BiP or GRP78) (24), GRP94 (28), cal-
nexin (1), and calreticulin (47, 51, 63).

BiP is a soluble member of the heat shock protein 70
(HSP70) family of chaperones (46), which has been shown to
associate transiently with folding intermediates of many viral
membrane proteins (13, 18, 27, 36). GRP94 is a member of the
heat shock protein 90 (HSP90) family of chaperones (28).
Based on its association with unassembled oligomeric protein
substrates, such as immunoglobulin chains, major histocompat-
ibility complex class II molecules, and a mutant form of the
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herpes simplex virus type 1 glycoprotein B, it has been pro-
posed that GRP94 acts as a molecular chaperone (40, 41, 48,
58). Calnexin and calreticulin bind selectively and transiently
to newly synthesized glycoproteins (22, 50, 51, 63). Their pref-
erence for glycoproteins is based on a lectin-like affinity for
monoglucosylated N-linked oligosaccharides (Glc1Man9Glc
NAc2) (22, 26, 51, 64). The binding of substrate glycoproteins
to and release from calnexin and calreticulin depend on trim-
ming and reglucosylation of the N-linked glycans (22, 26). The
monoglucosylated oligosaccharides are generated by trimming
the two outermost glucose residues from the core oligosaccha-
rides (31). Glucosidase I removes the first of the three glu-
coses, and glucosidase II removes the second and eventually
the third. Monoglucosylated glycans can also be generated by
UDP-glucose:glycoprotein glucosyltransferase, a luminal en-
zyme which adds a glucose residue to glucose-free, high-man-
nose chains of incompletely folded glycoproteins (59, 60). In a
recent model (22, 51), the three enzymes, together with cal-
nexin and calreticulin, provide an ER-specific folding and re-
tention machinery. Calnexin and calreticulin are referred to as
molecular chaperones, but there is little direct data that they
actually influence the folding of glycoprotein substrates. A
recent report suggests that calnexin, at least, could act exclu-
sively as a lectin (66).

In this study, we investigated the interactions of ER chap-
erones with HCV glycoproteins. We showed that BiP, calnexin,
and calreticulin interact with E1 and E2, whereas no interac-
tion could be identified between GRP94 and HCV glycopro-
teins. The kinetics of association of HCV glycoproteins with
calnexin, calreticulin, and BiP were determined. The effect of
glycosylation inhibitors such as tunicamycin and castanosper-
mine (CST) on chaperone binding and folding was also stud-
ied. In addition, vaccinia virus recombinants expressing calnex-
in, calreticulin, or BiP were constructed and used to coexpress
them with E1 and E2 and to analyze the effects of the overex-
pression of each chaperone on the folding of HCV glycopro-
teins.

MATERIALS AND METHODS

Cell culture. The HepG2, CV-1, BHK-21, and 143B (thymidine kinase-defi-
cient) cell lines were obtained from the American Type Culture Collection,
Rockville, Md. Cell monolayers were grown in alpha Eagle’s minimal essential
medium (alpha MEM; BHK-21) or Dulbecco’s modified MEM (HepG2, CV-1,
and 143B), both supplemented with 10% fetal bovine serum (FBS).

Plasmid constructs. Plasmids expressing ER chaperones were constructed by
standard methods (57). Sequences encoding calnexin (52), calreticulin (14), and
BiP (32) were amplified by PCR to position a 59 NcoI (calnexin and calreticulin)
or AflIII (BiP) site and a 39 XhoI site. The PCR products were digested with NcoI
and XhoI or with AflIII and XhoI and cloned into pTM1 (44) to obtain plasmids
pTM1/CNX (calnexin), pTM1/CRT (calreticulin), and pTM1/BiP. BiP expressed
from pTM1/BiP contains two additional amino acids (Met and Leu) at the N
terminus of its signal sequence. The regions of these plasmids amplified by PCR
were verified by sequencing.

Generation and growth of viruses. Vaccinia virus recombinants were gener-
ated by homologous recombination essentially as described previously (29) and
plaque purified twice on thymidine kinase-deficient 143B cells under bromode-
oxyuridine selection (50 mg/ml). Stocks of vTF7-3 (a vaccinia virus recombinant
expressing the T7 DNA-dependent RNA polymerase) (17), the wild-type vac-
cinia virus Copenhagen strain and its thermosensitive ts7 derivative (9), and
vaccinia virus recombinants were grown and subjected to titer determination on
CV-1 monolayers.

