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Hepatitis C virus (HCV) encodes two putative virion glycoproteins (El and E2) which are released from the
polyprotein by signal peptidase cleavage. In this report, we have characterized the complexes formed between
El and E2 (called ElE2) for two different HCV strains (H and BK) and studied their intracellular localization.
Vaccinia virus and Sindbis virus vectors were used to express the HCV structural proteins in three different
cell lines (HepG2, BHK-21, and PK-15). The kinetics of association between El and E2, as studied by
pulse-chase analysis and coprecipitation of E2 with an anti-El monoclonal antibody, indicated that formation
of stable ElE2 complexes is slow. The times required for half-maximal association between El and E2 were 60
to 85 min for the H strain and more than 165 min for the BK strain. In the presence of nonionic detergents,
two forms of E1E2 complexes were detected. The predominant form was a heterodimer of El and E2 stabilized
by noncovalent interactions. A minor fraction consisted of heterogeneous disulfide-linked aggregates, which
most likely represent misfolded complexes. Posttranslational processing and localization of the HCV
glycoproteins were examined by acquisition of endoglycosidase H resistance, subcellular fractionation,
immunofluorescence, cell surface immunostaining, and immunoelectron microscopy. HCV glycoproteins
containing complex N-linked glycans were not observed, and the proteins were not detected at the cell surface.
Rather, the proteins localized predominantly to the endoplasmic reticular network, suggesting that some

mechanism exists for their retention in this compartment.

Hepatitis C virus (HCV) is a major causative agent of
non-A, non-B hepatitis (15, 42). It is associated with the vast
majority of cases of posttransfusion hepatitis and a significant
proportion of community-acquired hepatitis worldwide (1, 2,
47). HCV infection usually results in a chronic infection, and a

range of clinical conditions are observed (reviewed in refer-
ence 36), including a strong association with the development
of hepatocellular carcinoma (reviewed in reference 68).

Since the initial molecular cloning of this agent, sequence
data for a number of independent HCV isolates have been
reported, and our knowledge of HCV molecular biology is
advancing rapidly (reviewed in references 37 and 49). HCV is
similar in genomic organization to the pestiviruses (16) and the
flaviviruses (13), and these groups have recently been classified
as three genera in the family Flaviviridae (24). HCV is an

enveloped virus, and its genome is composed of a single-
stranded, positive-sense RNA containing a long open reading
frame of 9,030 to 9,099 nucleotides. This open reading frame is
translated as a single polyprotein of 3,010 to 3,033 amino acids
(37, 49) which is processed by a combination of host and viral
proteinases (3, 27, 28, 32, 33, 46, 67, 74). Although it has not
been possible to study authentic viral polypeptides produced in
HCV-infected cells, a tentative map of the HCV cleavage
products has been established by cell-free translation and cell
culture transient expression assays (49). For the HCV strain H
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(HCV-H), the gene order is 5'-C-E1-E2-p7-NS2-NS3-NS4A-
NS4B-NS5A-NS5B-3' (27, 28, 29, 45) and additional process-

ing may occur (34, 41). C, a basic protein, is believed to be the
viral capsid protein; El and E2 are possible virion envelope
glycoproteins; and NS2 through NS5B are putative nonstruc-
tural proteins. The predicted protein sequences of El and E2
contain 5 or 6 and 11 N-linked glycosylation sites, respectively
(reviewed in reference 51). Previous studies indicate that
cleavages generating the HCV structural proteins (C/El, El/
E2, and E2/p7 and p7/NS2) occur after hydrophobic stretches
which are catalyzed in the endoplasmic reticulum (ER) lumen
by host signal peptidase (32, 45). Autoproteolytic cleavage at
the 2/3 site is mediated by an HCV-encoded proteinase which
encompasses the NS2 region and the N-terminal portion of
NS3 (28, 33). A distinct serine proteinase activity, located in
the N-terminal one-third of the NS3 protein, is responsible for
the four downstream cleavages in the NS region (3/4A, 4A/4B,
4B/5A, and 5A/5B) (3, 19, 27, 33, 46, 74).
Although the physical properties of infectious HCV particles

have been studied (6, 7, 50, 70, 78), the glycoprotein compo-
sition of the HCV virion is not known. This is due to the low
levels of HCV particles in infected liver tissues or blood and
the lack of an efficient system for cell culture replication.
Previous reports suggest that El and E2 interact to form a

complex (29, 44, 56). Purified HCV glycoprotein complexes
expressed by using vaccinia virus are noncovalently associated
(56). In contrast, a small fraction of El and E2 present in
lysates of cells infected with vaccinia virus-HCV recombinants
has been reported to be associated via disulfide linkages (29).

In this study, we further characterized the formation ofHCV
glycoprotein complexes in two different HCV strains, H (22)
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and BK (71), two transient expression vectors (vaccinia and
Sindbis viruses), and three different cell lines (HepG2, BHK-
21, and PK-15). The kinetics of association between El and E2,
studied by pulse-chase analysis, indicated that the formation of
stable E1E2 complexes is very slow. We also showed that the
ElE2 complex formation follows two pathways. The dominant
pathway involves noncovalent interactions to form nonionic
detergent-stable ElE2 heterodimers, whereas a minor fraction
of the complexes are stabilized by disulfide bonds, aggregated,
and most likely misfolded. HCV glycoproteins were not de-
tected at the cell surface, and the results of immunolocalization
studies and glycan analysis suggest that the majority of them
are localized in the ER and not translocated beyond the cis
Golgi.

MATERIALS AND METHODS

Plasmid constructs. Sindbis virus-HCV recombinants were
constructed by using pSINrep5 (8) and standard methodology
(63). For pSINrep/HCV-H1-1207, a cDNA fragment from
pBRTM/HCV1-1207 (28) encoding the first 1,207 amino acid
residues of the HCV strain H (HCV-H) polyprotein, was
subcloned into the polylinker of pSINrepS (8). For pSINrep/
HCV-BK1-1207, a cDNA fragment encoding amino acid resi-
dues 1 to 1207 from the BK-146 clone (71) generously pro-
vided by H. Okayama (Research Institute for Microbial
Diseases, Osaka University, Japan) was amplified by PCR (62)
using the following oligonucleotides: 5'-CCCTCTAGACAA
TGAGCACGAATCCTAAA-3' (positive sense) and 5'-CCC
TCTAGATTAAGACCGCATAGTAGCTTC-3' (antisense).
These oligonucleotides introduced XbaI sites upstream of the
initiation codon and downstream of the stop codon. The PCR
fragment was then digested by XbaI and subcloned into
XbaI-digested SINrepS. An AatII (position 7713 in pSINrep/
HCV-BK1-1207)-AatII (position 11064 in pSINrep/HCV-BK1-
1207) fragment was replaced with the equivalent fragment
from BK-146, and the rest of the HCV-BK cDNA sequence in
pSINrep/HCV-BK1-1207 was sequenced and compared with
the HCV-BK-146 sequence (71). Two mutations in the NS3
region (Ser-1173 and Ala-1203) were inadvertently introduced
during the PCR amplification. The Ser (instead of Phe) at
position 1173 is commonly found in other HCV strains; the Ala
(instead of Thr) at position 1203 lies at the C terminus of the
NS3 serine protease domain, which has not been implicated in
structural region processing (27). pSINrep/HCV-H171-1026
was generated by using plasmids pSINrep/HCV-H171-379 and
pSINrep/HCV-H370-1026-myc (45a). pSINrep/HCV-H171-
1026 has a c-myc epitope tag fused to the C terminus of the
HCV sequence, which is recognized by monoclonal antibody
(MAb) Mycl-9E10 (EQKLISEEDL) (20, 21).

