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Hepatitis C virus (HCV) is the major cause of transfusion-acquired non-A, non-B hepatitis. HCV is an
enveloped positive-sense RNA virus which has been classified as a new genus in the flavivirus family. Like the
other two genera in this family, the flaviviruses and the pestiviruses, HCV polypeptides appear to be produced
by translation of a long open reading frame and subsequent proteolytic processing of this polyprotein. In this
study, a cDNA clone encompassing the long open reading frame of the HCV H strain (3,011 amino acid
residues) has been assembled and sequenced. This clone and various truncated derivatives were used in
vaccinia virus transient-expression assays to map HCV-encoded polypeptides and to study HCV polyprotein
processing. HCV polyproteins and cleavage products were identified by using convalescent human sera and a
panel of region-specific polyclonal rabbit antisera. Similar results were obtained for several mammalian cell
lines examined, including the human HepG2 hepatoma line. The data indicate that at least nine polypeptides
are produced by cleavage of the HCV H strain polyprotein. Putative structural proteins, located in the
N-terminal one-fourth of the polyprotein, include the capsid protein C (21 kDa) followed by two possible virion
envelope proteins, E1 (31 kDa) and E2 (70 kDa), which are heavily modified by N-linked glycosylation. The
remainder of the polyprotein probably encodes nonstructural proteins including NS2 (23 kDa), NS3 (70 kDa),
NS4A (8 kDa), NS4B (27 kDa), NS5A (58 kDa), and NS5B (68 kDa). An 82- to 88-kDa glycoprotein which
reacted with both E2 and NS2-specific HCV antisera was also identified (called E2-NS2). Preliminary results

suggest that a fraction of E1 is associated with E2 and E2-NS2 via disulfide linkages.

Prospective and retrospective serologic studies indicate
that even before the implementation of screening tests for
hepatitis B surface antigen, non-B hepatitis accounted for
the majority of transfusion-associated hepatitis in the United
States (21, 22, 54). Recently, the major etiologic agent of
non-A, non-B hepatitis (NANBH), hepatitis C virus (HCV),
was cloned and sequenced (7, 32). This breakthrough has led
to the development of immunological and nucleic acid-based
methods for detecting HCV infection. HCV infection can
result in various clinical outcomes, including acute hepatitis,
chronic hepatitis, cirrhosis, or the establishment of an
asymptomatic carrier state which may persist for life (for a
review, see reference 31). Recent studies have also uncov-
ered a strong association between chronic HCV infection
and the development of hepatocellular carcinoma (12, 13,
61).

Since the initial molecular cloning of this agent and
implementation of first-generation diagnostics, sequence
data for a number of independent HCV isolates have been
reported, immunoassays for detection of antibody have been
improved, and our knowledge of HCV molecular biology is
advancing rapidly (for a review, see reference 33). On the
basis of their genome organizations and virion properties,
HCV (9, 33), the pestiviruses (11), and the flaviviruses (4)
have been classified as three genera in the family Flaviviri-
dae (19). Properties shared by these three groups include a
lipid envelope, conferring sensitivity to organic solvents,
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and a single-stranded, positive-polarity RNA genome con-
taining a long open reading frame (ORF) which encodes the
viral polypeptides. Polyproteins encoded by the HCV, fla-
vivirus, and pestivirus ORFs are ~3,000, ~3,400, and
~4,000 amino acids long, respectively. The structural pro-
teins are located in the N-terminal portion of the polyprotein
and are followed by the putative nonstructural replicase
components. Mature proteins, at least as shown for the
flaviviruses and pestiviruses (for a review, see references 10
and 58), are produced by a combination of host and viral
proteinases located in both the cytosol and the subcellular
vesicular compartments.

Although the cleavage products and proteolytic process-
ing schemes of the flaviviruses and pestiviruses have been
extensively characterized, similar information has been re-
ported only for the structural protein coding region of HCV
(30). In this report, a hybrid vaccinia virus-T7 transient
expression system (16, 20, 48) has been used to study
processing of the entire HCV ORF. HCV-specific cleavage
products were identified by using a collection of region-
specific polyclonal rabbit antisera. These results provide a
preliminary picture of HCV processing and a map of the
polyprotein cleavage products.

MATERIALS AND METHODS

Cell cultures and virus growth. The BHK-21 and CV-1 cell
lines were obtained from the American Type Culture Col-
lection (ATCC), Rockville, Md., the BSC-40 cell line (3) was
obtained from D. Hruby (Oregon State University), and the
Al6 subclone of the human hepatoma HepG2 cell line
(ATCC) was generously provided by Alan Schwartz (Wash-
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TABLE 1. HCV immunogens expressed in E. coli

Construct” HCYV restriction site® Vector site® Rabbit no. Specificity
pET-3xa/HCV 1-142 Apall (335), Narl (762) BamHI“ WU120 C
pPET-3xa/HCV 236-382 Xhol (1046), Sall (1482) BamHI WuU122 El
PMALc/HCV 393-670 Nael (1515), BspMI (2357) Stul WU105 E2
pET-8c/HCV 936-1032 Ncol®, Spll (3433) Ncol, BamHI Wwu107 NS2
PMALc/HCV 1039-1207 Stul (3452), BamHI® EcoRI WU110 NS3
pET-8c/HCV 936-1207 Ncol?, BamHI® Ncol, BamHI Wwu43 NS2, NS3
PMALCc/HCV 1240-1488 Eco0109 (4057), BamHI® Stul, BamHI WUu117 NS3
PMALC/HCV 1651-1976 Eagl (5290), EcoNI (6265) EcoRI WuU111 NS4A, NS4B
pET-3xa/HCV 1977-2313 EcoNI (6265), Ncol (7274) BamHI? Wu123 NSSA
PMALC/HCV 2312-2623 Ncol (7274), EcoRI (8205) Stul, EcoR1 Wwu113 NS5A, NS5B
PMALC/HCV 2622-2872 EcoRl (8205), XbaV EcoRl1, Xbal WU115 NS5B

4 Constructs producing fusion proteins are shown in bold type. The numbers refer to the amino acid sequence of the HCV ORF which is included in each

construct.

