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Hepatitis C virus (HCV) encodes two viral envelope glycoproteins. E1 contains 4 or 5 N-linked glycosylation
sites and E2 contains up to 11, with most of the sites being well conserved, suggesting that they play an essential
role in some functions of these proteins. For this study, we used retroviral pseudotyped particles harboring
mutated HCV envelope glycoproteins to study these glycans. The mutants were named with an N followed by
a number related to the relative position of the potential glycosylation site in each glycoprotein (E1N1 to EIN4
for E1 mutants and E2N1 to E2N11 for E2 mutants). The characterization of these mutants allowed us to define
three phenotypes. For the first group (E1N3, E2N3, E2N5, E2N6, E2N7, and E2N9), the infectivities of the
mutants were close to that of the wild type. The second group (EIN1, EIN2, EIN4, E2N1, and E2N11)
contained mutants that were still infectious but whose infectivities were reduced to <50% that of the wild type.
The third group (E2N2, E2N4, E2N8, and E2N10) contained mutants that had almost totally lost infectivity.
The absence of infectivity of the E2N8 and E2N10 mutants was due to the lack of incorporation of the E1E2
heterodimer into HCVpp, which was due to misfolding of the heterodimer, as shown by immunoprecipitation
with conformation-sensitive antibodies and by a CD81 pull-down assay. The absence of infectivity of the E2N2
and E2N4 mutants indicated that these two glycans are involved in controlling HCV entry. Altogether, the data
indicate that some glycans of HCV envelope glycoproteins play a major role in protein folding and others play

a role in HCV entry.

Hepatitis C virus (HCV) is a major cause of chronic liver
diseases, including chronic hepatitis, cirrhosis, and hepatocel-
lular carcinoma (34). HCV is a small enveloped virus that
belongs to the Hepacivirus genus in the Flaviviridae family (30).
Its genome is supposed to be directly translated after uncoat-
ing of the particle and encodes a single polyprotein precursor
of ~3,010 amino acid residues. The HCV polyprotein is syn-
thesized on endoplasmic reticulum (ER)-associated ribosomes
and is cleaved co- and posttranslationally by cellular and viral
proteases to yield at least 10 mature products (reviewed in
reference 30). The two envelope glycoproteins, E1 and E2, are
released from the polyprotein by signal peptidase cleavages.
HCV glycoproteins are type I transmembrane proteins with
N-terminal ectodomains and C-terminal hydrophobic anchors
(41). During their synthesis, the ectodomains of HCV glyco-
proteins are targeted to the ER lumen, where they are modi-
fied by N-linked glycosylation. After their synthesis, HCV gly-
coproteins E1 and E2 assemble as noncovalent heterodimers
which are mainly retained in the ER (41). HCV envelope
glycoproteins contain 4 or 5 potential glycosylation sites (E1)
or up to 11 glycosylation sites (E2) (21). Most of these glyco-
sylation sites are well conserved (21, 58), suggesting that they
play an essential role in some functions of HCV envelope
glycoproteins.

N-linked glycosylation is one of the most common types of
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protein modification. N-linked oligosaccharides are added to
specific asparagine residues in the context of the consensus
sequence Asn-X-Ser/Thr (28). The sugar composition of oli-
gosaccharides and the number and size of branches in the
sugar tree vary widely (28). However, the glycans are homo-
geneous and relatively simple when they are initially added in
the ER to growing nascent polypeptides. In the early secretory
pathway, glycans play a role in protein folding, quality control,
and certain sorting events. Viral envelope proteins usually con-
tain N-linked glycans that can play a major role in their folding,
in their entry functions, or in modulating the immune response
(22, 39, 40, 53, 54).

A characterization of the HCV glycoprotein E1 has shown
that in the absence of E2, different glycoforms of E1 are pro-
duced and the glycosylation of E1 is improved by the coexpres-
sion of E2 in cis (13). Site-directed mutagenesis has also shown
that the presence of some glycans in El is necessary for the
formation of noncovalent E1E2 heterodimers (36). More re-
cently, the glycosylation process of the HCV envelope glyco-
protein E1 was analyzed in the context of a Man-P-Dol-deficient
cell line (B3F7) and was shown to occur posttranslationally
(17). It has also been reported that the presence of multiple
N-linked glycans is required for the proper folding of E2 and
for the formation of its antigenic structure (38, 49). However,
these studies were done with a truncated form of E2, which
does not necessarily have the same properties in the absence of
El (6).

Due to the lack of a robust cell culture system to amplify
HCV, all studies on the glycosylation of HCV envelope glyco-
proteins have focused on the role of glycans in the biogenesis
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of these proteins. Recently, infectious pseudotyped particles
(HCVpp) that are assembled by displaying unmodified HCV
envelope glycoproteins on retroviral core particles have been
successfully generated and now enable studies of HCV entry
(2, 12, 24). For this study, we used HCVpp harboring mutated
envelope glycoproteins to determine the role of N-linked gly-
cans in the folding and entry functions of HCV envelope gly-
coproteins. Interestingly, some mutations altered the folding of
HCV envelope glycoproteins, whereas other mutations af-
fected HCVpp infectivity, indicating that some glycans of HCV
envelope glycoproteins play a major role in protein folding or
HCV entry.

MATERIALS AND METHODS

Cell culture. Huh-7 human hepatoma cells (37) and 293T human embryo
kidney cells (293tsA1609neo) obtained from the American Type Culture Col-
lection (Manassas, Va.) were grown in Dulbecco’s minimum essential medium
(Invitrogen) supplemented with 10% fetal bovine serum.