Generation and growth of viruses. Stocks of vTF7-3, a
vaccinia virus recombinant expressing the T7 DNA-dependent
RNA polymerase (25), and vaccinia virus-HCV (vHCV1-
1488), which contains sequences of HCV-H (29), were grown
in BSC-40 monolayers and partially purified (38), and titers
of infectious progeny were determined by plaque assay on
BSC-40 cells (38).

Sindbis virus recombinants SINrep/HCV-H1-1207, SINrep/
HCV-BK1-1207, and SINrep/HCV-H171-1026 were generated
as described by Bredenbeek et al. (8), using DH-BB(5'SIN)
helper RNA. To estimate the titers of the stocks of Sindbis
virus-HCV recombinants, serial dilutions of each stock were
adsorbed on chicken embryo fibroblasts (CEF) in 96-well
plates. After a 10-h incubation at 37°C, plates were fixed for 15
min at 4°C with cold isopropanol, and the number of particles
(infectious units) was determined by immunostaining using

anti-HCV MAbs as described below or by immunoperoxidase
(23) when human antiserum was used.

Cell cultures. The BHK-21 and PK-15 cell lines were
obtained from the American Type Culture Collection (ATCC),
Rockville, Md. The BSC-40 cell line (10) was obtained from D.
Hruby (Oregon State University), and the A16 subclone of the
human hepatoma HepG2 cell line (ATCC) was generously
provided by Alan Schwartz (Washington University, St. Louis,
Mo.). Secondary CEF were also used for some experiments.
Cell monolayers were grown in Eagle's minimal essential
medium (MEM; BSC-40 and PK-15 cells and CEF), alpha-
MEM (BHK-21 cells), or Dulbecco's modified MEM (DMEM;
HepG2 cells) supplemented with 10% (BSC-40, BHK-21,
PK-15, and HepG2 cells) or 4% (CEF) fetal bovine serum
(FBS).

HCV-specific MAbs and human antisera. A baculovirus
vector encoding the structural proteins (core, El, and E2)
derived from HCV-H (HCV-Bac 4) was used to express
HCV-specific antigens (39). HCV El and E2 glycoproteins
from lysates of SF-9 cells infected with recombinant baculovi-
rus were partially purified by cutting the appropriate bands
from a sodium dodecyl sulfate (SDS)-polyacrylamide gel fol-
lowed by electroelution and concentration. BALB/c mice were
immunized four times intraperitoneally with 10 to 30 ,ug of
antigen per injection in Freund's adjuvant. Following a final
intravenous boost, splenocytes from hyperimmune animals
were fused with nonsecreting mouse myeloma cells (Fox-NY)
and selected for growth in media containing hypoxanthine,
aminopterin, and thymidine (31). HCV-specific, antibody-
secreting hybridomas were identified by immunoblot screening
using El and E2 glycoproteins expressed by the vHCV-H1-966
construct. A single hybridoma specifically recognizing El was
found (A4), while two hybridomas directed against E2 (All
and I19) were identified. All MAbs were immunoglobulin G
subtype 1.
Human sera containing antibodies against the El and E2

glycoproteins were found by screening chronically HCV-in-
fected individuals for the presence of antibodies directed
toward the baculovirus-expressed El and E2 antigens.
A MAb that recognizes the El glycoprotein of Sindbis virus

(MAb 33) was kindly provided by A. L. Schmaljohn (65, 66).
Sedimentation analyses. HepG2, PK-15, or BHK-21 cells

grown in 35-mm-diameter dishes were infected with vTF7-3
and vHCV1-1488, SINrep/HCV-Hl-1207, or SINrep/HCV-
BK1-1207 with a multiplicity of infection of 10 PFU per cell. At
10 to 12 h postinfection, monolayers were washed once with
phosphate-buffered saline (PBS) and lysed with 0.5% Nonidet
P-40 (NP-40)-50 mM Tris-Cl (pH 7.5)-150 mM NaCl-2 mM
EDTA-20 ,ug of phenylmethylsulfonyl fluoride per ml. Cell
lysates were clarified by centrifugation at 14,000 x g in an
Eppendorf centrifuge for 5 min, and the supernatant was
layered over a 10-ml gradient of 5 to 20% sucrose in PBS
containing 0.1% Triton X-100. After centrifugation at 4°C for
24 h at 36,000 rpm in a Beckman SW41 rotor, 22 fractions were
collected from the bottom of the gradient and analyzed by
Western blotting (immunoblotting) or immunoprecipitation as
described below. Molecular mass markers (Combithek, cali-
bration protein I; Boehringer Mannheim) were sedimented in
a parallel sucrose gradient. In some experiments, cells were
disrupted with 2% 3-[(3-cholamidopropyl) dimethyl-ammo-
nio]-1-propane sulfonate (CHAPS) or 3% octylglucoside, and
complexes were separated in 5 to 30% or 5 to 40% sucrose
gradients containing the same concentrations of these deter-
gents.

Metabolic labeling and immunoprecipitation. Subconfluent
monolayers in 35- or 100-mm-diameter dishes were infected
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with 5 to 10 PFU of the indicated recombinants per cell. After
1 h at room temperature, medium containing 2% FBS was
added. At 4.5 h postinfection, monolayers were washed once
with prewarmed medium lacking methionine and cysteine and
incubated in the same medium for an additional half hour.
Infected cells were then pulse-labeled for 5 min with 100 ,uCi
of 35S-Translabel (ICN) per ml. Cells were washed twice with
prewarmed medium containing 100-fold excess methionine
and cysteine and then chased for various times in medium with
a 10-fold excess of these amino acids. In steady-state labeling,
cells were labeled at 4 h postinfection with 25 ,uCi of 35S-
Translabel (2-h labeling period) per ml in medium containing
1/40 the normal concentration of methionine and 2% FBS or
with 50,uCi of [3H]glucosamine or [3H]fucose (Amersham; 5-h
labeling period) in regular medium containing 2% FBS.