Vaccinia virus-HCV recombinants vHCV1–1488 (expressing C-E1-E2-p7-
NS2-NS3181), vHCV170–809 (expressing E1-E2-p7), vHCV371–809 (expressing
E2-p7), and vHCV1–383 (expressing C-E1) (15, 20, 42) and a vaccinia virus
recombinant generated by recombination with pTM1 lacking a foreign sequence
(vpTM1 [38]) have been described previously.

Antibodies. Anti-HCV E1 (A4) and E2 (A11 and H2) MAbs have been
described previously (6, 10) and were produced in vitro by using a MiniPerm
apparatus (Heraeus) as recommended by the manufacturer. Anti-BiP antibodies
were purchased from Stress Gen (MAb 10C3; SPA-827) and Affinity Bioreagents
(PA1-014) or kindly provided by M.-G. Gething (University of Texas, Dallas,
Tex.). Anti-calreticulin antibodies were supplied by Affinity Bioreagents (PA3-

900) or kindly provided by M. Michalak (University of Alberta, Edmonton,
Canada). Anti-GRP94 rat MAb (SPA-850) and anti-calnexin antibodies (SPA-
860) were supplied by Stress Gen.

Metabolic labeling and immunoprecipitation. Subconfluent monolayers in
35-mm dishes were infected with the appropriate recombinant at a multiplicity of
infection of 5 to 10 PFU per cell. After 1 h at room temperature, medium
containing 5% FBS was added. Between 4 and 4.5 h postinfection, monolayers
were washed once with prewarmed medium lacking methionine and cysteine and
incubated in the same medium for an additional 30 min. Infected cells were then
pulse-labeled for 5 or 15 min with 100 mCi of 35S-protein labeling mix (Dupont,
NEN) per ml. The cells were washed twice with prewarmed medium containing
a 10-fold excess of both methionine and cysteine and then subjected to a chase
for various times. The cells were then lysed with 0.5% Triton X-100 in 20 mM
Tris-Cl (pH 7.5)–150 mM NaCl–2 mM EDTA (TBS). Iodoacetamide (20 mM)
was included in the lysis buffer for experiments in which disulfide bond formation
was being investigated. Cell lysates were clarified by centrifugation in an Eppen-
dorf centrifuge for 5 min at 4°C. In steady-state labeling, the cells were labeled,
at 4 h postinfection, with 50 mCi of 35S-protein labeling mix per ml in medium
containing 1/40 the normal concentration of methionine and 2% FBS.

Immunoprecipitations were carried out as described previously (12). A 6-ml
portion of rabbit anti-mouse immunoglobulin G IgG (Dako) was incubated with
protein A-Sepharose (Pharmacia-LKB) for 1 h at 4°C in TBS containing 0.2%
Triton X-100 (TBS-T). This step was omitted when polyclonal antibodies were
used. The beads were then incubated with 10 ml of MAb or polyclonal antibody,
followed by the antigen (each step was performed for 1 h at 4°C). Between each
step, the beads were washed once with TBS-T. After the last step, they were
washed three times with TBS-T and once with TBS. The precipitates were then
boiled for 5 min in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer (under nonreducing conditions, b-mercaptoethanol
was omitted) and run on a 10 or 12% polyacrylamide gel (33). After electro-
phoresis, the gels were treated with sodium salicylate (3), dried, and exposed at
270°C to preflashed Hyperfilm-MP (Amersham). 14C-methylated protein mo-
lecular mass markers were purchased from Amersham. For quantitative exper-
iments, the gels were analyzed with a PhosphorImager (Molecular Dynamics).
3-[(Cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) and
digitonin (1%; Boehringer Mannheim Biochemicals) were used instead of Triton
X-100 to solubilize the cells in some experiments. For detection of interactions
between BiP and HCV glycoproteins, lysis buffer lacking EDTA was supple-
mented with apyrase (20 U/ml; Sigma) to deplete the medium of ATP. In some
experiments, the cells were treated with tunicamycin (Boehringer Mannheim) or
CST (Boehringer Mannheim). Tunicamycin (5 mg/ml) or CST (1 mM) was
present during the methionine and cysteine deprivation, the pulse, and the chase.

Western blotting. Analysis of proteins bound to nitrocellulose membranes
(Hybond-ECL; Amersham) was performed by using enhanced chemilumines-
cence detection (Amersham) as recommended by the manufacturer. Briefly,
after separation by SDS-PAGE, proteins were transferred to nitrocellulose mem-
branes by using a Trans-Blot apparatus (Bio-Rad) and revealed with specific
antibodies (dilution, 1/1,000) followed by goat anti-mouse or swine anti-rabbit
immunoglobulin conjugated to horseradish peroxidase (dilution, 1/1,000; Dako).