® Restriction sites in the HCV ¢cDNA used for the plasmid constructs. Nucleotide numbers in parentheses refer to the full-length HCV H-strain sequence (14),
assuming that the 5’ noncoding region of HCV H and HCV type 1 (8, 28) are the same length (341 nucleotides). Restriction sites shown in bold type indicate that
protruding ends were treated with either the Klenow fragment of DNA polymerase I or T4 DNA polymerase before ligation to produce blunt ends.

< Restriction sites in plasmid vectors used for cloning. Sites shown in bold type indicate that protruding ends were treated with either the Klenow fragment of
DNA polymerase I or T4 DNA polymerase, prior to ligation to produce blunt ends.

< In the case of pET-3xa/HCV 1-142, pET-3xa/HCV 236-382, and pET-3xa/HCV 1977-2313, the indicated HCV cDNA fragments were first cloned into the Stul
site of pMALc. The BamHI fragments from these pMALc constructs (containing the properly oriented HCV insert) were then subcloned into BamHI-digested

pET-3xa.

¢ For constructs beginning with amino acid residue 936 or ending with residue 1207 or 1488, the restriction sites used for cloning, Ncol and BamHI, respectively,

were derived by PCR.
/ This Xbal site is in the pGEM-3Zf(+) HCV(H) 17-8958 polylinker.

ington University, St. Louis, Mo.). Cell monolayers were
grown in Eagle’s minimal essential medium (MEM) supple-
mented with 2 mM L-glutamine, nonessential amino acids,
penicillin, streptomycin, and 10% fetal bovine serum (FBS).

Stocks of vTF7-3, a vaccinia virus recombinant expressing
the T7 DNA-dependent RNA polymerase (20), and various
vaccinia virus-HCV recombinants were grown in BSC-40
monolayers and partially purified (34), and titers of infec-
tious progeny were determined by plaque assay on BSC-40
cells (34).

HCYV cloning and sequence analysis. Cloning and sequence
analysis of the HCV Hutchinson (H) strain (18) are only
briefly described here. The HCV H strain, a human isolate
from an American with posttransfusion NANBH, was pas-
saged twice in chimpanzees. Both of these animals devel-
oped elevated serum alanine amino transferase levels and
acute hepatitis. Liver tissue from the second chimpanzee
passage was used for preparation of crude RNA suitable for
cDNA synthesis, nested polymerase chain reaction (PCR)
amplification (60, 72), and cloning. Synthetic oligonucleotide
primers for amplification of specific regions of the HCV
genome were originally synthesized on the basis of the
published HCV type 1 cDNA sequence (8 [and references
therein]). PCR-amplified cDNA was cloned into bacterial
plasmid vectors, and several independent clones were iso-
lated and used for sequence analysis, expression studies,
and reconstruction of longer cDNA clones. Utilizing partial
sequence data and restriction enzyme mapping, a clone
containing the entire ORF, called pGEM-3Zf(+) HCV(H)
17-9389F (see below), has been assembled. The clone has
been completely sequenced (14) by the Sanger method (62)
with a set of synthetic oligonucleotide primers whose se-
quences were based on preliminary H strain sequence data.
The sequence of this clone is colinear and is >98.5%
homologous (at the nucleotide level) to recently published
full-length (35) and partial (50) HCV H strain sequences.

Bacterial expression constructs. Constructs were made by
using standard methodology (62), and regions amplified by
PCR (60) were verified by sequence analysis (62). Escherichia

coli expression systems included the pET-3x series, which
produce N-terminal fusions with the T7 gene 10 product (66),
pMALCc derivatives, which produce N-terminal fusions with E.
coli maltose-binding protein (New England Biolabs), and
pET-8c (also called pET-3d), which was used to produce
unfused HCV proteins by using the T7 expression system (66).
The expression constructs and subcloning strategies are sum-
marized in Table 1.

HCV-specific antisera. For production of HCV region-
specific antisera, HCV polypeptides or fusion proteins ex-
pressed in E. coli were obtained from the insoluble fraction
(5) or total cell extracts and purified by preparative sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) (5, 39). Gel slices containing the antigens were
stored frozen or lyophilized and then emulsified with com-
plete Freund’s adjuvant prior to immunization of rabbits (5).
Serum samples were collected after multiple booster injec-
tions with incomplete Freund’s adjuvant. Reactivity and
specificity of the antisera were assessed by immunoprecipi-
tation assays with a set of radiolabeled HCV-specific cell-
free translation products (data not shown; see also Results
and Table 1).

Serum samples from human patients chronically infected
with HCV were generously provided by Henry Hsu and
Harry Greenberg (Stanford University). Coded patient des-
ignations are R, F, RJ, DS, and JHF.