Immunoprecipitations of nondenatured antigen were car-
ried out as described previously (31), with some modifications
(75). Infected cells were lysed with the NP-40-containing lysis
buffer described above. Cell lysates were clarified by centrifu-
gation in an Eppendorf centrifuge for 15 min and precleared
by an overnight incubation at 4°C with fixed Staphylococcus
aureus Cowan I (Calbiochem) followed by centrifugation. Four
microliters of rabbit anti-mouse immunoglobulin G (Sigma)
was incubated with protein A-agarose (Boehringer Mannheim)
in 0.1 M phosphate buffer (pH 8.1) for 1 h at 4°C. This step was
omitted when human serum was used. Beads were then
incubated with 1 ,lI of MAb or 4 ,lI of an HCV-specific human
antiserum, followed by the antigen (each step for 1 h at 4°C).
Between each step, beads were washed twice with a solution
containing 0.2% NP-40, 10 mM Tris-Cl (pH 7.5), 150 mM
NaCl, and 2 mM EDTA. After the last step, they were washed
three times with this buffer, twice with a solution containing
0.2% NP-40, 0.2% SDS, 10 mM Tris-Cl (pH 7.5), 150 mM
NaCl, and 2 mM EDTA, twice with a solution containing 0.2%
NP-40, 10 mM Tris-Cl (pH 7.5), 500 mM NaCl, and 2 mM
EDTA, and finally once with distilled water. The precipitates
were then solubilized by heating for 5 min at 96°C in SDS-
polyacrylamide gel electrophoresis (PAGE) sample buffer and
run on a 10 or 13% polyacrylamide gel (43). After electro-
phoresis, gels were treated with sodium salicylate (12), dried,
and exposed to Kodak XAR-5 film. 14C-methylated protein
molecular mass markers were purchased from Amersham. To
estimate the half-maximal association time (t1/2) for E1E2
complex formation, the intensity of E2 coprecipitated by
anti-El MAb A4 was determined by densitometry of autora-
diograms.

Immunoprecipitation of SDS-denatured antigens was done
as described previously (29, 57).

Endoglycosidase digestions. Immunoprecipitated proteins
were eluted from protein A-agarose in 30 RI of 0.5% SDS and
1% 3-mercaptoethanol by heating for 10 min at 96°C. The
protein samples were then divided into three equal portions for
digestion with peptide N-glycosidase (PNGase) F, endo-13-N-
acetylglucosaminidase H (endo H; New England Biolabs), or
an undigested control. Digestions with PNGase F and endo H
were carried out for 1 h at 37°C in the buffer provided by the
manufacturer. Digested samples were mixed with equal vol-
ume of 2 x Laemmli sample buffer and analyzed by SDS-
PAGE.
Western blotting. Analysis of proteins bound to nitrocellu-

lose membranes (Hybond-ECL; Amersham) was performed by
using enhanced chemiluminescence detection (ECL; Amer-
sham) as recommended by the manufacturer. Briefly, after
separation by SDS-PAGE (5 to 20% gradient gels), proteins
were transferred to nitrocellulose membranes by using a Nova
Blot apparatus (Pharmacia-LKB) and revealed with anti-El

(dilution of 1/10,000) or anti-E2 (dilution of 1/5,000) HCV
MAbs followed by goat anti-mouse immunoglobulin conju-
gated to horseradish peroxidase (dilution of 1/1,000; Boehr-
inger Mannheim). In some experiments, the relative protein
levels were estimated by densitometric analysis.

Subcellular fractionation. HepG2 cells grown in a 150-mm-
diameter dish were infected with vTF7-3 and vHCV1-1488
with a multiplicity of 5 PFU per cell and incubated for 10 to 12
h at 37°C in DMEM containing 4% FBS. Subcellular fraction-
ation was conducted by using a modification of the technique
described by Bole et al. (5). Prior to disruption, the cells were
put on ice and then washed twice with 250 mM sucrose in water
and once with 50 mM sucrose. Cells were then removed from
the plates with a scraper and homogenized in 50 mM sucrose
in a tight-fitting Dounce homogenizer (10 gentle strokes).
Sucrose was then added to a final concentration of 250 mM in
5 mM HEPES (pH 6.8). Nuclei and cellular debris were
removed by centrifugation at 800 x g for 10 min. The
postnuclear supernatant was then layered over a discontinuous
sucrose gradient consisting of 1 ml/2.0 M, 3.4 ml/1.3 M, 3.4
ml/1.0 M, and 2.75 ml/0.6 M sucrose in 5 mM HEPES (pH 6.8)
in a Beckman tube (14 by 89 mm). After 3 h of centrifugation
at 37,000 rpm in a Beckman SW41 rotor, 12 fractions contain-
ing 1 ml each were collected from the bottom of the tubes.
Each fraction was assayed for enzymes characteristic of the ER
and Golgi. NADPH cytochrome c reductase, a marker for ER
membranes, was assayed as described by Omura and Takesue
(53); galactosyltransferase, a marker for trans Golgi complex
membranes, was assayed as described by Brew et al. (9), with
some modifications (5).

Immunostaining. For immunostaining, monolayers of HepG2
or BHK-21 cells in 24-well plates were infected with vTF7-3
and vHCV1-1488 or SINrep/HCV-H1-1207 and incubated for
12 h at 37°C. Plates were then fixed for 15 min at 4°C with 4%
paraformaldehyde for cell surface staining or cold isopropanol
for internal staining. Some wells were left unfixed for cell
surface staining. Immunostaining was then performed as de-
scribed previously (18). Briefly, monolayers were incubated
successively with the anti-El (dilution of 1/1,000) or anti-E2
(dilution of 1/400) MAb followed by biotinylated goat anti-
mouse immunoglobulins (dilution of 1/200) each for 30 min at
37°C. Plates were then incubated with the Vectastain ABC
alkaline phosphatase kit (Vector Laboratories) for 30 min at
room temperature and revealed by using an Alkaline Phos-
phatase Substrate kit II (Vector Laboratories). Between steps,
plates were rinsed three times with PBS, and the final color
reaction was stopped by rinsing with distilled water. A vaccinia
virus recombinant expressing Sindbis virus structural proteins
(vTM3/SINS [55a]) and a Sindbis virus recombinant expressing
the structural proteins of yellow fever virus (SINrep/YFS
[18a]) were used for controls.
For immunofluorescence, subconfluent HepG2 cells on cov-

erslips were infected with vTF7-3 and vHCV1-1488 or SINrep/
HCV1-1207 and incubated in DMEM containing 4% FBS
for 12 h at 37°C. Cells were washed three times with PBS and
fixed with 3% paraformaldehyde in PBS for 20 to 30 min
at room temperature. After being washed with PBS containing
10 mM glycine, cells were permeabilized with 0.1% Triton
X-100 for 30 min. Cells were stained with the anti-El (dilution
of 1/1,000) or anti-E2 (dilution of 1/400) MAbs followed by
rhodamine-conjugated goat anti-mouse immunoglobulin G
antibodies (dilution 1/100).
Immunoelectron microscopy. HepG2 cells infected with