Site-directed mutagenesis. The DNA sequences used to construct HCV gly-
cosylation mutants were derived from the H strain (genotype la) (19). The
fragments encoding the glycosylation mutants of E1 were excised from pTM1/
ACE1[N1 to N4]E2p7 with AscI and EcoNI (36) and ligated into an AscI/EcoNI-
digested phCMV-E1E2 plasmid (2). For E2 mutants, the AAT or AAC codon
for the asparagine residue (Asn) of the consensus sequence Asn-X-Ser/Thr was
replaced with the CAA codon for a glutamine residue (Gln). The mutations were
constructed by sequential PCR steps as described previously (1), using the
high-fidelity Deep Vent DNA polymerase (New England Biolabs). The mutants
were then assembled by a second PCR amplification. For mutants E2N1 to
E2NS5, the amplicons were digested with Bell and Ascl and ligated into a Bell/
Ascl-digested phCMV-E1E2 plasmid. For mutants E2N6 to E2N11, the ampli-
cons were digested with Ascl and BgllI and ligated into an Ascl/BgllI-digested
phCMV-EI1E2 plasmid. The positions of the glycosylation sites are indicated in
Fig. 1A and 2A. The sequences of all constructs were verified.

Antibodies. The monoclonal antibodies (MAbs) A4 (anti-E1) (14), H2 (anti-
E2) (11), H53 (anti-E2) (7), 3/11 (anti-E2; kindly provided by J. McKeating)
(18), and R187 (anti-murine leukemia virus [MLV] capsid; ATCC CRL1912)
were produced in vitro by using a MiniPerm apparatus (Heraeus) as recom-
mended by the manufacturer. An anti-calnexin antibody (SPA-860) was supplied
by Stress Gen.

Production of HCVpp and infection assays. The production of HCVpp and
infection assays have been described previously (2, 42). For this work, we used a
cytomegalovirus (CMV)-Gag-Pol-murine leukemia virus (MLV) packaging con-
struct, which encodes the MLV gag and pol genes, and the MLV-Luc plasmid,
which encodes an MLV-based transfer vector containing a CMV-Luc internal
transcriptional unit. To analyze the incorporation of HCV envelope glycopro-
teins into pseudotyped particles, we pelleted HCVpp by centrifugation through
a 30% sucrose cushion and analyzed it by Western blotting. Within a given
preparation of virions, similar amounts of virion-associated MLV capsid proteins
were detected for HCVpp generated with the different mutants. However, as
previously observed, important differences in the absolute quantities of virion-
associated capsids could be noticed when two independent preparations of
HCVpp were compared (29). Thus, to minimize artifacts due to differences in the
quality of preparations, we conducted each evaluation experiment by using con-
currently generated HCVpp. A normalization of pseudotyped vector stocks was
therefore performed by using luciferase activities determined with Huh-7 cells as
previously described (29).

Immunoprecipitation. Monolayers of 293T cells grown in six-well plates were
transfected with different glycosylation mutants. At 16 h posttransfection, the
cells were washed and incubated in Dulbecco’s modified medium without
L-methionine and L-cysteine (Invitrogen) for 30 min. Transfected cells were pulse
labeled for 30 min with 100 .Ci per ml of Promix ([>*S]methionine-[*>S]cysteine;
Amersham) as described previously (14). The cells were washed twice with
medium containing a 10-fold excess of methionine and cysteine, followed by a 4-h
chase. The cells were lysed with 1 ml of 0.5% Igepal CA-630 in phosphate-
buffered saline, and immunoprecipitation was performed as previously described
(15). Immunoprecipitates were eluted from protein A-Sepharose beads in 30 pul
of 4X Laemmli sample buffer by heating for 10 min at 70°C and were analyzed
by 10% or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
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PAGE). After electrophoresis, the gels were treated with sodium salicylate,
dried, and exposed at —70°C to preflashed Hyperfilm-MP (Amersham).

Western blotting. After separation by SDS-PAGE, protein preparations were
transferred to nitrocellulose membranes (Hybond-ECL; Amersham) by use of a
Trans-Blot apparatus (Bio-Rad) and were detected with a specific MAD followed
by rabbit anti-mouse (Dako) or goat anti-rat (Biosource) immunoglobulin con-
jugated to peroxidase (diluted 1/1,000). The proteins of interest were analyzed by
enhanced chemiluminescence detection (Amersham) as recommended by the
manufacturer.

CD81 pull-down assay. CD81 pull-down experiments were performed as pre-
viously described (6). Recombinant fusion proteins containing the large extra-
cellular loop of human or murine CD8]1 fused to glutathione S-transferase (GST)
were preadsorbed onto glutathione-Sepharose 4B beads according to the man-
ufacturer’s recommendations (Pharmacia Biotech, Uppsala, Sweden). Precipi-
tates were separated by SDS-PAGE (10% polyacrylamide), followed by Western
blotting with an anti-E1 (A4) or anti-E2 (3/11) MAb.