Mammalian expression constructs. As described above,
pGEM-3Zf(+) HCV(H) 17-9389F was used as the parent for
mammalian expression constructs. Plasmid expression vec-
tors were derivatives of pTM3 (provided by B. Moss) (48).
pTM3 contains a unique Ncol site and a polycloning region
immediately 3’ to the T7 promoter and the encephalomyo-
carditis virus (EMC) internal ribosome entry site (IRES)
(16). This system yields high levels of protein expression by
using vTF7-3, a vaccinia virus recombinant which expresses
the T7 DNA-dependent RNA polymerase (20). In addition,
pTM3 contains flanking vaccinia virus DNA and a dominant
selectable marker which readily allow rescue of the corre-
sponding vaccinia virus recombinants (see below).
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TABLE 2. HCV mammalian expression constructs
Construct? HCV restriction site? Vector site® C-terminal g
residue (no.)
pTM3/HCV 1-3011 Apall (335), Xbal® Necol, Spel 0
pBRTM/HCV 1-3011 Apall (335), Xbal® Ncol, Spel 0
pBRTM/HCV 827-3011 NcoE, Xbal® Ncol, Spel 0
pBRTM/HCV 1-2940 Apall (335), Ndel (9158) Ncol, Pacl 6
pBRTM/HCV 1-2813 Apall (335), Nrul (8776) Neol, Stul 0
pBRTM/HCV 1-2508 ApalLl (335), HindIII (7861) Ncol, Pacl 0
pBRTM/HCV 1-2398 Apall (335), BamHI (7529) Ncol, Stul 0
pBRTM/HCV 1-2205 ApaLl (335), Pvull (6954) Ncol, Pacl 0
pBRTM/HCYV 1-2101 Apall (335), SnaBI (6642) Ncol, Pacl 0
pBRTM/HCV 1-2051 ApalLl (335), Sse83871 (6493) Ncol, Pacl 0
pBRTM/HCV 1-1957 ApaLl (335), Bsu36I (6209) Ncol, Stul 1
pBRTM/HCYV 1-1864 ApaLl (335), Bsml (5934) Ncol, Stul 3
pBRTM/HCV 1-1773 ApaLl (335), Sspl (5659) Ncol, Stul 1
pBRTM/HCV 1-1692 ApaLl (335), Nael (5414) Ncol, Stul 3
pBRTM/HCV 1-1676" ApaLl (335), Hincll (5366) Ncol, Stul 1
pBRTM/HCV 1-1546 Apall (335), Smal (4976) Necol, Stul 3
pTM3/HCV 1-1488 Apall (335), BamHIE" Ncol, Pstl 0

4 The numbers refer to the portion of the HCV polyprotein encoded by each construct. Flanking residues present in the polyproteins are not included. For all
of the constructs except pPBRTM/HCYV 827-3011, three additional N-terminal residues (Met-Cys-Thr) are predicted to be present prior to the Met residue initiating
the HCV polyprotein (see Materials and Methods).

b Restriction sites in the HCV cDNA used for the plasmid constructs. Nucleotide numbers in parentheses refer to the positions of these sites in the full-length
HCV H-strain sequence (14), assuming that the 5’ noncoding region of HCV H and HCV type 1 (8, 28) are the same length. Restriction sites shown in bold type
indicate that protruding ends were treated with either the Klenow fragment of DNA polymerase I or T4 DNA polymerase prior to ligation to produce blunt ends.
All constructs contained the expected sequences at the ligation junctions except as noted above.

< Restriction sites in plasmid vectors used for cloning. Sites shown in bold type indicate that protruding ends were treated with either the Klenow fragment of

DNA polymerase I or T4 DNA polymerase prior to ligation to produce blunt ends.
4 Number of predicted non-HCV C-terminal residues prior to the first termination codon.

€ This Xbal site is in the pPGEM-3Zf(+) HCV(H) 17-8958 polylinker.

/ In both pBRTM/HCV 1-2940 and pBRTM/HCV 1-1676, two nucleotides were found to be deleted at the 3’ ligation junction during subcloning.
& For constructs beginning with residue 827 or ending with residue 1488, the restriction sites used for cloning, Ncol and BamHI, respectively, were derived

by PCR.

% In the case of pTM3/HCV 1-1488 the HCV cDNA fragment containing the PCR-engineered termination codon and BamHI site was obtained from
pH2JC1/HCV N3.8C2 as an EcoO47111(2848)-Nisil fragment which was subcloned into pTM3/HCV 1-966 (EcoOA47111-Pstl) (27).

pTM3/HCV 1-3011 was constructed by several subcloning
steps and contains the entire HCV ORF and short 5" and 3’
flanking sequences (cDNA from nucleotide 336 to 9389). The
HCV cDNA sequence is located immediately 3’ to the Ncol
site of pTM3 which had been filled in with the Klenow
fragment of E. coli DNA polymerase I. The 5" DNA se-
quence (5'-...CCATGTGCACCATGA. . . -3') contains
the ATG corresponding to the preferred translation initiation
site of the EMC IRES followed, in frame, by the ATG which
initiates the long HCV ORF. This results in the addition of
three non-HCV amino acid residues to the N terminus of the
predicted translation product. The 3’ flanking sequence is
5'-. . . TGAACGGGGAGCTAGGGGATCCTCTAGT. . .
-3’, where the termination codon of the HCV OREF is shown
in boldface and the underlined nucleotides correspond to the
remnants of the pTM3 Spel restriction site inactivated
during subcloning. pTM3/HCV 1-1488 contains an amber
termination codon, engineered by PCR, following residue
1488 of the HCV ORF.

Since near-full-length HCV clones in pTM3 were found to
be difficult to propagate, a plasmid derivative with a lower
copy number and tetracycline resistance was constructed by
using pBR322 (designated the pBRTM series). The Xbal-
Pvul fragment of pTM3/HCV 336-9389F, which contains the
HCV cDNA insert as well as the flanking vaccinia virus
sequences, was inserted into pBR322 (2) which had been
digested with Dral and EcoRI. Prior to ligation, both DNA
fragments were treated with T4 DNA polymerase in the
presence of deoxynucleoside triphosphates. In the parental
plasmid, pBRTM/HCV 1-3011, the HCV cDNA coding
sense is oriented in the same direction as ter transcription.

The subcloning strategies for other pBRTM expression
constructs used in these studies are summarized in Table 2.

Two expression constructs, pTM3/HCV 1-1488 and
pBRTM/HCV 827-3011, were used to construct vaccinia
virus recombinants. The corresponding vaccinia virus-HCV
recombinants, VHCV 1-1488 and vHCV 837-3011, were
generated by marker rescue on CV-1 cells (42) and identified
by using the gpt selection method (17). Recombinant viruses
were plaque purified three times under selective conditions
prior to growth of large-scale stocks.

Vaccinia virus transient-expression assays. For expression
assays utilizing vaccinia virus-HCV recombinants, the indi-
cated cell types were infected with vIF7-3 alone or in
combination with vHCV1-1488 or vHCV 827-3011 by using a
multiplicity of infection of 5 PFU per cell of each recombi-
nant (as determined on BSC-40 monolayers). After 30 min at
room temperature, the inoculum was removed and replaced
with MEM containing 2% FBS. At 2 h postinfection, mono-
layers were washed once with prewarmed MEM lacking
methionine and labeled by incubation for 4 h at 37°C with
MEM containing 1/40 the normal concentration of methi-
onine, 2% FBS, and 50 uCi of 3°S-translabel (ICN) per ml.