vTF7-3 and vHCV1-1488 or SINrep/HCV1-1207 recombinants
were harvested at 12 h postinfection and processed for immu-
noelectron microscopy as described previously (60, 61). In
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FIG. 1. HCV genome structure and expression constructs. A dia-
gram of the HCV polyprotein (from C to NS3) and its cleavage
products is shown on the top. The identities of the cleavage products
are indicated (27, 28, 29, 45). Also shown are putative cleavage sites for
host signalase (*) (32, 45) and the NS2-3 proteinase ( ) (28, 33).
E2-containing precursors are also shown. The HCV polyprotein
expression constructs used in this study are shown below. HCV
sequences present in each construct are indicated by black lines which
are drawn to scale and oriented with respect to the diagram of the
HCV polyprotein. The polyprotein encoded by vHCV1-1488 contains
three extra amino acids present at the N terminus of the capsid protein
(Met-Cys-Thr [29]). The C-terminal end of NS2 in construct 171-1026
is followed by the 10-residue c-myc epitope tag and is indicated by a

box (EQKLISEEDL).

brief, cells were fixed in 4% formaldehyde-0.25% glutaralde-
hyde in HEPES saline (pH 7.0). The cells were scraped,
pelleted, embedded in gelatin, and infiltrated with 2.3 M
sucrose-20% polyvinylpyrolidone in PBS. The blocks were

trimmed, frozen, sectioned with an RMC MT7/CR21 cryoul-
tramicrotome, and probed with antibodies. The sections were
then washed and embedded in 0.3% uranyl acetate in 2%
polyvinyl alcohol.
HepG2 cells infected with vTF7-3 alone or SINrep/YFS

were used as negative controls, and the number of gold
particles per cell was between 2 and 9% of the labeling
observed on the cells infected with the HCV glycoprotein
expression constructs (data not shown).

RESULTS

HCV ElE2 complexes have been recently described (29, 44,
56), although differences regarding the presence of disulfide
bonds stabilizing at least some of these complexes have been
noted. To obtain a better picture of HCV glycoprotein oli-
gomerization, we studied complex formation by using two
different transient viral expression systems (vaccinia and Sind-
bis viruses), three different cell lines (HepG2, BHK-21, and
PK-15), and two HCV isolates of different subtypes (HCV-H
and HCV-BK [69]). In the hope of mimicking authentic
processing, the HCV glycoproteins were produced via expres-
sion of polyproteins encompassing the entire HCV structural-
NS2 region including an active NS2-3 proteinase to mediate
autocatalytic cleavage at the 2/3 site (Fig. 1).

Kinetics of association of HCV El and E2. To study the
kinetics of El and E2 association, we conducted pulse-chase
experiments and monitored complex formation by coprecipi-
tation of E2 with an anti-El MAb under nondenaturing
conditions (Fig. 2). Previous experiments have shown that
processing at the C/El and El/E2 signalase cleavage sites and
autocatalytic cleavage at the 2/3 site occur rapidly (45). For

HCV-H, cleavages at the E2/p7 and the p7/NS2 signalase sites
are delayed, leading to the production of discrete polyproteins
(29, 45). The majority of E2-NS2 is a short-lived precursor
(Fig. 3), whereas E2-p7 and E2, whose glycosylated forms are
not readily resolved by SDS-PAGE, are stable species. For
HCV-BK, signalase cleavage at the E2/p7 site is more efficient
and E2-p7 is not readily observed (45) (see below). For
simplicity, we will refer to the diffuse band at -70 kDa as E2,
although for HCV-H it consists of a mixture of E2 and E2-p7.
As shown in Fig. 2, in HepG2 cells infected with vaccinia virus
HCV-H recombinant vHCV1-1488, El was readily detected
after a 5-min pulse; however, the intensity of El increased
during the chase, suggesting that this MAb may not efficiently
recognize newly synthesized El (Fig. 2A). Two major forms of
El which differed in the extent of N-linked glycosylation were
observed (see below), and the mobility of El increased during
the chase, presumably as a result of trimming of mannose-rich
core glycans. After a 15-min chase, a small fraction of the
E2-NS2 present (data not shown) was coprecipitated by the
anti-El MAb. Except for long chase periods, the level of
E2-NS2 coprecipitated was unchanged despite the conversion
of the majority of E2-NS2 to E2 during the first 2 h of chase
(data not shown, Fig. 3, and reference 45). Beginning at 45 min
of chase, increasing levels of coprecipitated E2 glycoprotein
were detected. As assayed with this anti-El MAb, the t1/2 for
the HCV-H El and E2 glycoproteins in HepG2 cells was -85
min. Similar results were obtained during vHCV1-1488-medi-
ated expression of HCV-H glycoproteins in PK-15 cells (Fig.
2B; t112 of -75 min) and BHK-21 cells (Fig. 2C; t1/2 of -60
min). Three smaller forms of El were reproducibly detected in
PK-15 cells, suggesting that N-linked glycosylation of El was
less efficient in this cell type, as observed for El expressed
independently in insect or BHK-21 cells (44, 45, 48). When a
Sindbis virus/HCV replicon (8) expressing residues 1 to 1207 of
the HCV-H polyprotein (SINrep/HCV-Hl-1207) was used to
examine complex formation in BHK-21 cells, association of El
and E2 was also found to be slow (Fig. 2D; t112 of -75 min).
The results of pulse-chase analyses using the Sindbis virus/
HCV recombinant expressing the HCV-BK 1-1207 polyprotein
were similar except that reactivity of the anti-El MAb with BK
El was delayed and coprecipitated E2 appeared later and
increased throughout the chase period (Fig. 2E; t1/2 of >165
min). The higher molecular mass observed for HCV-BK El is
believed to be due to the presence of an additional glycan
compared with HCV-H (71).
Most E1E2 complexes are noncovalently associated. The

fraction of E2-specific products associated with El via nonco-
valent interactions versus intermolecular disulfide bonds was
examined by conducting immunoprecipitations under denatur-
ing or nondenaturing conditions (Fig. 4). When the antigens
were denatured with SDS prior to immunoprecipitation (Fig.
4B), only a small fraction of E2-NS2 and E2 were coprecipi-
tated compared with the levels observed under nondenaturing
conditions (Fig. 4A). To verify that the E2-specific products
coprecipitated under denaturing conditions were not simply
residual complexes resistant to SDS denaturation, the reducing
agent was omitted from the SDS-PAGE sample buffer. In this
case, E2 was not detected and instead heterogeneous bands of
higher molecular mass were observed, suggesting the presence
of intermolecular disulfide bonds (data not shown). Pretreat-
ment of cells with N-ethylmaleimide and its inclusion in the
lysis buffer yielded similar results, which indicates that these
complexes were present in vivo and did not form during or
after lysis (data not shown). These results provide evidence for
at least two forms of HCV glycoprotein complexes: a predom-
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FIG. 2. Kinetics of association of El and E2. HepG2 (A), PK-15 (B), or BHK-21 (C to E) cells infected with vTF7-3 plus vHCV1-1488 (A to
C), SINrep/HCV-Hl-1207 (D), or SINrep/HCV-BK1-1207 (E) were pulse-labeled for 5 min and chased for the indicated times (in minutes). Cell
monolayers were lysed in a nondenaturing lysis buffer containing NP-40 as described in Materials and Methods. After immunoprecipitation with
anti-El MAb A4, samples were separated by SDS-PAGE (10% gel). vTF7-3 alone or a Sindbis virus replicon expressing the yellow fever virus
structural proteins (SINrep/YFS [18a]) was used as a control (M). HCV-specific proteins are indicated at the left, sizes (in kilodaltons) of protein
molecular mass markers are indicated at the right.