RESULTS

Identification of functional N-linked glycosylation sites in
HCYV envelope glycoproteins. To determine which of the po-
tential glycosylation motifs of the HCV envelope glycoproteins
are used, we mutated the asparagines to which glycans are
potentially added to glutamines, which is known to prevent
glycosylation without affecting the physicochemical properties
of the sequon. The mutants were named with an N followed by
a number related to the relative position of the potential gly-
cosylation site in each glycoprotein (EIN1 to E1IN4 for El
mutants and E2N1 to E2N11 for E2 mutants) (Fig. 1A and
2A). In most HCV isolates, the E1 sequence contains five
Asn-X-Ser sequons (21). However, one of them contains a Pro
immediately downstream of the sequon, which is known to be
unfavorable for N-linked glycosylation. Site-directed mutagen-
esis of E1 sequons has indeed confirmed that this site is not
glycosylated, whereas the other sites can be glycosylated (36)
(Fig. 1). In our study, the E1 mutants, named EIN1 to E1N4,
were introduced into the phCMV/E1E2 expression vector so
that E1 and E2 were coexpressed as a polyprotein. The expres-
sion of E1 mutants was analyzed by immunoprecipitation after
the transfection of 293T cells with the appropriate plasmids. As
shown in Fig. 1, E1 mutants migrated faster than the wild-type
glycoprotein. This faster migrating form of E1 was called E1-3g
because it contained three glycans instead of four. In addition,
after the removal of the glycans by endoglycosidase H, all of
the mutants comigrated with the deglycosylated form of wild-
type E1 (data not shown), confirming that the migration shift
of the nondeglycosylated proteins was due to the lack of glycan
in the mutant proteins and not to changes in the protein back-
bone. EIN1 and E1N4 had a slightly lower migration rate than
the other mutants, which was not observed after deglycosyla-
tion (data not shown). This suggests that there might be dif-
ferences in the trimming of the associated glycans of these
mutants, which might be due to misfolding of EIN1 and E1N4.
Altogether, these data indicate that glycans are present at
positions 1 to 4 in wild-type E1, as previously shown (36).

Like the case for the majority of HCV isolates, the E2
sequence used for this work contains 11 potential N-linked
glycosylation sites (21) (Fig. 2A). To determine which of the 11
predicted N-linked glycosylation sites were used for the mod-
ification of E2, we mutated each site individually in the context
of the phCMV/E1E2 expression vector. The mutants were
named E2N1 to E2N11 and numbered from the N terminus of
E2 (Fig. 2). The expression of the E2 mutants was analyzed by
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FIG. 1. Analysis of E1 glycosylation mutants and their effects on
the formation of E1E2 complexes. (A) Schematic representation of
N-glycosylation sites in HCV glycoprotein E1. The positions of the
glycosylation sites are indicated above the box corresponding to the E1
protein. The numbers correspond to the positions in the polyprotein of
reference strain H (GenBank accession no. AF009606). The mutants
are named with an N followed by a number related to the position of
the glycosylation site on the map. The transmembrane domain of E1 is
indicated with a dark box. (B and C) Role of El glycans in the
formation of E1E2 complexes. A plasmids encoding a wild-type (WT)
or mutant E1 protein in the context of an E1E2 polyprotein was
transfected into 293T cells. A control experiment was performed with
293T cells transfected with a plasmid encoding the feline endogenous
retrovirus RD114 glycoprotein (Ctrl) (46). At 24 h posttransfection,
the cells were pulse labeled with [**S]methionine-[**S]cysteine for 30
min and then chased for 4 h. Cell lysates were used for immunopre-
cipitation with the MAbs A4 (anti-E1) (B) and H53 (anti-E2) (C).
Immunoprecipitates were separated by SDS-PAGE (10% polyacryl-
amide) under reducing conditions. E1-3g corresponds to El lacking
one glycan. The HCV envelope proteins E1 and E2 as well as SDS-
resistant E1IE2 complexes are indicated on the right. (D) Percentages
of noncovalent E1E2 heterodimers. The intensities of the bands cor-
responding to the E2 proteins precipitated by MAbs H53 and A4 were
measured by phosphorimaging for three independent experiments,
and the mean percentage of noncovalent E1E2 heterodimers was cal-
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Western blotting after the transfection of 293T cells with the
appropriate plasmids. As shown in Fig. 2B, all of the mutants
migrated slightly faster than the wild-type protein. This faster
migrating form of E2 was called E2-10g because it contained
10 glycans instead of 11. In addition, after removal of the
glycans by endoglycosidase H, all of the mutants comigrated
with the deglycosylated form of wild-type E2 (data not shown),
confirming that the migration shift of the nondeglycosylated
proteins was due to the lack of glycan in the mutant proteins
and not to changes in the protein backbone. Together, these
data indicate that glycans are present at positions 1 to 11 in
wild-type E2.

Role of N-linked glycans in folding of HCV envelope glyco-
proteins. In the absence of conformation-sensitive MAbs di-
rected against E1, it is not easy to directly evaluate E1 folding.
We therefore analyzed the formation of E1E2 complexes with
a conformation-sensitive MAb. We used an immunoprecipita-
tion assay with MAb H53, which has been shown to specifically
precipitate the noncovalent E1IE2 complex (7, 16). Cells ex-
pressing mutated HCV proteins were pulse labeled with
[**S]methionine-[**S]cysteine for 30 min and chased for 4 h.
These conditions have been shown to be appropriate for de-
tecting the peak of heterodimer formation (11). Immunopre-
cipitation with a conformation-insensitive anti-E1 MAb (A4)
was performed in parallel to compare the levels of expression
of the E1 and E2 proteins. As shown in Fig. 1C, noncovalent
E1E2 heterodimers were immunoprecipitated with H53 for all
of the mutants. However, compared to the case for immuno-
precipitation with the anti-E1 MAb A4, the relative amount of
noncovalent E1E2 complexes was strongly reduced for the
EIN1 and E1N4 mutants. Indeed, a quantitative analysis indi-
cated that MAb HS53 precipitated only 46% and 29% of com-
plexes for the EIN1 and E1N4 mutants, respectively. In addi-
tion, these data also suggest that the EIN2 and E1N3 mutants
do not dramatically alter E1IE2 assembly. However, we cannot
exclude some misfolding of E1 in a domain that is not involved
in the E1E2 interaction. These results are in agreement with an
earlier study of glycosylation mutants of E1 (36).