Expression assays of transfected plasmid constructs uti-
lized subconfluent monolayers of BHK-21 cells in 35-mm
dishes (approximately 10° cells) which had been previously
infected with vTF7-3 (5 to 10 PFU per cell) in 0.2 ml MEM
for 30 min at 37°C. After removal of the inoculum, cells were
transfected at 37°C by using a mixture consisting of 1 pg of
plasmid DNA and 12.5 pg of Transfectam (Promega) in 0.5
ml of MEM. After 2.5 h, the transfection mixture was
removed and the cells were incubated for 4 h at 37°C in 0.5



1388 GRAKOUI ET AL.

ml of MEM containing 1/40 the normal concentration of
methionine, 2% FBS, and 40 p.Ci of *>S-translabel (ICN) per
ml.

Cell lysis, immunoprecipitation, and protein analyses. La-
beled monolayers were washed with phosphate-buffered
saline, lysed with a solution of 0.5% SDS containing 20 pg of
phenylmethylsulfonyl fluoride per ml (~0.3 ml per 10° cells),
and sheared by repeated passage through a 26-gauge needle.
If the lysates were not used immediately, aliquots were
stored frozen at —70°C. Before use, samples were heated at
70°C for 15 min, diluted into the immunoprecipitation buffer
containing Triton X-100 and carrier bovine serum albumin
(57), and clarified by centrifugation at 16,000 x g for 15 min.
Portions of each lysate were incubated with the indicated
HCYV region-specific antisera (usually 5 pl), and the immune
complexes were collected by using Staphylococcus aureus
Cowan strain I (Calbiochem) as described previously (57).
Immunoprecipitates were solubilized and analyzed by SDS-
PAGE (39, 63). After treatment for fluorography by using
either diphenyloxazole (40) or En*Hance (Du Pont), gels
were dried and exposed at —70°C by using prefogged (40)
X-ray film (Kodak). The apparent molecular weights of
HCV-specific antigens were estimated by comparison with
14C-methylated marker proteins (Amersham).

RESULTS

Identification of HCV polyprotein processing products. To
examine the synthesis and processing of HCV proteins in
mammalian cell cultures, a series of expression plasmids
were assembled from HCV H strain cDNA clones (Fig. 1C).
These constructs were designed for expression of HCV
polyproteins by using the vaccinia virus-T7 system, either by
using a plasmid transfection protocol or by rescue of vac-
cinia virus-HCV recombinants (VHCV). Uncapped mRNA
transcripts were made by the T7 DNA-dependent RNA
polymerase encoded by vaccinia virus recombinant vTF7-3
and contained the EMC 5’ IRES in order to achieve efficient
cap-independent translation of HCV coding regions. To
identify HCV-specific polyproteins and cleavage products,
subregions of the HCV polyprotein were expressed in E.
coli, purified, and used to produce a panel of polyclonal
rabbit antisera suitable for immunoprecipitation of SDS-
denatured HCV antigens (Table 1; Fig. 1B).

Two vaccinia virus recombinants encoding overlapping
polyproteins were used to produce the [**S]Met-labeled
HCV-specific products shown in Fig. 2. vHCV1-1488 is
predicted to express an HCV polyprotein which initiates
with 3 extra N-terminal residues followed by the first 1,488
residues of the HCV ORF (Fig. 1). The second recombinant,
vHCV827-3011, begins at Met-827 in the putative NS2 region
and extends to the end of the HCV ORF. These two
recombinants were used since preliminary experiments indi-
cated that C-terminal HCV polypeptides were underpro-
duced in cells expressing the entire HCV polyprotein (either
infected with vHCV1-3011 or transfected with pPBRTM/HCV
1-3011). However, products of identical immunoreactivity
and size identical to those shown in Fig. 2 are observed in
expression studies with constructs expressing the full-length
polyprotein (26).

Figure 2A shows the products immunoprecipitated from
SDS-denatured extracts from vHCV-infected BHK-21 cells.
Antiserum WU120, directed against a fusion protein contain-
ing HCV polyprotein residues 1 to 142, immunoprecipitated
a protein of 21 kDa which is thought to represent the HCV
capsid protein. Antiserum WU122, which was directed
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FIG. 1. HCV genome structure, region-specific antisera, and
expression constructs. (A) Diagram of the HCV H strain genome
RNA is shown with the 5’ and 3’ noncoding regions (NC) indicated
by lines and the long ORF denoted as a box. It is not known if the
H strain genome RNA contains a 5'-terminal cap structure or a
3'-terminal poly(A) (28) or poly(U) (36, 52, 67) tract. The locations
of the putative structural proteins (30), the basic capsid protein (C)
and two envelope glycoproteins, E1 and E2, are shown. Regions of
the polyprotein containing predominantly uncharged amino acids
are indicated as black bars. In this report, the nomenclature used to
describe the remaining regions of the HCV polyprotein is based on
that of the flaviviruses (for a review, see reference 4) and assumes
similar functional organization (8, 47, 67). It appears that HCV may
not encode a protein analogous to the secreted nonstructural NS1
glycoprotein of flaviviruses (64). Following E2, the HCV polypro-
tein contains a hydrophobic portion, like the NS2 region of flavivi-
ruses, which precedes a putative serine proteinase domain (1) and
NTPase and helicase motifs (23) which are present in the flavivirus
NS3 protein (58, 74). Following the NS3 region is another hydro-
phobic region called NS4. The remaining portion of the ORF is
referred to as the NS5 region, and the C-terminal part of this coding
sequence contains the Gly-Asp-Asp motif characteristic of RNA-
dependent-RNA polymerases (53). (B) The portions of the HCV
polyprotein used as immunogens for production of polyclonal rabbit
antisera are indicated as black lines. Above each line is the desig-
nation for each antiserum as used in this report; below each line is
the region of the polyprotein present in each expression construct
(numbered from the first Met residue in the long HCV ORF). See
Table 1 and Materials and Methods for further details. (C) Summary
of the HCV polyprotein expression constructs used in this study
(Table 2). Polyprotein 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 genome shown in panel A.