inant species stabilized by noncovalent interactions and a
minor fraction stabilized by intermolecular disulfide bonds.
The majority of ElE2 complexes are heterodimers. The

formation and distribution of oligomers was then examined by

SINrep/HCV -BKI-I-1217
M (BHK-21) M

1) 15 45 11)1 17)) 2441 24))

A-.-
E2-NS - _

E2-F....-::.r7:
- 97.4
- 69

FIG. 3. Kinetics of E2-NS2 cleavage for the BK strain. BHK-21
cells infected with SINrep/HCV-BK1-1207 were pulse-labeled for 5
min, chased for the indicated times (in minutes), and lysed with a
denaturing buffer containing 0.5% SDS. After immunoprecipitation
with anti-E2 MAb I19 as described in Materials and Methods, samples
were separated by SDS-PAGE (10% gel). SINrep/YFS was used as a
control (M). HCV-specific proteins are indicated at the left; sizes (in
kilodaltons) of protein molecular mass markers are indicated at the
right. Similar results were obtained with SINrep/HCV-Hl-1207 (data
not shown).

conducting pulse-chase experiments followed by separation of
nonionic detergent-solubilized complexes by sedimentation
through sucrose gradients. Association of E2 with El was again
monitored by coprecipitation of E2-specific products with the
El MAb (Fig. 5). After a 5-min pulse, mainly glycosylated El,
which sedimented between molecular mass standards 68K (68
kDa) and 158K, was detected. When the reducing agent was
omitted from the SDS-PAGE sample buffer, a smear was
observed in the upper part of the gel for the same fractions,
and the intensity of El migrating as a monomer was much
lower (data not shown). This finding suggests that immediately
following the pulse, El is present in heterogeneous complexes
stabilized by disulfide bonds, which may explain its detection
between molecular mass standards 68K and 158K in the
sucrose gradient. These complexes could consist of El linked
to itself, to E2-NS2 (which also forms a smear after a short
pulse; Fig. 3), or to unlabeled host polypeptides. After a
45-min chase, E2-NS2 and E2 were coprecipitated with El,
and these complexes also sedimented between molecular mass
standards 68K and 158K. At the same time, El was also
detected in fractions that sedimented more slowly than 68K,
perhaps representing monomeric El. After a 120-min chase,

E2-NS2-
E2 -

El1

E2-NS2-
E2-

El.

E2-NS2-
E?-

EI:
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FIG. 4. Most E1E2 complexes are noncovalently associated.
BHK-21 cells infected with SINrep/HCV-H1-1207 were pulse-labeled
for 5 min and lysed at different times (minutes) of chase with a
nondenaturing lysis buffer containing NP-40 (A) or with a denaturing
buffer containing 0.5% SDS (B). After immunoprecipitation with
anti-El MAb A4, samples were separated by SDS-PAGE (10% gel)
under reducing conditions. SINrep/YFS was used as a control (M).
HCV-specific proteins are indicated at the left; sizes (in kilodaltons) of
protein molecular mass markers are indicated at the right.

the intensity of the coprecipitated E2 band sedimenting be-
tween molecular mass standards 68K and 158K increased,
suggesting the formation of ElE2 heterodimers (predicted
molecular mass, lOOK).

Since our anti-E2 MAbs did not react with E2 under
nondenaturing conditions, we could not perform the comple-
mentary coprecipitation analyses to examine the distribution of
E2 complexes and monomers (data not shown). However,
Western blot analyses using both El- and E2-specific MAbs
were used to compare the distribution of the glycoproteins and
glycoprotein complexes, using the different expression vectors
and cell types (Fig. 6). Similar distributions were observed in
HepG2, BHK-21, and PK-15 cells when either the Sindbis virus
or vaccinia virus expression construct was used. By densitomet-
ric analysis of the blots, the majority of E2 was found to
sediment between molecular mass standards 68K and 158K, at
the expected position of E1E2 heterodimers. A lagging shoul-
der (particularly apparent in SINrep/HCV-Hl-1207-infected
BHK-21 cells) which may represent monomeric E2 was ob-
served. For El, two unresolved peaks were observed: one
which comigrated with the major E2 peak and another which
was closer to the top of the gradient, which probably represents
El monomers. Additional minor peaks were also apparent,
especially for vHCV1-1488-infected PK-15 cells. Together with
the results of the pulse-chase analyses (Figs. 2, 4, and 5), the
comigrating El and E2 peaks most likely represent ElE2
heterodimers. For HCV-BK (SINrep/HCV-BK1-1207-infected
BHK-21 cells), the anti-El MAb A4 did not recognize
HCV-BK El (on Western blots), but the blot revealed with
anti-E2 MAb 119 showed the same result as that obtained for
SINrep/HCV-Hl-1207 (data not shown).

E2-NS2-
E2 -

E1= ^ W

120) min

20 J4 5Q1
FIG. 5. Formation of discrete oligomers. BHK-21 cells infected

with SINrep/HCV-H1-1207 were pulse-labeled and chased for 0, 45, or
120 min. Cells were lysed with a buffer containing NP-40 and sedi-
mented in sucrose gradients as described in Materials and Methods.
Immunoprecipitations with anti-El MAb A4 were performed on every
other fraction under nondenaturing conditions, and the samples were
separated by SDS-PAGE (10% gel) under reducing conditions. Mo-
lecular mass markers sedimented in a parallel sucrose gradient are
indicated at the top; HCV-specific proteins are indicated at the left.