RESULTS

Identification of ER chaperones interacting with HCV gly-
coproteins. Recently, we reported that calnexin transiently as-
sociates with HCV glycoproteins (12). To analyze the potential
role of other ER chaperones in early steps of HCV glycopro-
tein folding, cells infected with a vaccinia virus recombinant
expressing a truncated form of HCV polyprotein ending after
the serine protease domain of NS3 were pulse-labeled for 15
min, lysed, and immunoprecipitated with anti-BiP, anti-calnex-
in, anti-calreticulin, or anti-GRP94 antibodies. In addition to
other unidentified proteins also present in the control, two
HCV proteins, E1 and a precursor of E2 (E2-NS2), coprecipi-
tated with BiP, calnexin, and calreticulin but not with GRP94
(Fig. 1). The absence of coprecipitation of HCV glycoproteins
with GRP94 was confirmed by immunoprecipitation with an-
ti-E1 or anti-E2 MAbs followed by Western blotting with a
GRP94-specific antibody (data not shown). The stability of
potential interactions between HCV glycoproteins and GRP94
could be influenced by the detergent used, and, in addition to
Triton X-100, other mild detergents (CHAPS and digitonin)
were tested to lyse the cells. However, none of these detergents
allowed us to detect interactions between GRP94 and HCV
glycoproteins (data not shown), suggesting that GRP94 is not
involved in the folding of HCV glycoproteins or that the
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GRP94-E1 and GRP94-E2 complexes are labile in our exper-
imental conditions.

Interactions between HCV glycoproteins and BiP were also
studied by immunoprecipitation with anti-HCV glycoprotein
MAbs followed by Western blotting with an anti-BiP antibody.
As shown in Fig. 2, interactions between BiP and HCV glyco-
proteins were confirmed when HCV glycoproteins were pre-
cipitated with conformation-insensitive MAbs A4 (anti-E1)
and A11 (anti-E2) but not with our conformation-sensitive
MAb H2. This was expected since MAb H2 recognizes prop-
erly folded E2 and precipitates native HCV glycoprotein com-
plexes but not misfolded aggregates (6). Cell lysis was also
performed in the presence of excess ATP (Fig. 2). In this case,
coprecipitation of BiP with HCV glycoproteins was dramati-
cally reduced. This latter result is in agreement with previous
data showing that the addition of ATP to cell extracts causes
the disruption of BiP-substrate complexes (45).

Interactions between HCV glycoproteins and calreticulin
were studied as above by immunoprecipitation with anti-HCV
glycoprotein MAbs followed by Western blotting with an anti-
calreticulin antibody. However, since this chaperone migrates
close to the immunoglobulin heavy chain, the two bands could
not be resolved (data not shown).

Kinetics of HCV glycoprotein association with calnexin, cal-
reticulin, or BiP. To determine the rate of HCV glycoprotein
interactions with calnexin, calreticulin, or BiP, pulse-chase ex-
periments were performed, cell lysates were immunoprecipi-
tated with anti-calnexin, anti-calreticulin, or anti-BiP antibod-
ies, and the coprecipitated HCV glycoproteins were quantified
(Fig. 3). The maximum amounts of E1 and E2 that coprecipi-
tated with anti-calnexin or anti-calreticulin antibodies were
reproducibly observed during the pulse-labeling, suggesting
that HCV glycoproteins associate rapidly with these chaper-

ones. The intensity of labeled HCV glycoproteins associated
with calnexin and calreticulin decreased rapidly during the first
30 min of the chase and then decreased slowly until the end of
the chase (Fig. 3). Although the kinetics of association between
HCV glycoproteins and calnexin or calreticulin were very sim-
ilar, the maximum amounts of HCV glycoproteins that copre-
cipitated after 2 h of chase were smaller for calreticulin. In-
deed, only about 20% (E1) and 30% (E2) of the maximum
amounts of HCV glycoproteins that coprecipitated with anti-
calreticulin antibody were still detected after 2 h of the chase,
compared to about 30% (E1) or 50% (E2) of the amounts that
coprecipitated with anti-calnexin antibody at the same time.
The maximum amount of E2 that coprecipitated with anti-BiP
antibody was reproducibly observed after a 10-min chase (Fig.
3), suggesting that E2 associates more slowly with BiP than
with calreticulin or calnexin. The intensity of labeled E2 asso-
ciated with BiP decreased very slowly until the end of the
chase. The amount of E1 associated with BiP was small and
remained rather constant until the end of the chase. The max-
imum amounts of E2 that coprecipitated with the chaperones
reached about 75% of the total labeled protein for calnexin
and calreticulin and 70% for BiP. The maximum amounts of
E1 that coprecipitated with calnexin, calreticulin, and BiP were
about 40, 20, and 10%, respectively.