against the putative HCV E1 envelope protein sequences,
weakly immunoprecipitated a diffuse 31-kDa protein. Sur-
prisingly, this polypeptide was also immunoprecipitated by
antisera WU105 and WU107, which are directed against the
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FIG. 2. Identification of HCV polyprotein cleavage products.
BHK-21 monolayers were infected with vTF7-3 alone (—) or coin-
fected with vTF7-3 and either vHCV 1-1488 or vHCV 827-3011 (+)
and labeled with 35S-translabel as described in Materials and Meth-
ods. Cell lysates were prepared and immunoprecipitated by using
the indicated HCV region-specific antisera, as described in Table 1
and Fig. 1. As discussed in Results, lysates from cells coinfected
with VHCV 1-1488 were used for immunoprecipitations with region-
specific antisera WU120, WU122, WU105, and WU107. Lysates
from cells coinfected with vVHCV 827-3011 were used for immuno-
precipitations with region-specific antisera WU110, WU117,
WUL111, WU123, WU113, and WUL115. Samples were separated on
SDS-14% polyacrylamide gels. (A) Lysates prepared from BHK-21
cells; (B) lysates prepared from HepG2 A16 cells. HCV-specific
proteins are identified at the left of each panel with the sizes of
protein molecular weight markers indicated at the right.

E2 and NS2 regions of the polyprotein, respectively (see
Discussion). WU105 antiserum also immunoprecipitated dif-
fuse products of 88 and 70 kDa (the smaller product being the
putative E2 glycoprotein). The 88-kDa product was also
immunoprecipitated by WU107 antiserum, which is directed
against the NS2 region, and is therefore called E2-NS2. A
predominant 23-kDa product also reacted with the NS2
region-specific antiserum and is referred to as NS2. Anti-
serum directed against either the putative serine proteinase
domain (WU110) or the helicase-NTPase domain (WU117)
specifically immunoprecipitated a 70-kDa protein, NS3,
which is nearly identical in size to the homologous flavivirus
protein. The HCV NS4 region-specific antiserum (WU111)
reacted weakly with a 27-kDa product. (The 22-kDa HCV-
specific product which is also present in this lane [as well as
some of the other lanes] is an N terminally truncated form of
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the NS2 protein produced by vHCV 827-3011 which often
precipitates nonspecifically.) Antiserum directed against the
N-terminal portion of the NS5 region (WU123) precipitated a
predominant species of 58 kDa, with additional minor slower
mobility forms (up to 68 kDa, but difficult to see in the
exposures shown in Fig. 2), which are collectively called
NSS5A. Antiserum to the middle portion of the NS5 region
(WUL113) reacted with a 68-kDa polypeptide in addition to
NSS5A. This species, called NS5B, was also immunoprecip-
itated by antiserum directed against the C-terminal portion
of the NS5 region (WUL115). Besides these major species,
larger polypeptides, consistent with uncleaved polyproteins,
were identified with several of the antisera (in particular, see
WU110, WU117, WU123, WU113, and WU115). We are
currently studying the kinetics of HCV polyprotein process-
ing (41) and the identification of these possible processing
intermediates will be discussed in detail elsewhere.

Since hepatocytes are believed to be permissive for HCV
infection and replication (49), we also examined the HCV-
specific proteins expressed in the human hepatoma cell line,
HepG2 A16. Dramatic host-specific differences in processing
were not observed, and results essentially identical to those
discussed above for BHK-21 cells were obtained (Fig. 2B).
Similar patterns of processed products were also found in
CV-1 (monkey kidney) and CHO (hamster ovary) cells (data
not shown).

N-linked glycosylation of HCV polypeptides. To determine
whether any of the HCV-specific proteins expressed by
using this sg/stem contained asparagine-linked carbohydrate,
lysates of *°S-labeled BHK-21 cells were immunoprecipi-
tated with each region-specific antiserum and digested with
endoglycosidase F, which removes both high-mannose and
complex glycans (15). The only HCV-specific polypeptides
converted to faster migrating forms by endoglycosidase F
digestion were E1, E2, and E2-NS2, suggesting that they
contain N-linked glycans (Fig. 3). E1 was converted from a
31-kDa species to a 21-kDa deglycosylated form. The pattern
of E2-specific products was more complex, and at least three
E2-specific endoglycosidase F digestion products were ob-
served. The largest product (62 kDa) was also present in the
sample immunoprecipitated with NS2 region-specific anti-
serum (WU107), and hence probably represents deglycosy-
lated E2-NS2. The two other discrete species, of 41 and 36
kDa, presumably represent deglycosylated forms of E2.
Whether these multiple forms reflect different E2 polypep-
tide backbones or result from other posttranslational modi-
fications is unknown (see Discussion). As mentioned above,
although SDS-denatured lysates are heated before immuno-
precipitation, E1 coprecipitates with the E2 and NS2 region-
specific sera, and deglycosylated forms of E1 can be ob-
served in these samples. These results are consistent with
previous expression studies which have indicated that HCV
E1l and E2 produced in cell-free translation systems (30) or
mammalian (37, 45, 64) or insect cells (45) are both heavily
modified by N-linked glycosylation. The predicted se-
quences of the HCV H strain E1 (polyprotein residues 192 to
383 [30]) and E2 (polyprotein residues 384 to ~750 [30])
proteins contain 5 and 9 potential acceptor sites, respec-
tively, and our data indicate that the majority of these sites
are utilized in mammalian cells (assuming 2 to 3 kDa per
oligosaccharide unit).