To see if higher-order oligomers which were disrupted by
treatment with Triton-X 100 or NP-40 might exist, we tested
other mild detergents (3% octylglucoside or 2% CHAPS)
commonly used to study membrane protein complexes. Similar
results were obtained with these detergents (data not shown).
The majority of the E1E2 heterodimer is noncovalently

linked. To compare the size distribution of covalent versus
noncovalently linked complexes, duplicate samples from su-
crose gradient fractions were separated by SDS-PAGE with or
without reducing agent in the sample buffer and then analyzed
by Western blotting with a mixture of El- and E2-specific
MAbs. As shown in Fig. 7, the majority of El and E2 in the
heterodimer peak was dissociated under nonreducing condi-
tions, indicating that the majority of the ElE2 heterodimers
does not contain intermolecular disulfide bonds. Under non-
reducing conditions, the intensity of the El band was very weak
in fractions 1 to 13 and bands of high molecular mass were
observed (Fig. 7). For fractions 1 to 5, unreduced complexes
barely entered the separating gel and diffuse bands were
observed in fractions 6 to 13. These diffuse species may
indicate heterogeneity in disulfide bond formation, which
would suggest formation of misfolded complexes. Some blots
were revealed with an anti-El MAb, and then the membrane
was stripped of bound antibody and reprobed with an anti-E2
MAb. Under these conditions, the bands of high molecular
mass detected under nonreducing conditions by the anti-El or
anti-E2 MAb were the same (data not shown), suggesting that
aggregates involved intermolecular disulfide bonds between El

J. VIROL.

.... ..:... *. _-



HCV GLYCOPROTEIN COMPLEXES 6153

20% 4- c5%

20 1 vHCVI- 1488 (BHK-21)

s15., ,
10

20 SINrep/HCV-HI-1207 (BHK-21)

15

10

5-

0 11 91 11

15

10

5]

1 3 5 7 9 11 13 15 171921

Fractions * E2

FIG. 6. Similar complexes are formed in several different mamma-
lian cell lines. HCV glycoproteins were expressed by infecting HepG2,
BHK-21, or PK-15 cells with vTF7-3 plus vHCV1-1488 or SINrep/
HCV-H1-1207. Infected cells were lysed with NP-40 and sedimented
through 5 to 20% sucrose gradients as described in Materials and
Methods. Samples of gradient fractions were separated on SDS-5 to
20% gradient polyacrylamide gels and analyzed by Western blotting
with anti-El (A4) and -E2 (All) MAbs. Relative amounts of the El-
or E2-specific products were estimated by densitometry of the autora-
diograms. Molecular mass markers sedimented in a parallel sucrose
gradient are indicated at the top.

and E2. Similar aggregated species were observed in HepG2
(vHCV1-1488), BHK-21 (SINrep/HCV-Hl-1207, SINrep/
HCV-BK1-1207, vHCV1-1488), and PK-15 (vHCV1-1488)
cells (Fig. 7 and data not shown). Together, these results

suggest that the formation of heterogeneous disulfide-linked
HCV glycoprotein complexes is a minor but general phenom-
enon when these proteins are expressed at high levels in
mammalian cells.

N-linked glycosylation and subcellular localization of HCV
glycoproteins. As an indicator of intracellular trafficking of the
HCV El and E2 glycoproteins, we began by examining the
acquisition of endo H resistance. Endo H removes the chito-
biose core of high-mannose and some hybrid forms of N-linked
sugars but not the complex forms (58). In contrast, PNGase F
removes both high-mannose and complex forms of N-linked
sugars (72). Hence, resistance to digestion with endo H but not
PNGase F is indicative that glycoproteins have moved from the
ER to at least the medial and trans Golgi where complex sugars
are added. In steady-state labeling experiments, no endo
H-resistant forms were detected (Fig. 8A). In pulse-chase
studies (Fig. 8B and C), no endo H-resistant forms were
detected even after 4 h of chase, suggesting that ElE2 com-
plexes are not transported through the medial Golgi. Similar
results were obtained in HepG2 (vHCV1-1488), BHK-21
(vHCV1-1488, SINrep/HCV-HI-1207 and SINrep/HCV-BKI-
1207), and PK-15 (vHCVI-1488) cells. For BHK-21 cells
infected with SINrep/HCV-BK1-1207, a more slowly migrating
form of El was observed after PNGase F treatment, suggesting
that one of the glycans was resistant to PNGase F treatment
under our experimental conditions or that completely degly-
cosylated HCV-BK El migrates anomalously. As mentioned
earlier, E2-p7 was barely detected for HCV-BK, whereas it
remained present until the end of the chase for HCV-H,
suggesting that the E2/p7 cleavage is more efficient for
HCV-BK (see also reference 45).

Since endo H treatment was done after immunoprecipita-
tion with the anti-El MAb A4, it is possible that the epitope
recognized by this MAb is blocked by processing of high-
mannose glycans to complex or hybrid forms. To address this
concern, the experiments were repeated with serum from an
HCV-positive patient. Since this serum recognizes additional
HCV-specific cleavage products which would complicate the
analysis, we used another Sindbis virus-HCV recombinant,
SINrep/HCV-H171-1026, which expresses a truncated poly-
protein beginning with the El signal sequence and extending
through the C-terminal residue of NS2 (Fig. 1). Similar to the
previous results, no endo H-resistant forms could be detected
with the human antiserum (data not shown).

Since glycoproteins migrating through the Golgi apparatus
are usually fucosylated in the trans Golgi, we attempted to
label HCV glycoproteins with [3H]fucose. As shown in Fig. 9,
although the HCV glycoproteins were readily labeled with
[3H]glucosamine, El and E2 did not incorporate [3H]fucose,
again suggesting that these glycoproteins are arrested in a
pre-trans Golgi compartment. Although these results are con-
sistent with the endoglycosidase and subcellular fractionation
data (see below), it is possible that El and E2 glycans are not
substrates for fucosyltransferase.

Intracellular localization of El and E2 was also examined
directly by subcellular fractionation. For these analyses,
vHCV1-1488-infected HepG2 cells were used, and as shown in
Fig. 10, the bulk of El and E2 was found in the rough and
smooth ER fractions. Some El and E2 could also be detected
in Golgi fractions, but this may be due to slight contamination
of these fractions with smooth ER membranes (Fig. 10; note
the profile for the ER marker enzyme, NADPH cytochrome c
reductase). Fractions from this subcellular fractionation exper-
iment were treated with endo H and analyzed by Western
blotting (data not shown). No endo H-resistant forms were
detected in the Golgi fraction, suggesting that if small amounts

vHCVl-1488 (PK-15)