A similar approach was developed to analyze the ability of
E2 glycosylation mutants to form E1E2 heterodimers. Mutant
proteins were immunoprecipitated with the conformation-sen-
sitive MADb H53, and a control immunoprecipitation assay with
a conformation-insensitive anti-E2 MAb (3/11) was performed
in parallel to compare the levels of expression of the E1 and E2
proteins. As shown in Fig. 2D, noncovalent E1E2 heterodimers
were immunoprecipitated with H53 for all of the mutants.
However, compared to the case for immunoprecipitation with
the anti-E2 MAD 3/11, the relative amount of noncovalent
E1E2 complexes was strongly reduced for the E2N7, E2NS,
and E2N10 mutants. Indeed, a quantitative analysis indicated
that MAb H53 precipitated only 51%, 33%, and 36% of com-
plexes for the E2N7, E2N8, and E2N10 mutants, respectively.
In addition, these data also suggest that the E2N1, E2N2,
E2N3, E2N4, E2N5, E2N6, E2N9, and E2N11 mutants do not

culated for each mutant as follows: (amount of E2 protein from the
mutant precipitated by MAb H53/amount of E2 from the mutant
precipitated by MAb A4)/(amount of wild-type E2 precipitated by
MAD H53/amount of wild-type E2 precipitated by MAb A4).



VoL. 79, 2005 GLYCOSYLATION OF HCV ENVELOPE PROTEINS 8403

N1N2NZ N4 N5 N6N7 N8 NO N1O N1

384 Yyy ¢ Y Yy v ¢ Yy ¥ 718 746

[ e — | .
417 423 430 448 476 532 540 556 576 623 645

Ctrl N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 WT

-—-M : : =
E21og

Ctrl WT N1 N2 N3 N4 N5 N6 N7 N8 N9 N10ON11 WT

1 =

[

Ctrl N1 N2 N3 N4 N5 N6 N7 N8 N9 N10N11 WT

-— — e -— - - E1E2
—————— |

- - (W s |- E1

2
s @ @
=] =1 =1 8

% E1E2 complexes

L&
o

0
WT N1 N2 N3 N4 N5 NBE N7 N8 NI N10 NN

FIG. 2. Analysis of E2 glycosylation mutants and their effects on the formation of E1E2 complexes. (A) Schematic representation of
N-glycosylation sites in HCV glycoprotein E2. The positions of the glycosylation sites are indicated above the box corresponding to the E2 protein.
The numbers correspond to the positions in the polyprotein of reference strain H (accession no. AF009606). The mutants are named with an N
followed by a number related to the position of the glycosylation site on the map. The transmembrane domain of E2 is indicated with a dark box.
(B) Analysis of N-linked glycosylation mutants of E2. Plasmids containing the sequences encoding mutants E2N1 to E2N11 were transiently
expressed in 293T cells. At 16 h posttransfection, cell lysates were separated by SDS-PAGE (10% polyacrylamide) and the proteins of interest were
revealed by Western blotting with an anti-E2 (3/11) MAb. A cell lysate containing the wild-type E1 and E2 proteins (WT) was run in parallel.
E2-10g corresponds to E2 lacking one glycan. (C and D) Role of E2 glycans in the formation of E1E2 complexes. A plasmid encoding a wild-type
(WT) or mutant E2 protein in the context of an E1E2 polyprotein was transfected into 293T cells. A control experiment was performed with 293T
cells transfected with a plasmid encoding the RD114 retroviral envelope protein (Ctrl) (46). At 24 h posttransfection, the cells were pulse labeled
with [**S]methionine-[**S]cysteine for 30 min and then chased for 4 h. Cell lysates were used for immunoprecipitation with the MAbs 3/11 (C) and
H53 (D), and the immunoprecipitates were separated by SDS-PAGE (10% polyacrylamide) under reducing conditions. HCV envelope proteins
El and E2, as well as SDS-resistant E1E2 complexes, are indicated on the right. (E) Percentages of noncovalent E1E2 heterodimers. The
intensities of the bands corresponding to the E2 proteins precipitated by MAbs H53 and 3/11 were measured by phosphorimaging for three
independent experiments, and the mean percentage of noncovalent E1E2 heterodimers was calculated for each mutant as follows: (amount of
mutant E2 protein precipitated by MAb H53/amount of mutant E2 precipitated by MAb 3/11)/(amount of wild-type E2 precipitated by MAb
H53/amount of wild-type E2 precipitated by MADb 3/11).
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FIG. 3. Interaction of HCV glycosylation mutants with human
CDSI1LEL. A plasmid encoding a wild-type (WT) or mutant E2 pro-
tein in the context of an E1E2 polyprotein was transfected into 293T
cells. At 24 h posttransfection, the cells were lysed and analyzed in a
CDS81LEL-GST pull-down assay (A) using human (h) or murine (m)
CDSI1LEL fused to GST. The presence of the E2 glycoprotein in the
precipitates was revealed by Western blotting with an anti-E2 MAb
(3/11). The expression of mutant proteins was verified by direct West-
ern blotting of cell lysates (B).

dramatically alter E1E2 assembly. A similar alteration in the
recognition of E1E2 heterodimers was observed for the E2N7,
E2N8, and E2N10 mutants when another conformation-sensi-
tive MAb was used (H2) (11; data not shown).