HCV antigens recognized by human sera. Although the
majority of the HCV polyprotein was represented in the
antigens used for production of region-specific sera, immu-
nogens from some regions have not be obtained (note the
NS2 region in Fig. 1), and the immunodominant epitopes
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FIG. 3. Endoglycosidase F digestion of HCV glycoproteins. Cell
monolayers were coinfected with vIF7-3 and vHCV 1-1488 and
labeled with 35S-translabel as described in Materials and Methods.
Equivalent portions of the cell lysate were immunoprecipitated with
WU122 (E1 specific), WU105 (E2 specific), or WU107 (NS2 specif-
ic). Immunoprecipitates were resuspended and incubated overnight
in either the absence (—) or presence (+) of endoglycosidase F.
Digestions were conducted essentially as previously described (44
[and references therein]). Samples were separated on SDS-14%
polyacrylamide gels. HCV-specific proteins are identified at the left,
and the sizes of protein molecular weight markers are indicated at
the right. The positions of endoglycosidase F-digested forms (indi-
cated by asterisks) are also indicated. Although not shown, parallel
samples were analyzed from vTF7-3-infected monolayers to unam-
biguously allow identification of the HCV-specific products (see also
Fig. 2).

recognized by our panel of sera have not been defined.
Hence, some HCV-encoded polypeptides may have been
missed in our analyses. In the hope of identifying additional
HCV-specific cleavage products, we examined the reactivity
of serum samples from five HCV-infected patients. Radiola-
beled SDS-denatured lysates were prepared from BHK-21
cells infected with vTF7-3 alone or coinfected with either
vHCYV 1-1488 or vHCV 827-3011. Coinfected lysates which
had been pooled were used for the immunoprecipitation
analyses shown in Fig. 4. All patient sera showed strong
reactivity with NSSA and the 27-kDa NS4 product and
various degrees of reactivity with E1 and C. None of the sera
showed detectable reactivity with NS2 or its truncated form.
A strong band migrating at ~70 kDa was immunoprecipi-
tated by all patient sera, but since E2, NS3, and NS5B all
migrate in this size range it is difficult to interpret these
results. In addition to these species, a small HCV-specific
polypeptide of ~8 kDa, which had not been previously
identified, was immunoprecipitated by serum from patients
R, RJ, DS (weak reaction), and JHF. A similarly sized
species was also observed in longer exposures of immuno-
precipitations of vVHCV 827-3011-infected lysates with the
NS4 region-specific antiserum (WU111), suggesting that this
product is derived from additional processing of the NS4
region (see below).

Fine mapping the positions of HCV nonstructural protein by
deletion analyses. The reactivity of the HCV proteins with
region-specific antisera can be used to roughly map their
locations in the HCV polyprotein. The sizes and immunore-
activities of C, E1, and E2 from our studies are consistent
with previous results from cell-free translation studies which
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FIG. 4. Immunoprecipitation of HCV antigens with human anti-
sera. Lysates from cells infected with vTF7-3 alone (—) or a mixture
of lysates from cells coinfected with vVTF7-3 and either vHCV 1-1488
or vHCV 827-3011 (+) were used for immunoprecipitation with
serum from five different HCV seropositive patients (denoted R, F,
RJ, DS, and JHF. Samples were separated on SDS-14% polyacryl-
amide gels. HCV-specific proteins are identified at the left, and the
sizes of protein molecular weight markers are indicated at the right.

defined cleavages after residues 191 and 383, dependent on
microsomal membranes, to produce the N termini of E1 and
E2, respectively (30). For the NS2 region, a truncated form
of NS2 is produced in lysates infected with vHCV 827-3011
(data not shown). This truncated product is about 1.5 kDa
smaller than the 23-kDa NS2 protein, which suggests that the
N terminus of NS2 is produced by cleavage in the vicinity of
residues 805 to 815. In the case of NS3, alignment with the
homologous flavivirus NS3 proteins predicts a cleavage in
the vicinity of residues 1020 to 1030, which is consistent with
the observed reactivity of HCV NS3 with antiserum directed
against the fusion protein encompassing residues 1039 to
1207 but not the antiserum directed against the NS2 region
(residues 936 to 1032). The locations of the remaining
cleavage sites generating the putative HCV nonstructural
proteins are less well defined. As mentioned above, NS4
region antiserum (WU111) recognized two proteins of 27 and
8 kDa, but their order in the polyprotein cannot be estab-
lished from these experiments. Finally, while the order of
NS5A and NS5B in the polyprotein is clear from the exper-
iments presented in Fig. 2, the location of the 4-5A and
5A-5B cleavage sites can only be roughly localized on the
basis of the apparent sizes and immunoreactivity of these
products.

A more precise map of the locations of the putative HCV
nonstructural proteins was obtained by examining the cleav-
age products from a series of polyproteins with C-terminal
truncations (diagrammed in Fig. 1). It should be noted that
all of these constructs contained the putative HCV serine
proteinase domain (approximately residues 1020 to 1207),
which has been shown to be required for downstream
proteolytic processing (25). Hence, if a C-terminal deletion
does not affect processing at the normal cleavage sites, the
sizes of truncated products should allow rough mapping of
the C-terminal boundaries of HCV proteins. Polyproteins
terminating at residues 2940 or 2813 produced truncated
NS5B-specific products of 63 or 43 kDa, respectively, com-
pared with the 68-kDa NS5B species produced by the
full-length polyprotein (Fig. SA). Normal NS3, NS4 region
products (data not shown), and NS5A (Fig. 5B) were pro-
duced by these constructs, which suggests that NS5B is the
C-terminal HCV nonstructural protein with its C terminus
located at or very near the end of the HCV ORF. Polypro-
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FIG. 5. C-terminal boundaries of the HCV nonstructural proteins. A series of constructs encoding progressive C-terminal deletions (Table
2 and Fig. 1) were used to map the C-terminal boundaries of NS5B (A), NS5A (B), NS4B (C), NS4A (D), and NS3 (E). BHK-21 cells
previously infected with vTF7-3 were transfected with the indicated plasmid DNAs or mock transfected (m) and labeled with 35S-translabel
as described in Materials and Methods. Cell lysates were prepared, and HCV-specific antigens were immunoprecipitated by using rabbit
antiserum WUI115 (A), WU123 (B), or human serum from patient JHF (C, D, and E). Immunoprecipitated proteins were separated by
electrophoresis on 10% (A and B), 14% (C), or 8% (E) polyacrylamide-SDS gels or a 14% polyacrylamide tricine gel (D). In the case of the
NS5A-specific (WU123) immunoprecipitation products (B), it should be noted that a nonspecific protein comigrates with the predominant
form of the NS5A protein. HCV-specific proteins are identified at the left of each panel, and the sizes of protein molecular weight markers

are indicated at the right.