Since a large portion of HCV glycoproteins is involved in
nonproductive interactions leading to the formation of large
aggregates, we analyzed whether some of these ER chaperones
would preferentially bind to such aggregates. However, to re-

FIG. 1. Coprecipitation of HCV glycoproteins with ER chaperones. BHK-21
cells were coinfected with vTF7-3 and vHCV1-1488 (lanes V) or vTF7-3 and
vpTM1 (M). At 4.5 h postinfection, infected cells were labeled for 15 min with
[35S]methionine and lysed with Triton X-100. Cell lysates were used for immu-
noprecipitation with anti-E1 (control A4), anti-calnexin (CNX), anti-calreticulin
(CRT), anti-BiP, or anti-GRP94 antibodies. Immunoprecipitates were analyzed
by SDS-PAGE (10% polyacrylamide). The sizes (in kilodaltons) of molecular
mass markers are indicated on the left.

FIG. 2. Western blotting analysis of the interaction between BiP and HCV
glycoproteins. BHK-21 cells were coinfected with vTF7-3 and vHCV1-1488 (V)
or vTF7-3 and pTM1 (M). At 5 h postinfection, infected cells were lysed with
Triton X-100 in buffer containing or lacking 1 mM ATP. Cell lysates were used
for immunoprecipitation with anti-E1 (MAb A4), anti-E2 (MAb A11 and H2) or
anti-BiP antibodies. Immunoprecipitates were separated by SDS-PAGE (10%
polyacrylamide) and revealed by Western blotting with an anti-BiP MAb.

FIG. 3. Kinetics of HCV glycoprotein association with calnexin, calreticulin,
and BiP. BHK-21 cells coinfected with vHCV170-809 and vTF7-3 were pulse-
labeled for 5 min with [35S]methionine and chased for the indicated times. Cell
lysates were used for immunoprecipitation with anti-BiP, anti-calnexin, or anti-
calreticulin antibodies. Proteins were separated by SDS-PAGE, and quantifica-
tions of HCV glycoproteins coprecipitated with chaperones were performed with
a PhosphorImager.
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duce the background due to the coprecipitation of other la-
beled proteins, proteins associated with ER chaperones were
released by a mild treatment as previously described (12) and
HCV proteins were reprecipitated with anti-E1 or anti-E2 an-
tibodies. Under nonreducing conditions, HCV glycoproteins
associated with calnexin were revealed as monomeric bands
corresponding to E1 and E2 whereas those associated with
calreticulin and BiP antibodies were aggregates (Fig. 4 and
data not shown). Similar results were observed at different
times of the chase (data not shown). This suggests that proteins
recognized by these three chaperones are not in the same state
of folding.

Both E1 and E2 interact with ER chaperones. Since the
HCV glycoproteins E1 and E2 interact to form E1-E2 com-
plexes (10), coprecipitation of E1 or E2 with anti-chaperone
antibodies could reflect an interaction with either or both gly-
coproteins (or an unlabeled cell component). The ability of
each glycoprotein to interact with calnexin, calreticulin, or BiP
was analyzed by immunoprecipitation of cells infected by vac-
cinia virus recombinants expressing E1 or E2 alone. As shown
in Fig. 5, E1 expressed in the absence of E2 coprecipitated with
anti-calnexin, anti-calreticulin, or anti-BiP antibodies. Simi-
larly, E2 expressed in the absence of E1 coprecipitated with the
same anti-chaperone antibodies. These results suggest that
each of the HCV glycoproteins can interact with these three
chaperones. However, when E1 and E2 were coexpressed, BiP
and calreticulin interacted with disulfide-bond complexes com-
posed of E1 plus E2 (Fig. 4, NR). Monomeric forms of E1 or
E2 can interact with calnexin early after their synthesis,
whereas E1-E2 complexes are observed later during the chase
(12). E1-E2 complexes associated with calnexin are detected
after 10 or 15 min of the chase (Fig. 4; data not shown),
whereas complexes recognized by MAb H2 start to be detected
after 45 or 60 min of the chase (reference 6 and data not
shown), indicating that noncovalent E1-E2 complexes can be
formed before the proteins acquire their final state of folding.