CDS81 is a putative receptor or coreceptor for HCV (2, 9,
57), and it has been shown that the CD81-E2 interaction is
dependent on the conformation of E2 (18). We therefore used
human CDS81 as another probe to further characterize our
glycosylation mutants. For this purpose, we analyzed E1 and
E2 mutants in a CD81LEL-GST pull-down assay as previously
described (6). An interaction between CDS81LEL-GST and E2
was revealed in a pull-down assay followed by Western blotting
with an anti-E2 antibody. The murine CD81LEL protein was
used as a negative control because it does not interact with E2
in this pull-down assay (6, 18, 43). As shown in Fig. 3A, E2 was
precipitated with human CD81LEL for nine of the E2 glyco-
sylation mutants (E2N1, E2N2, E2N3, E2N4, E2N5, E2N6,
E2N6, E2N7, E2N9, and E2N11), and the intensities of the
bands corresponding to E2 were similar to that for wild-type
E2. Interestingly, no signal was detected above the background
for the E2N8 and E2N10 mutants, in spite of their expression
levels being similar to those of wild-type E2 (Fig. 3B), suggest-
ing an alteration in the formation of the CD81-binding domain
in these mutants. This is in agreement with the results of
immunoprecipitation with conformation-sensitive MAbDs, indi-
cating an alteration in E2 folding when the N8 or N10 glyco-
sylation site was mutated. It is worth noting that the E2N7
mutant behaved differently than the E2N8 and E2N10 mu-
tants. Indeed, mutation of the E2N7 glycosylation site did not
reduce the E2 interaction with human CDSILEL (Fig. 3),
whereas its recognition by conformation-sensitive MAbs was
reduced (Fig. 2 and data not shown). These data suggest that
partial folding occurred in the E2N7 mutant, leading to the
formation of the CD81-binding domain.

J. VIROL.

We also analyzed the E1 mutants in our CD81LEL-GST
pull-down assay. However, none of the mutations led to an
alteration in the E2 interaction with CD81 (data not shown),
indicating that mutation of the glycosylation sites in E1 does
not affect the formation of the CD81-binding domain in E2.

Together, these data indicate that the glycans at positions
E2N7, E2N8, and E2N10 play a major role in the folding of E2
and, consequently, in the formation of noncovalent E1E2 het-
erodimers.

Interestingly, calnexin, an ER chaperone that binds to
monoglucosylated N-linked oligosaccharides (23), has been
shown to interact with HCV envelope glycoproteins (5, 15, 35).
However, E2 proteins mutated at positions E2N7, E2NS§, and
E2N10 were still recognized by calnexin (data not shown),
indicating that the alteration in E2 folding was not due to a
lack of recognition by this chaperone, as previously shown for
EIN1 and E1IN4 mutants (36).

Role of E1 glycans on HCVpp infectivity. HCVpp that are
assembled by displaying unmodified HCV envelope glycopro-
teins on retroviral core particles have recently been reported
and now enable studies of HCV entry (2, 24). We therefore
analyzed our glycosylation mutants in the HCVpp model to
determine their effects on HCVpp infectivity. For a precise
determination of the effects of the mutations on the entry
function, one possibility would be to normalize the infectivity
relative to E1 and E2 protein levels in HCVpp. This was,
however, not possible in our case because the E1/E2 ratio
varied for some mutants. For this reason, we measured the
global infectivities of our mutants and analyzed the levels of
incorporation of envelope glycoproteins into HCVpp. This al-
lowed us to discriminate between mutations that affected fold-
ing or assembly and those that affected entry.

HCVpp were generated for each glycosylation mutant, and
their infectivity was compared to that of HCVpp generated in
the presence of wild-type HCV envelope glycoproteins. Parti-
cles produced in the absence of envelope proteins were used as
a negative control to evaluate the background level of lucif-
erase activity. As shown in Fig. 4A, a strong reduction in
infectivity was observed for the EIN1, EIN2, and EIN4 mu-
tants. Indeed, compared to wild-type E1E2, these mutants
showed 36%, 20%, and 23% infectivity, respectively. In con-
trast, the infectivity of the EIN3 mutant was only slightly af-
fected (74.5%).