teins terminating at residues 2398, 2205, 2101, or 2051
produced NS3 and NS4 region species identical to the
full-length polyprotein (data not shown; also see Fig. 5C).
However, the construct terminating at residue 2398 pro-
duced an NS5A-specific species of 53 kDa, truncated by
about 5 kDa (Fig. 5B). This suggests that the SA-5B cleavage
site lies between residues 2398 and 2508 (near residue 2440,
on the basis of the size of the truncated NS5A product).
Polyproteins terminating at residues 1957 and 1864 produced
truncated NS4 forms of 25 and 14 kDa (Fig. 5C), respec-
tively, mapping the cleavage site producing the C terminus
of the 27-kDa NS4 region species to between residues 1957
and 2051 (near residue 1975). This protein is subsequently
referred to as NS4B. Analyses to define the C-terminal
boundaries of the 8-kDa NS4 region species and NS3 are
shown in Fig. 5D and E. The polyprotein terminating at
residue 1773 produced the 8-kDa NS4 region species, but
this product disappeared after truncation to residue 1692
(Fig. 5D). This species is subsequently referred to as NS4A,
and the data suggest that the 4A-4B cleavage site lies
between residues 1692 and 1773. The polyprotein terminat-
ing at residue 1692 produced normal NS3; however, the
construct truncated to residue 1676 produced a slightly
larger (~1-kDa) form, suggesting that 3-4A cleavage had
been blocked (Fig. SE). The 1-1546 polyprotein produced a
63-kDa form of the NS3 protein, truncated by about 7 to 8
kDa. These data are consistent with NS3-NS4A cleavage
between residues 1546 and 1676, probably near residue 1665.

Although N- and C-terminal sequence analyses will be
needed to define the precise boundaries of the HCV poly-
protein cleavage products, these results establish a prelimi-
nary map of the HCV H strain-encoded polypeptides and
cleavage sites. The HCV polyprotein organization defined
by these expression studies is C(p21)-El(gp31)-E2(gp70)-
?-NS2(p23) - NS3(p70) - NS4A(p8) - NS4B(p27) - NS5A(p58)-
NS5B(p68). These results are summarized in the diagram
shown in Fig. 6, in which the sizes and locations of the
cleavage products are drawn to scale on the basis of the data
presented in this paper and elsewhere (25, 30).

DISCUSSION

The vaccinia virus transient-expression system has been
used for numerous studies examining processing of RNA
virus polyproteins. In general, the results from these studies
mimic the authentic processing reactions observed in virus-
infected cells. However, since an efficient cell culture repli-
cation system is lacking for HCV, such a comparison is not
yet possible. With this caveat in mind, several points have
emerged from our studies.

Consistent with previous studies (6, 29, 37, 38, 45, 64),
expression of the full-length HCV polyprotein or truncated
derivatives containing the putative structural region led to
the production of a 21-kDa N-terminal product believed to
represent the HCV capsid protein and two glycoproteins
which were heavily modified by N-linked glycosylation,
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FIG. 6. Summary of HCV polyprotein processing products.
HCV cleavage products as identified in this vaccinia virus transient-
expression study are indicated below a diagram of the HCV poly-
protein (labeled as in Fig. 1). Putative cleavage sites for host
signalase identified by cell-free translation studies (30) are indicated
by filled diamonds. In the top diagram, sites of polyprotein cleavage
mediated by unknown proteinases are indicated (?). The nomencla-
ture used for HCV polypeptides follows that of the flaviviruses (55,
56). The observed sizes for HCV proteins (p) and glycoproteins (gp)
are indicated. For the glycoproteins (E1, E2, and E2-NS2), the sizes
of the endoglycosidase F-resistant forms are given in parentheses.
Although not identified in this study, the NS2 region may encode an
additional product(s) (?). The apparent molecular mass of E2-NS2 is
88 kDa, as measured by SDS-12% PAGE, but it migrates as an
82-kDa species on 8% polyacrylamide gels. Asterisks denote pro-
teins with N-linked glycans but do not necessarily indicate the
position or number of sites utilized. See the text for further
discussion.

designated E1 (31 kDa) and E2 (70 kDa). In addition to these
products, an 88-kDa glycoprotein reacting with both E2 and
NS2 region-specific antisera was identified. Preliminary
studies indicate that this E2-NS2 protein may represent a
precursor to E2 (24). However, several observations suggest
that processing in the E2-NS2 region is complex. Endogly-
cosidase F digestion of E2, which migrates as a broad band
on our SDS gels, produces at least two species of 36 and 41
kDa (obvious heterogeneity is also apparent in the 41-kDa
product). The relationship of these two species is not yet
clear. In addition, it is difficult to propose a simple process-
ing model for this region on the basis of the apparent sizes of
the E2 species, NS2, and E2-NS2. The NS2 protein is 23
kDa, with its C terminus predicted in the vicinity of residues
1020 to 1030. Given that cell-free translation studies have
defined the putative signalase cleavage site generating the E2
N terminus after residue 383 (30), this predicts that the
polypeptide backbone of an E2-NS2 precursor should be
~71 kDa. However, the endoglycosidase F digestion prod-
uct derived from the 88-kDa E2-NS2 glycoprotein is only 62
kDa. If the N-terminal residue of E2-NS2 is 384, then a
polypeptide with a predicted size of 62 kDa would barely
overlap with the NS2 region used to produce our NS2
region-specific antiserum. Although these products may
simply exhibit aberrant migration on SDS-polyacrylamide
gels, it is also possible that alternative proteolytic processing
or other posttranslational modifications are occurring in the
E2-NS2 region, leading to the production of multiple forms
of E2 with possibly distinct biological functions in HCV
replication. Alternatively, the two endoglycosidase F-resis-
tant forms of E2 could reflect a delayed cleavage in the
maturation of HCV E2, similar to those observed for the
spike glycoproteins of many enveloped viruses (65). Inter-
estingly, pulse-chase studies with a CHO cell line expressing
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the HCV structural region indicate that the 70-kDa form of
E2 is chased to a 68-kDa species (64), although the nature of
this modification has not been defined. Finally, from the
observed versus the predicted sizes of the various E2 and
NS2 species, it is also possible that one or more polypeptides
from the NS2 region have gone undetected in our studies
(labeled ? in Fig. 6). In this regard, a 10-kDa HCV-specific
product appears to be recognized by several human sera
when a nonionic detergent, rather than SDS, is used for
preparation of cell lysates (data not shown). Additional
immunological reagents, kinetic analyses, and N-terminal
sequence data will be necessary to further clarify processing
in this region.