VOL. 68, 1994

I

-9



6154 DUBUISSON ET AL.

Reducing

240K 158K 68K

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
E?2-NS2 -

~~~~~~~~~~~~~~~~~~~~~~~~~...

Am ~ ~

El1- .. a .__

Non-reducing
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

E2-

El- ....5YF

20% 4-

s1hs______iIISwN -I.I

5%
FIG. 7. Size distribution of noncovalently associated versus disulfide-linked complexes. HCV glycoproteins were expressed by coinfecting

HepG2 cells with vTF7-3 plus vHCV1-1488. Infected cells were lysed with NP-40 and sedimented through sucrose gradients as described in
Materials and Methods. Samples of gradient fractions were separated on SDS-5 to 20% polyacrylamide gels, using a reducing or nonreducing
Laemmli sample buffer, and analyzed by Western blotting with anti-El (A4) and anti-E2 (All) MAbs. Molecular mass markers sedimented in a
parallel sucrose gradient are indicated at the top; HCV-specific proteins are indicated at the left.

ofHCV El and E2 are exported to the Golgi complex, they are
most likely localized in the cis Golgi.

Glycoprotein antigens localized by immunofluorescence of
paraformaldehyde-fixed cells permeabilized with Triton X-100
were concentrated mainly in the perinuclear space and exhib-
ited a granular pattern indicative of a vesicular localization
(Fig. llA). Immunoelectron microscopy confirmed this distri-
bution (Fig. 12). Both El and E2 glycoproteins were detected
in vesicles in close proximity to the ER near the nucleus. We
did not observe labeling in the Golgi apparatus, consistent with
the biochemical and cell fractionation data described above.
HCV glycoproteins are not detected on the cell surface.

Neither El nor E2 was detected when MAbs A4, All, and 119
were used for cell surface immunostaining of HepG2 or
BHK-21 cells infected with vHCV1-1488 (Fig. llB, lower
right) or SINrep/HCV-Hl-1207, whereas the glycoproteins of
Sindbis virus, which buds from the plasma membrane, were
readily detected when expressed in the vaccinia virus/T7
expression system (Fig. 1lB, lower left). Since epitopes could
have been altered by paraformaldehyde fixation, unfixed in-
fected cells were also immunostained, and the same result was
obtained (data not shown). We also failed to detect either
glycoprotein on the cell plasmalemma by immunoelectron
microscopy (data not shown). These results suggest that at
least under the conditions of these expression studies, neither
El nor E2 is exported to the cell surface.

DISCUSSION

Results obtained from experiments using viral transient
expression systems to study heterologous viral glycoprotein
processing and oligomerization generally mimic the situation
in authentic virus-infected cells. For HCV, such a comparison
is not yet possible since an efficient cell culture replication
system is lacking. To obtain a more realistic picture of HCV
glycoprotein biogenesis, we have compared glycoprotein bio-

synthesis and oligomerization for two HCV strains, using
vaccinia virus and Sindbis virus expression systems and several
different cell lines (HepG2, BHK-21, and PK-15 cells). The
HepG2 human hepatoma line was chosen since HCV repli-
cates in human and chimpanzee hepatocytes (44, 52). Simi-
larly, porcine kidney PK-15 cells have been reported to support
HCV replication in vitro (4). Our results of assays using the
different expression systems and cell types were remarkably
consistent and indicate that the majority of HCV El and E2
associate slowly to form noncovalent nonionic detergent-stable
heterodimers. Besides these noncovalent heterodimers, inter-
molecular disulfide bonds are also formed to generate heter-
ogeneous complexes. Analysis of N-linked glycans and local-
ization of El and E2 indicated that the HCV-H glycoproteins
were not present at the cell surface and did not migrate further
than the cis Golgi, which is consistent with a previous report
for HCV-1 glycoproteins expressed by vaccinia virus (67).
To summarize our current view of ElE2 oligomer forma-

tion, El and E2-NS2 are rapidly released from the polyprotein
by host signal peptidase and autocatalytic cleavage at the 2/3
site. These primary cleavage products are core glycosylated
and appear heterogeneous, perhaps because of formation of
aberrant intermolecular and/or intramolecular disulfide bonds.
The production of properly folded El and E2 glycoproteins
may involve rearrangement of initially formed disulfide bonds
by ER-localized protein disulfide-isomerase. A small fraction
of these complexes is resistant to disulfide bond rearrangement
and persists in the form of heterogeneous disulfide-linked
aggregates. The majority of the El and E2 slowly form a
nonionic detergent-stable heterodimeric complex. Although
further processing of E2-NS2 at the E2/p7 and p7/NS2 signa-
lase sites occurs more rapidly than formation of these ElE2
complexes, it is not known if such cleavages are required for
proper glycoprotein folding and complex formation. In the
case of HCV-H, in which processing at the E2/p7 site is
incomplete (this work and reference 45), we observed ElE2-p7
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FIG. 8. Complex N-linked glycans are not detected on HCV glyco-
proteins. Metabolically labeled lysates of infected cells were immuno-
precipitated with anti-El MAb (A4) and then treated with endo H (H),
or PNGase F (F) or incubated without enzyme in endo H digestion
buffer (C) as described in Materials and Methods. (A) HepG2 cells
were coinfected with vTF7-3 plus vHCV1-1488 (V) or vTF7-3 alone
(M) and labeled from 4 to 6 h postinfection before immunoprecipita-
tion. (B and C) BHK-21 cells were infected with SINrep/HCV-H1-
1207 (panel B), SINrep/HCV-BK1-1207 (panel C), or SINrep/YFS
(M), pulse-labeled for 5 min, and chased for the indicated times (in
minutes). Samples were separated by SDS-13% PAGE under reducing
conditions. HCV-specific proteins are indicated at the left (deglycosy-
lated proteins are indicated by asterisks); sizes (in kilodaltons) of
protein molecular mass markers are indicated at the right.

complexes, suggesting that this cleavage is probably not re-

quired.
The formation of ElE2 heterodimers for both HCV-H and

HCV-BK (this study) and HCV-1 (56), as well as the ability of
such complexes to elicit protective immunity (14), suggests that
this complex may represent a functional subunit of the HCV
virion envelope. It seems likely, by analogy to other enveloped
viruses, that higher-order oligomers may exist for ElE2 in
mature HCV virions. Such structures may have been missed in
our studies if they are stabilized by interactions which are

disrupted by nonionic detergents. Consistent with this idea,
higher-molecular-mass complexes have been reported after
sedimentation of HCV glycoproteins through glycerol gradi-
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FIG. 9. Metabolic labeling of HCV glycoproteins with [3H]glu-
cosamine or [3H]fucose. HepG2 cells coinfected with vTF7-3 plus
vHCV1-1488 (V) or vTF7-3 alone (M) were labeled with [3H]glu-
cosamine or [3H]fucose. Cell lysates were separated by SDS-PAGE
(10% gel) directly (lysate) or after immunoprecipitation with the
anti-El MAb (A4) (anti-El). HCV-specific proteins are indicated at
the left; sizes (in kilodaltons) of protein molecular mass markers are
indicated at the right.

ents lacking detergent (56). Such complexes may reflect high-
er-order structures which mimic those present on HCV virions.
Alternatively, they may have been formed by nonspecific
hydrophobic interactions due to removal of the detergent.
Further experiments examining the glycoprotein components
of authentic HCV virions are clearly needed but have not been