To determine whether these changes in HCVpp infectivity
were due to indirect effects leading to alterations in particle
assembly, we analyzed HCVpp for the presence of viral pro-
teins and compared them to cell lysates expressing these pro-
teins. As shown in Fig. 4B, the levels of expression of El, E2,
and Gag were very similar in cell lysates for all of the El
mutants. The levels of expression of E2 and Gag were similar
in HCVpp; however, strong differences were observed for E1
expression. Indeed, the levels of E1 incorporation into HCVpp
were dramatically reduced for the EIN1 and EIN4 mutants.
The level of EIN2 incorporation into HCVpp was similar to
that of wild-type E1, whereas the incorporation level was re-
duced for the EIN3 mutant (Fig. 4B). The alteration of E1l
incorporation into HCVpp observed for the EIN1 and E1N4
mutants suggests that these mutations alter the folding of E1,
as mentioned previously (36). The partial reduction in the
incorporation of EIN3 into HCVpp did not seem to affect the
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FIG. 4. Role of E1 glycans in HCVpp infectivity. (A) Plasmids
encoding E1 mutants in the context of an E1E2 polyprotein were used
to generate HCVpp (EIN1 to EIN4). Control experiments in the
absence of HCV envelope proteins were also performed (—env). In-
fection assays with the luciferase reporter gene were performed by
using target Huh-7 human hepatocarcinoma cells. Similar inputs of
viral particles were used in each experiment, and this was confirmed by
comparing the amounts of capsid protein incorporated into HCVpp
(see panel B, anti-Gag). The results are expressed as percentages of
infectivity. For each mutant, the percentage of infectivity was calcu-
lated as the luciferase activity of HCVpp produced with mutant enve-
lope proteins divided by the luciferase activity of HCVpp produced
with wild-type E1 and E2 (WT). The results are reported as means *+
standard deviations of six independent experiments. Pseudotyped par-
ticles produced in the absence of envelope proteins were used as a
control. The mean luciferase activity of such pseudotyped particles
produced in the absence of envelope proteins represented <2% of the
activity measured for HCVpp. The luciferase activities (in relative light
units) in a representative experiment were as follows: WT, 3.6 X 10°;
N1, 1.5 x 10% N2, 3.4 X 10% N3, 2.7 X 10% and N4, 7.7 X 10*
(B) Incorporation of HCV envelope proteins into HCVpp. Particles
were pelleted through 30% sucrose cushions and analyzed by Western
blotting. HCV envelope glycoproteins and the capsid protein of MLV
were revealed with the following specific MAbs: anti-E1 (A4), anti-E2
(3/11), and anti-MLV capsid (R187, anti-Gag). The expression of mu-
tant proteins was verified by direct Western blotting of cell lysates. The
proteins analyzed for this figure were separated by 15% SDS-PAGE,
and for this reason, the differences in size between the mutant and
wild-type proteins were reduced.
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infectivity of this mutant. Interestingly, the strong reduction in
HCVpp infectivity of the EIN2 mutant, together with the nor-
mal incorporation of envelope proteins into HCVpp, suggests
that the absence of a glycan at this position had a direct effect
on HCVpp entry.

Altogether, these results indicate that two E1 glycans (E1N1
and EIN4) play a role in folding and incorporation into
HCVpp, whereas a third one (EIN2) modulates the entry
functions of HCV envelope glycoproteins.

Role of E2 glycans in HCVpp infectivity. HCVpp were also
generated for E2 glycosylation mutants, and their infectivities
were also compared to that of HCVpp generated in the pres-
ence of wild-type HCV envelope glycoproteins. The character-
ization of these glycosylation mutants allowed the definition of
three phenotypes (Fig. 5SA). For the first group, the infectivities
of the mutants were close to that of the wild type (E2N3,
100%; E2NS, 71%; E2N6, 68%; E2N7, 100%; E2N9, 91%).
The second group contained mutants that were still infectious
but whose infectivities were reduced to <50% that of the wild
type (E2N1, 41%; E2N11, 27%). The third group contained
mutants that had totally or almost totally lost infectivity, i.e.,
E2N2, E2N4, E2NS, and E2N10.

To determine whether these changes in HCVpp infectivity
were due to indirect effects leading to alterations in particle
assembly, we analyzed HCVpp for the presence of viral pro-
teins and compared them to cell lysates expressing these pro-
teins. As shown in Fig. 5B, the levels of expression of E1, E2,
and Gag were very similar in cell lysates for all of the E2
mutants. The levels of expression of Gag were also very similar
in HCVpp. However, some differences were observed for the
incorporation of E1 and E2 into HCVpp. The levels of E1 and
E2 incorporation into HCVpp were very close to that of the
wild type for the E2N1, E2N2, E2N3, E2N4, E2N5, E2NG6,
E2N9, and E2N11 mutants (Fig. 5B). Interestingly, no El
protein was detected in association with HCVpp generated
with the E2N8 and E2N10 mutants, and the levels of E2 in-
corporation into HCVpp were very low for these mutants.
These results are in agreement with an alteration of the folding
and assembly of HCV envelope glycoproteins in the absence of
a glycan at position 8 or 10 (Fig. 2 and 3). The lack of infectivity
of HCVpp generated with the E2N8 and E2N10 mutants was
therefore likely due to misfolding of E2 and/or E1E2, leading
to the lack of incorporation into HCVpp.