An intriguing observation was that E1 was coprecipitated
by both E2 and NS2 region-specific antisera (Fig. 2 and 4),
even though samples were denatured by heating in SDS prior
to immunoprecipitation. Prior reduction of samples with
dithiothreitol dramatically reduced the amount of E1 asso-
ciated with E2 or E2-NS2, suggesting that these proteins
might be linked, either directly or via other proteins, by
disulfide bonds (24). This point is of particular interest, since
previous studies with hog cholera virus, a pestivirus, have
shown that the three virion glycoproteins are present as
disulfide-linked homodimers (gp44/48 and gp55) and het-
erodimers (gp35-gp55) in purified virions (69), in infected
cells (70), and when expressed via a vaccinia virus recom-
binant (59). This is in contrast to the flavivirus West Nile
virus (WN), in which the envelope protein precursors, prM
and E, are associated as a stable heterodimer in nonionic
detergent, but not by disulfide bridges (73). Although further
studies are needed to clarify the situation with HCV, pre-
liminary analyses with the vaccinia virus expression system
indicate that some but not all of the putative virion envelope
proteins are associated as discrete disulfide-linked oligomers
which are formed soon after synthesis (24).

The HCV-specific proteins produced by processing of the
remainder of the polyprotein are remarkably similar to those
of the pestiviruses and flaviviruses (for reviews, see refer-
ences 4, 10, and 58). The 70-kDa HCV NS3 protein is nearly
identical in size to the homologous NS3 protein of flavivi-
ruses (p80 in the case of some pestiviruses). For flaviviruses
(58) and pestiviruses (75), the N-terminal one-third of this
protein has been shown to function as a serine proteinase
mediating several cleavages in the viral polyproteins, and
similar results have now been obtained for HCV (25). The
remainder of the protein contains motifs characteristic of
NTPases and helicases (23), and for WN virus this domain
has been shown to possess NTPase activity (74). For strains
of the pestivirus bovine viral diarrhea virus (BVDV), a
fascinating correlation has been made between production of
p80 and virus-induced cytopathic effect and fatal mucosal
disease (46 [and citations therein]). In noncytopathic strains, .
the cleavage producing the N terminus of p80 does not
occur, resulting in the production of p125 (p54-p80 polypro-
tein). In cytopathic strains isolated from animals with mu-
cosal disease, which sometimes occurs after congenital
transmission of BVDV, insertion of host sequences and/or
duplications in the BVDV genome RNA allow production of
both p125 and p80 (46). Thus far, it appears that processing
at the equivalent cleavage site (2-3) occurs efficiently in
flavivirus-infected cells (58) and for the HCV H strain (at
least as assayed by transient expression using vaccinia
virus). Whether the efficiency of the 2-3 cleavage in these
viruses will also correlate with the severity of cytopathic
effects and pathogenesis remains to be determined. Given
the growing number of divergent HCV isolates (68; see
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reference 33 for a review) and the high mutation rate and
evolution of this virus during chronic infection of primate
hosts (43, 50, 51, 71), it will be of interest to see if
strain-specific differences in processing which correlate with
clinical disease can be found.

Immediately C terminal to the NS3 protein, the relatively
hydrophobic NS4 region is processed to yield two proteins,
NS4A (8 kDa) and NS4B (27 kDa). Similar processing events
occur in this region of the flavivirus and pestivirus polypro-
teins, but the function of these small proteins in virus
replication is unknown. For most flaviviruses, NS4A has
been difficult to identify because of a lack of immune
reagents and possible instability of the protein, but this
region of the polyprotein encompasses about ~16 kDa of
protein coding sequence. In pestiviruses, the corresponding
region is processed to yield the p10 protein. The following
protein, NS4B or p30 for the pestiviruses (46), appears to be
similar in size for all three flavivirus genera. Finally, two
proteins are derived from the HCV NS5 region, NS5A (58
kDa) and the C-terminal NS5B product (66 kDa). The HCV
NS5B protein is predicted to contain the RNA-dependent
RNA polymerase activity on the basis of the presence of the
characteristic Gly-Asp-Asp sequence (residues 2737 to 2739)
and surrounding conserved motifs (53). This is similar to the
case for pestiviruses, which also produce two cleavage
products, called p58 and p75. In flaviviruses, the NS5 region
is not further processed but remains as a single polypeptide
of ~100 kDa (905 residues in the case of yellow fever virus).

The experiments reported here have given us a prelimi-
nary picture of HCV polyprotein organization and process-
ing. However, this view is far from complete, and additional
studies are needed to define polyprotein cleavage sites and
the responsible proteinases and to verify that the products
observed in these expression studies are similar to those
produced in authentic HCV infections. Such information
should prove valuable for expression and characterization of
HCV-encoded enzymes as potential targets for antiviral
therapy and will allow future studies to be undertaken to
assess the involvement of individual HCV polypeptides in
the establishment of chronic infections, virus-induced cyto-
pathic effects (if this is the case), and evasion of immuno-
logical surveillance and to determine if these proteins play a
direct role in the association of HCV with hepatocellular
carcinoma.
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