Folding of HCV glycoproteins and association with ER
chaperones in the presence of tunicamycin and CST. Although
protein-protein interactions cannot be excluded (30, 35, 62),

recent studies have confirmed that calnexin and calreticulin
bind monoglucosylated N-linked oligosaccharides (55, 64). Tu-
nicamycin blocks core glycosylation of nascent glycoprotein
precursors. Therefore, we studied the effect of tunicamycin on
the interactions of HCV glycoproteins with calnexin and cal-
reticulin. In the presence of tunicamycin, E1 and E2 had an
increased mobility due to the absence of N glycosylation, as
previously described (15), and coprecipitation of HCV glyco-
proteins with calnexin or calreticulin was blocked (Fig. 6).
When analyzed under nonreducing conditions, HCV glycopro-
teins from tunicamycin-treated cells formed large aggregates
(data not shown). In addition, when our conformation-sensi-

FIG. 4. Analysis of HCV glycoproteins associated with BiP, calnexin (CNX),
and calreticulin (CRT) under nonreducing conditions. BHK-21 cells coinfected
with vTF7-3 and vHCV1-1488 were pulse-labeled for 15 min with [35S]methi-
onine, chased for 10 min, and lysed with Triton X-100. Cell lysates were used for
immunoprecipitation with anti-chaperone antibodies, and proteins associated
with these chaperones were released by heating for 5 min at 37°C in 0.5%
Nonidet P-40 and reprecipitated with MAb A4 (anti-E1). Immunoprecipitates
were analyzed by SDS-PAGE (10% polyacrylamide) under reducing (R) or
nonreducing (NR) conditions. Agg, aggregates.

FIG. 5. Interaction of calnexin (CNX), BiP, or calreticulin (CRT) with HCV
glycoprotein E1 (A) or E2 (B) expressed alone. BHK-21 cells were coinfected
with vTF7-3 and vHCV1-383 (V, panel A) or vHCV371-809 (V, panel B) or
vpTM1 (M). At 4 h postinfection, the cells were labeled for 15 min with [35S]me-
thionine and lysed with Triton X-100. Cell lysates were used for immunoprecipi-
tation with anti-chaperone (CNX, BiP, and CRT), anti-E1 (MAb A4), or anti-E2
(MAb A11) antibodies. The immunoprecipitates were analyzed by SDS-PAGE.
The sizes (in kilodaltons) of molecular mass markers are indicated on the left.

FIG. 6. Effect of CST and tunicamycin (Tun) on the interaction of HCV
glycoproteins with calnexin and calreticulin. BHK-21 cells were coinfected with
vTF7-3 and vHCV170-809 (V) or vpTM1 (M). Infected cells were incubated in
the presence or absence of 1 mM CST or 5 mg of tunicamycin per ml, labeled for
30 min with [35S]methionine in the presence of the same concentrations of drugs,
and lysed with Triton X-100. Cell lysates were used for immunoprecipitation with
anti-E1 (MAb A4), anti-calnexin (CNX), or anti-calreticulin (CRT) antibodies.
Immunoprecipitates were analyzed by SDS-PAGE (10% polyacrylamide). De-
glycosylated proteins are indicated by asterisks. The sizes (in kilodaltons) of
molecular mass markers are indicated on the right.
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tive MAb H2 was used, HCV glycoproteins from tunicamycin-
treated cells were no longer detected by immunoprecipitation
(Fig. 7). These results suggest that in the absence of their
N-linked oligosaccharides, HCV glycoproteins are unable to
fold properly.