The E2N7 mutant showed an interesting pattern. Indeed,
HCVpp generated with this mutant remained as infectious as
wild-type particles, but the incorporation of the E1 and E2
proteins was reduced (Fig. 5B). This reduction of incorpora-
tion into HCVpp was likely due to an alteration in the folding
of E2 and/or E1E2, as suggested by the results of immunopre-
cipitation with MAb H53 (Fig. 2). The high level of infectivity
of the E2N7 mutant with a reduced incorporation of the HCV
envelope glycoproteins into HCVpp is not easy to understand.
We cannot exclude the possibility that the glycan at position 7
has two opposite effects. We have shown that its absence re-
duces E2 folding (Fig. 2), but the lack of a glycan at this
position might also increase the efficiency of HCVpp infectiv-
ity. An enhancement of HCVpp infectivity can indeed be ob-
served for some mutants of HCV envelope glycoproteins (Y.
Ciczora, B. Bartosch, F. L. Cosset, and J. Dubuisson, unpub-
lished data).
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FIG. 5. Role of E2 glycans in HCVpp infectivity. (A) Plasmids encoding E2 mutants in the context of an E1E2 polyprotein were used to
generate HCVpp (EIN1 to EIN11). Control experiments in the absence of HCV envelope proteins were also performed (—env). Infection assays
with the luciferase reporter gene were performed by using target Huh-7 human hepatocarcinoma cells. Similar inputs of viral particles were used
in each experiment, and this was confirmed by comparing the amounts of capsid protein incorporated into HCVpp (see panel B, anti-Gag). The
results are expressed as percentages of infectivity. For each mutant, the percentage of infectivity was calculated as the luciferase activity of HCVpp
produced with mutant envelope proteins divided by the luciferase activity of HCVpp produced with wild-type E1 and E2 (WT). The results are
reported as means * standard deviations of six independent experiments. Pseudotyped particles produced in the absence of envelope proteins were
used as a control. The mean luciferase activity of such pseudotyped particles produced in the absence of envelope proteins represented <2% of
the activity measured for HCVpp. The luciferase activities (in relative light units) in a representative experiment were as follows: WT, 4.7 X 10°;
N1, 2.3 X 10%; N2, 1.4 X 10%; N3, 4.6 X 10% N4, 1.9 X 10% N5, 2.5 X 10%; N6, 2.7 X 10°; N7, 4.7 X 10°; N8, 4.3 X 103 N9, 4.7 X 10°; N10, 1.4
X 10% and N11, 1.3 X 10°. (B) Incorporation of HCV envelope proteins into HCVpp. Particles were pelleted through 30% sucrose cushions and
analyzed by Western blotting. HCV envelope glycoproteins and the capsid protein of MLV were revealed with the following specific MAbs: anti-E1
(A4), anti-E2 (3/11), and anti-MLV capsid (R187, anti-Gag). The expression of mutant proteins was verified by direct Western blotting of cell
lysates.

The lack of infectivity of HCVpp generated with the E2N2
and E2N4 mutants suggests that the glycans at positions E2N2
and E2N4 play a major role in HCVpp entry. Indeed, our
results indicate that the HCV envelope glycoproteins were
properly folded (Fig. 2 and 3) and efficiently incorporated into
HCVpp (Fig. 5B). The reduced infectivity without an alter-
ation in HCVpp assembly, as observed for some other mutants
(E2N1, E2N5, E2N6, and E2N11), suggests that the glycans at
these positions might also modulate the entry functions of
HCV envelope glycoproteins.

Altogether, these data indicate that two E2 glycans (E2N8
and E2N10) play a major role in the folding and incorporation
of HCV envelope glycoproteins into HCVpp. In addition, two
other E2 glycans (E2N2 and E2N4) are essential for the entry
functions of HCV envelope glycoproteins, whereas other gly-
cans (E2N1, E2NS, E2N6, and E2N11) modulate these func-
tions.

DISCUSSION

The envelope proteins of a virus play a pivotal role in its life
cycle. They participate in the assembly of the infectious parti-
cle. They also play a crucial role in viral entry by binding to a
receptor present on the host cell and inducing fusion between
the viral envelope and a membrane of the host cell. Viral
envelope proteins usually contain N-linked glycans that can
play a major role in their folding, in their entry functions, and
in modulating the immune response. In this study, we analyzed
the role of N-linked glycans in HCV envelope glycoproteins by
site-directed mutagenesis. Importantly, some glycans were
shown to play a major role in folding, whereas other glycans
were shown to be essential for the entry functions of HCV
envelope glycoproteins. Together, these data point out the
essential role of envelope glycoprotein glycans in the HCV life
cycle.
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HCV envelope glycoproteins are heavily glycosylated. The
HCYV glycoprotein E1 has been shown to contain 4 or 5 glyco-
sylation sites (19, 36), and a global sequence analysis of the
potential glycosylation sites in E2 indicated that 9 of the 11
sites are strongly conserved (21, 58). A first study of glycosyl-
ation mutants of E2 in which individual glycosylation sites were
mutated was reported previously (38), but these mutants were
not characterized in terms of glycosylation and no clear con-
clusions can be drawn from that study. More recently, another
study of glycosylation mutants was also reported (49). For this
more recent study, the N-linked glycosylation sites were first
mutated in the context of a truncated form of E2 ending at
position 660. The E2 sequence of the HCV isolate used for the
study contained 10 instead of 11 potential glycosylation sites.
The site at position 476, corresponding to the E2NS site in the
H strain, was missing. This site is indeed the least conserved
potential glycosylation site in E2; it is present in approximately
75% of HCV isolates (21). In a study by Slater-Handshy and
coworkers, the last two glycosylation sites, corresponding to
the E2N10 and E2N11 sites in the H strain, were not occupied
in E24¢, (49). However, at least one of these sites was occupied
in the context of full-length E2 or another truncated form
(E2,,5). Differences in glycosylation efficiencies have also been
observed between full-length and truncated forms of the rabies
virus glycoprotein (48). These data indicate that it is more
relevant to study N-linked glycosylation in the context of full-
length HCV envelope glycoproteins. Here we show that when
E2 is expressed as an E1E2 polyprotein, all of its glycosylation
sites are occupied.