possible because of the low levels of HCV particles which can
be purified from infected liver or blood.
At least in heterologous expression systems, the ER local-

ization and lack of complex glycans suggests that the HCV
glycoproteins were not translocated beyond the cis Golgi.
Although many enveloped viruses bud from the plasma mem-
brane, there are a number of viral families whose members bud
into intracellular lumenal compartments (30, 35, 55). In such
cases, the viral membrane proteins which participate in these
budding events contain signals which allow their retention in
the appropriate subcellular compartment. The fact that the
HCV glycoproteins do not migrate further than the cis Golgi
suggests that HCV budding, as suggested for other flaviviruses,
may occur in the ER or a subcompartment located between the
ER and the cis Golgi (reviewed in reference 55). For the
flaviviruses, virions formed in an intracellular compartment
appear to be released from cells via the exocytosis pathway.
Complex glycans are acquired in the Golgi (for some flavivi-
ruses), and the virion glycoprotein precursor prM is cleaved in
a late compartment just prior to release of mature virus. In the
case of HCV, a recent study indicates that mature virions
contain complex N-linked glycans, although these carbohy-
drate moieties were not shown to be specifically associated
with El and/or E2 (64). If correct, this observation indicates
that the later stages in HCV glycoprotein maturation, which
are perhaps linked to normal virion assembly and release, did
not occur in the heterologous expression studies reported thus
far. In lieu of an efficient cell culture replication assay, it may
be useful to try alternative strategies for production of HCV-
like virion particles, including the expression of additional
HCV RNA sequences.
A minor fraction of the complexes formed between El and

E2 were found to contain intermolecular disulfide bonds. This
was observed during expression of both HCV-H and HCV-BK
polyproteins and did not appear to be an artifact of the
expression vector or host cell used for expression. Although
such disulfide-linked complexes might be incorporated into

VOL. 68, 1994



6156 DUBUISSON ET AL.

RER SER G(ogi

1 3 4 5 6 7 8 9 10 11 12

EL2-NS2
E2-

El-s

v
.r
m

.-.j
z
C:
CZ

.r.
s
u
-E.

I

-.D
13

vTM3/SINS

*:r
z-:l
C

IM

¢

z
.

1 2 3 4 5 6 7 8 9 10 11 12

Bottonm 'Top

FIG. 10. Distribution of HCV glycoproteins by subcellular fraction-
ation. HepG2 cells were coinfected with vTF7-3 plus vHCV1-1488. At
12 h postinfection, cells were disrupted and the postnuclear superna-

tant was layered over a discontinuous sucrose gradient as described in
Materials and Methods. After centrifugation, membrane-containing
fractions were collected from the bottom of the tube. Marker enzymes
for the ER (NADPH cytochrome c reductase) and the Golgi apparatus
(galactosyltransferase) were assayed as described in Materials and
Methods. Samples of gradient fractions were also separated by SDS-
PAGE (5 to 20% gradient gel) and analyzed by Western blotting with
anti-El (A4) or anti-E2 (All) MAbs. HCV-specific proteins are

indicated at the left. RER, rough ER; SER, smooth ER.

Ce.
CA

vHCV 1- 1488,*ik:> .t'
HCV virus particles, their heterogeneous size distribution on

sucrose gradients and the diffuse bands observed by SDS-
PAGE are more suggestive of misfolded complexes. This could
be caused by overexpression of the glycoproteins and titration
of a limiting host component, perhaps an ER molecular
chaperone, which is required for proper folding of El and E2
and complex formation.
Although the El-specific MAb and the conditions used for

nondenaturing coprecipitation may have precluded detection
of intermediate complexes, the assembly of detergent-stable
HCV ElE2 heterodimers appears to be rather slow when
compared with that in other viruses (17). Slow association of
the pestivirus El and E2 glycoproteins, which are present as

disulfide-linked heterodimers in infected cells and virions (73,
76), has also been reported (59). The rate of HCV El and/or
E2 folding, which probably depends on interactions with
molecular chaperones in the ER, may limit the rate of complex
formation since properly folded subunits are usually required
for specific recognition and stable association (17).
The inefficient assembly of HCV ElE2 complexes and the

presence of misfolded disulfide-linked aggregates are not
uncommon for viral glycoproteins (17). The measles virus HN
glycoprotein folds slowly with low efficiency; less than 50% of
the molecules have acquired processed glycans by 5 h after

FIG. 11. Localization of HCV El and E2 by immunofluorescence
and immunostaining. (A) HepG2 cells coinfected with vTF7-3 plus
vHCV1-1488 were fixed with paraformaldehyde at 12 h and permeabi-
lized with Triton X-100, and distribution of El or E2 was examined by
immunofluorescence as described in Materials and Methods. (B)
HepG2 cells coinfected with vTF7-3 plus vHCV1-1488 or with vTF7-3
plus vTM3/SINS (a vaccinia virus recombinant expressing Sindbis virus
structural proteins) were fixed with isopropanol (internal staining) or

paraformaldehyde (cell surface staining) at 12 h postinfection. The
presence of HCV glycoprotein El (vHCV1-1488) or Sindbis virus
glycoprotein El (vTM3/SINS) was revealed by immunostaining with
anti-HCV El MAb A4 or anti-Sindbis El MAb 33, respectively.
Control cells infected with vTF7-3 alone did not show any staining
(data not shown).

synthesis. The remaining molecules appear to be retained in
the ER in a misfolded state (11, 40). Some retroviruses have
also been shown to have inefficient processing of their glyco-
proteins. Only a small percentage (5 to 15%) of human
immunodeficiency virus type 1 gpl60 glycoprotein is cleaved to
produce the mature gpl20 component (77), and aberrant
intermolecular disulfide bonds, similar to what we obtained for
the HCV glycoproteins, have been observed for gpl60 (54).
Less than 5% of the Env protein of Friend spleen focus-
forming virus leaves the ER and folds correctly (26). In
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FIG. 12. Localization ofHCV glycoproteins by immunoelectron microscopy. Shown are immunoelectron micrographs from frozen thin sections
from HepG2 cells infected with SINrep/HCV1-1207. The sections were probed with MAbs against both El and E2, followed by 18-nm gold
conjugated to rabbit anti-mouse immunoglobulin G. (A) The MAb (A4) against the El glycoprotein labeled vesicles in close proximity to the
nucleus (N) and endoplasmic reticulum. No labeling was detected on the Golgi apparatus (G). (B) Similar labeling of perinuclear vesicles was also
observed with the antibody against E2 (MAb All). Bars = 0.5 ,um.
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potential conflict with our results, Ralston et al. (56) did not
observe intermolecular disulfide bonds in purified HCV-1
E1E2 complexes. This could reflect strain- or cDNA clone-
specific differences or might result from different expression
levels of the HCV glycoproteins. Alternatively, aggregates and
misfolded forms might have been lost during purification of the
HCV-1 glycoprotein complexes.

Besides providing possible insight into the site of HCV
virion assembly, the intracellular sequestration of HCV glyco-
proteins could also play a role in avoiding immune surveil-
lance. The absence of HCV glycoproteins at the plasma
membrane would be expected to reduce the chance of com-
plement-mediated lysis of HCV-infected cells, thereby facili-
tating the establishment and maintenance of chronic infections
in immunocompetent hosts.
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