The effect of CST on the interactions of HCV glycoproteins
with calnexin and calreticulin was also studied. CST is an
a-glucosidase inhibitor that prevents glucose trimming. As
such, it inhibits glycoprotein binding to calnexin (22, 26). The
mobility of HCV glycoproteins was slightly reduced in CST-
treated cells (Fig. 6 and 7), indicating that the trimming of
N-linked sugars was inhibited. However, in contrast to what is
usually observed for other viral glycoproteins (18, 22, 49, 65),
the amount of HCV glycoproteins coprecipitated with calnexin
and calreticulin was reproducibly reduced for calnexin and
increased for calreticulin (Fig. 6) (see Discussion). For quan-
titative data, only E1 was analyzed because of the presence of
background close to the E2 band. The amounts of E1 copre-
cipitated with calnexin and calreticulin were approximately 66
and 232%, respectively, of those coprecipitated in the absence
of the drug. In addition, the amount of E1 precipitated by
MAb A4 was 175% of that precipitated in the absence of the
drug, suggesting that the epitope was better exposed in the
absence of trimming of the oligosaccharides. In the presence of
CST, the formation of HCV glycoprotein aggregates was
slightly increased (data not shown). In addition, the amounts of
E1 and E2 precipitated by our conformation-sensitive MAb H2
(Fig. 7) were about 80% of those precipitated in the absence of
the drug, indicating that the absence of oligosaccharide trim-
ming slightly reduces the formation of native E1-E2 com-
plexes.

Co-overexpression of HCV glycoproteins with ER chaper-
ones does not improve the assembly of native E1-E2 com-
plexes. To further investigate the role of ER chaperones in
HCV glycoprotein folding, vaccinia virus recombinants ex-
pressing calnexin, calreticulin, or BiP were constructed to co-
express these chaperones with HCV glycoproteins. Since the
efficiency of folding of HCV glycoproteins is low, we suspected

that the coexpression of these glycoproteins with ER chaper-
ones could improve their folding. The expression of calnexin,
calreticulin, or BiP by vaccinia virus recombinants was ana-
lyzed by immunoprecipitation with specific antibodies. As
shown in Fig. 8A, proteins of the expected molecular size were
detected when cells were coinfected with vTF7-3 and the re-
combinants expressing ER chaperones whereas no specific
band was detected in control cells infected with vTF7-3 plus
vpTM1. Because vaccinia virus infection stops host cell protein
synthesis (43), metabolically labeled calreticulin, calnexin, or
BiP was not detected in control cells infected with vTF7-3 plus
vpTM1. The expression of vaccinia virus-chaperone recombi-
nants was confirmed by Western blotting (Fig. 8B). After 8 h of
infection, the intensity of the bands corresponding to the chap-
erones was approximately seven times higher for BiP and four
times higher for calnexin and calreticulin.

The formation of HCV glycoprotein complexes in cells co-
overexpressing either ER chaperone was analyzed by immu-
noprecipitation with MAb H2. As shown in Fig. 9, the amounts
of E1 coprecipitated with MAb H2 did not increase when
calnexin, calreticulin, or BiP was co-overexpressed with HCV
glycoproteins; when calnexin was overexpressed, a reduction in
the assembly of native E1-E2 complexes was observed in a
reproducible fashion. The effects of chaperone overexpression
on the assembly of native E1-E2 complexes were also analyzed
in pulse-chase experiments, and the results were very similar
(data not shown). In addition, simultaneous co-overexpression
of calnexin, calreticulin, and BiP with HCV glycoproteins did
not improve the folding of these glycoproteins (data not
shown).

DISCUSSION

Molecular chaperones are proteins that associate specifically
with incompletely folded or unassembled proteins and increase
the efficiency with which they acquire their correct three-di-
mensional structure. In this report, we showed that the ER
chaperones calnexin, calreticulin, and BiP interact with HCV
glycoproteins. Calreticulin and BiP interacted preferentially

FIG. 7. Formation of native E1-E2 complexes after castanospermine (CST)
or tunicamycin treatment, analyzed with the conformation-sensitive MAb H2.
BHK-21 cells were coinfected with vTF7-3 and vHCV170-809 (V) or vTF7-3 and
vpTM1 (M). Infected cells were incubated in the presence or absence of 1 mM
CST or 5 mg of tunicamycin per ml, labeled for 2 h with [35S]methionine in the
presence of the same concentrations of drugs, and lysed with Triton X-100. Cell
lysates were used for immunoprecipitation with a conformation-sensitive (H2) or
-insensitive (A4) MAb and analyzed by SDS-PAGE (10% polyacrylamide). Agg,
aggregates. The sizes (in kilodaltons) of molecular mass markers are indicated on
the right.