Although the oligosaccharyltransferase recognizes the Asn-
X-Ser/Thr consensus sequence, it has been shown that some
residues at position X can modulate the level of glycosylation
of the site. Residues like Trp, Leu, Asp, and Glu at position X
have been shown to be associated with less efficient core gly-
cosylation in a cell-free system (47). Indeed, large hydrophobic
amino acids may inhibit core glycosylation by producing an
unfavorable local conformation, and the charge of the X res-
idue may influence the ability of oligosaccharyltransferase to
bind simultaneously to the sequon and the negatively charged
dolichol-PP-oligosaccharide precursor (4, 26). Although an
Asp residue is present at the X position in the E2N3 and E2N6
sites and a Trp residue is present in the E2N11 site, our data
indicate that these sites are glycosylated. Interestingly, an Asn-
X-Thr sequon is present at the E2N6 and E2N11 sites, and it
has been shown that glycosylation is more efficient at an Asn-
X-Thr site than at an Asn-X-Ser site (27). The presence of Thr
might therefore compensate for the negative effect of Asp and
Trp at position X of the E2N6 and E2N11 glycosylation sites,
respectively.

The presence of glycans on a protein can potentially affect its
folding through the calnexin-calreticulin chaperone system
found in the ER (23). Calnexin and calreticulin are lectin-like
chaperones which show an affinity for monoglucosylated N-
linked oligosaccharides (52). Calnexin has been shown to in-
teract with HCV envelope glycoproteins (5, 15, 35), and this
chaperone has been suggested to be involved in the folding of
HCV envelope glycoproteins (5). Our data indicate that the
misfolding observed for some E2 mutants (E2N8 and E2N10)
is not due to their lack of interaction with calnexin. This is not
surprising, as several other glycosylation sites are potentially
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available to interact with this chaperone. It is therefore likely
that E2ZN8 and E2N10 mutations have a direct effect on protein
folding. The presence of a large polar saccharide is indeed
known to affect folding, at least locally, by orienting polypep-
tide segments toward the surfaces of protein domains (25, 56).

N-linked glycans of viral envelope proteins can play a role in
the entry functions of these proteins. Indeed, certain glycans
located near the receptor-binding site on the top of the hem-
agglutinin protein of influenza virus regulate receptor affinities
(39). In addition, other glycans located in the stem region
maintain the protein in a metastable conformation required
for fusion activity (40). The effects of different N-linked glycans
on fusion modulation have also been observed with members
of the Paramyxoviridae family (54). In this study, we observed
that the mutation of some glycosylation sites in HCV envelope
glycoproteins could reduce or abolish HCVpp infectivity with-
out apparently affecting folding and the incorporation of the
glycoproteins into the particles. Indeed, the glycans at posi-
tions E2N2 and E2N4 were shown to be essential for the entry
functions of HCV envelope glycoproteins. In addition, the
glycans at positions EIN2, E2N1, E2NS5, E2N6, and E2N11
were also shown to modulate HCVpp entry. Further studies
will therefore be necessary to determine whether these muta-
tions alter binding to other putative receptors or affect the
fusion properties of HCV envelope glycoproteins.

In addition to their involvement in protein folding and virus
entry, glycans associated with HCV envelope glycoproteins
might also be involved in other functions. Interestingly, the
C-type lectins DC-SIGN and L-SIGN have been shown to
function as adhesion receptors for several viruses, including
human immunodeficiency virus (HIV), Ebola virus, cytomeg-
alovirus, and dengue virus (53), and they have now been shown
to interact with HCV envelope glycoproteins (20, 32, 33, 45).
DC-SIGN is expressed in dendritic cells, some subsets of mac-
rophages, and the placenta (10, 50, 51). L-SIGN is highly
expressed in liver sinusoidal endothelial cells (3, 44). Although
DC-SIGN and L-SIGN are not expressed on hepatocytes,
HCV interactions with these lectins may contribute to the
establishment or persistence of infection both by the capture
and delivery of virus to the liver and by modulating dendritic
cell functions as previously suggested (8, 31). These lectins
recognize glycoproteins that contain mannose residues in their
N-linked glycans. Further studies on the roles of individual
glycans of HCV envelope glycoproteins in interactions with
DC-SIGN and L-SIGN would likely provide interesting infor-
mation.

N-linked glycans can also play a role by modulating the
humoral immune response. Indeed, N-linked glycans of the
HIV envelope glycoprotein limit its immunogenicity and, in
addition, restrict the binding of certain antibodies to their
epitopes on the virion surface. A recent study on the mecha-
nism of HIV escape from antibody-mediated neutralization led
to the proposal of an evolving “glycan shield” in which the
repositioning of glycans on the HIV envelope limits envelope
recognition by neutralizing antibodies while maintaining the
ability of the envelope protein to interact with the CD4 and
coreceptor molecules on the target cell membrane (55). HCV
envelope glycoproteins, despite evolving extremely rapidly
through point mutations, show limited sequon variation (58).
However, two shifting sites have been identified in E2, suggest-



8408

GOFFARD ET AL.

ing that there is some selective pressure on these sites. Further
studies will be necessary to determine whether N-linked gly-
cans can also modulate the humoral immune response to
HCV.
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