FIG. 8. Expression of the ER chaperones calnexin (CNX), BiP, or calreticu-
lin (CRT) by vaccinia virus recombinants. (A) Analysis of chaperone expression
by immunoprecipitation. BHK-21 cells were coinfected with vTF7-3 and the
appropriate vaccinia virus-chaperone recombinant (V) or with vTF7-3 and
vpTM1 (M). At 4.5 h postinfection, infected cells were labeled for 2 h with
[35S]methionine and lysed with Triton X-100. Cell lysates were immunoprecipi-
tated with anti-chaperone antibodies (CNX, BiP, or CRT) and analyzed by
SDS-PAGE. Arrows correspond to the migration level of each chaperone. (B)
Analysis of chaperone expression by Western blotting. BHK-21 cells were coin-
fected with vTF7-3 and the appropriate vaccinia virus-chaperone recombinant.
At 0, 4, or 8 h postinfection, infected cells were lysed with Triton X-100. Cell
lysates were separated by SDS-PAGE and revealed by Western blotting with
specific anti-chaperone antibodies.
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with aggregates, whereas calnexin was shown to associate
mainly with noncovalent complexes. This suggests that calnexin
plays a role in the productive folding of HCV glycoproteins
whereas calreticulin and BiP are probably involved in a non-
productive pathway of HCV glycoprotein folding.

HCV glycoproteins interact with calnexin and calreticulin.
Interactions with calnexin and/or calreticulin have been shown
for several viral (18, 22, 49, 51, 65) and nonviral (47, 50–52, 63)
glycoproteins. Their preference for interaction with glycopro-
teins is based on a lectin-like affinity for monoglucosylated
N-linked oligosaccharides (22, 26, 51, 64). Binding of substrate
glycoproteins to and release from calnexin and calreticulin
depend on trimming and reglucosylation of the N-linked gly-
cans (22, 26). The absence of interaction between HCV glyco-
proteins and calreticulin or calnexin after tunicamycin treat-
ment is consistent with the view that these chaperones act as
lectins. However, treatment with CST did not abolish the in-
teraction between HCV glycoproteins and calnexin or calretic-
ulin. Indeed, the binding of HCV glycoproteins to calnexin was
reduced whereas their binding to calreticulin was increased.
This suggests that binding of HCV glycoproteins to and release
from calnexin or calreticulin could be independent of trimming
and reglucosylation of the N-linked glycans. In some cases,
calnexin associates with nonglycosylated proteins (2). How-
ever, this is not the case for HCV glycoproteins. Alternatively,
the coprecipitation of HCV glycoproteins with these chaper-
ones, especially calreticulin, observed after CST treatment
could be indirect. Indeed, a substantial fraction of HCV gly-
coproteins remain associated with calnexin and calreticulin for
a long time and treatment with CST increases the formation of
HCV glycoprotein aggregates. It is therefore very likely that in
the presence of CST, neosynthesized glycoproteins form ag-
gregates with preformed complexes composed of HCV glyco-
proteins trapped with calreticulin. This hypothesis is reinforced
by the observation that CST can prevent the disassembly of
preformed complexes between calnexin or calreticulin and a
glycoprotein (25).

Calreticulin interacts preferentially with aggregates of HCV
glycoproteins, whereas calnexin associates preferentially with
noncovalent E1-E2 complexes. This suggests that these chap-
erones recognize HCV proteins which are in different states of
folding. Our previous studies suggest that HCV glycoproteins

can follow two different pathways: a productive pathway lead-
ing to the formation of noncovalent native E1-E2 complexes or
a nonproductive pathway leading to the formation of large
aggregates (6, 10, 12). Since the kinetics of association of HCV
glycoproteins with calnexin and calreticulin were parallel, it is
likely that instead of interacting sequentially with these glyco-
proteins, calreticulin is involved in one of these two pathways
(the nonproductive pathway) and calnexin is involved in the
other (the productive pathway). During their folding, proteins
composing the native complex have probably been in contact
with calnexin. Indeed, this chaperone was shown to interact
with noncovalent complexes, and it has been shown previously
to associate with the oxidized form of HCV glycoproteins (12).
This suggests that calnexin plays an active role in HCV glyco-
protein folding. On the other hand, the aggregates observed in
the dead-end pathway have probably preferentially interacted
with calreticulin. However, these aggregates are stable in cells
expressing HCV glycoproteins (6) whereas the complexes
formed between HCV glycoproteins and calreticulin are tran-
sient. Dissociation of such aggregates from calreticulin could
be due to partial folding of the proteins involved in the aggre-
gates. Indeed, it has been shown that a subdomain of E2 can be
folded in such aggregates (21) and that the kinetics of forma-
tion of this subdomain are parallel to those of dissociation
from calreticulin.

HCV glycoproteins interact with BiP. In pulse-chase exper-
iments, the maximum amount of HCV glycoproteins interact-
ing with calnexin or calreticulin was detected during the pulse
whereas the binding of HCV glycoproteins (mainly E2) to BiP
rose substantially during the first 10 min of the chase. This
suggests that HCV glycoproteins could interact sequentially
with calnexin (or calreticulin) and BiP. However, analysis un-
der nonreducing conditions indicated that HCV glycoproteins
in association with BiP formed aggregates whereas calnexin
interacted essentially with noncovalent E1-E2 complexes.
Since BiP associates with HCV glycoprotein aggregates, it is
more likely that this chaperone plays a role in trapping some
aggregates released from calreticulin. Together with calreticu-
lin, BiP could therefore play a role in the nonproductive as-
sembly pathway of HCV glycoproteins.

Co-overexpression of HCV glycoproteins with ER chaper-
ones does not improve the formation of native E1-E2 com-
plexes. Although molecular chaperones are abundant in the
ER (37, 56), a majority of these molecules could already be
involved in protein-protein interactions, leaving only a fraction
of them free to interact with newly synthesized proteins. Since
a large portion of HCV glycoproteins is involved in nonpro-
ductive interactions, it is possible that, due to the slow folding
of HCV glycoproteins, the ER chaperones cannot fully play
their role at physiological concentrations. However, overex-
pression of calnexin, calreticulin, or BiP did not lead to any
improvement in the assembly of native HCV glycoprotein com-
plexes, suggesting that some element might be missing in our
system. Modulating the expression of ER chaperones has been
tried previously. A reduction in the level of the chaperone BiP
increases the secretion of proteins associated with BiP (7),
whereas overexpression of this chaperone can lead to a reduc-
tion of secretion of several proteins (8). Since several chaper-
ones can be involved in assisted folding of proteins in the ER,
it is likely that a proper balance of chaperone activities is
required for optimal folding. It is also likely that another chap-
erone(s) and/or foldase(s), which has not been identified in this
work, is necessary to assist in HCV glycoprotein folding.

No interaction between HCV glycoproteins and GRP94 has
been detected. It is possible that the association of GRP94 and
folding intermediates is weak and that cross-linking is required

FIG. 9. Effect of the co-overexpression of calnexin (CNX), BiP, or calretic-
ulin (CRT) with HCV glycoproteins on the formation of native E1-E2 com-
plexes. BHK-21 cells were coinfected with vTF7-3, vHCV170-809, and the ap-
propriate vaccinia virus-chaperone recombinant or vpTM1 (control). At 4.5 h
postinfection, infected cells were labeled for 2 h with [35S]methionine and lysed
with Triton X-100. Cell lysates were used for immunoprecipitation with the
conformation-sensitive MAb H2. Immunoprecipitates were analyzed by SDS-
PAGE, and the intensity of coprecipitated E1 was quantified with a Phosphor-
Imager.
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to detect such an interaction, as it is the case during the folding
of the immunoglobulin light chain (41). Alternatively, GRP94
may play no role in the folding and assembly of HCV glyco-
proteins.

During their folding, HCV glycoproteins interact to form
intermediate complexes. Our data suggest that calnexin plays
an active role in the folding of HCV glycoproteins. Immedi-
ately after their synthesis, monomeric forms of E1 and E2
interact with calnexin. After 10 or 15 min, E1-E2 complexes
are detected in association with calnexin, indicating that E1-E2
complexes can be formed before the proteins are extensively
folded. Recently, it has been shown that coexpression of E2 is
necessary for proper folding of E1 (42), and it is very likely that
E2 plays this “chaperone-like” role by interacting directly with
E1. This chaperone-like role of E2 could explain the early
formation of E1-E2 complexes, which are probably intermedi-
ates in the folding of HCV glycoproteins.

Identifying different steps of protein folding in the context of
their natural environment is important for our understanding
of the mechanisms developed by the cell to help proteins fold
properly in subcellular compartments. In addition, a good
knowledge of these mechanisms will be helpful to modulate
the folding of proteins of interest. In the case of HCV glyco-
proteins, some folding steps can now be described, but if we
want to improve the productive folding of these proteins, ad-
ditional work is necessary to identify other crucial steps.

ACKNOWLEDGMENTS

We are grateful to M.-J. Gething (University of Texas, Dallas, Tex.),
M. Michalak (University of Alberta, Edmonton, Alberta, Canada) and
M. Brenner (Harvard Medical School, Boston, Mass.) for the gift of
the plasmids containing the sequences of the ER chaperones. We
thank Françoise Jacob-Dubuisson for critical reading of the manu-
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