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Processing of the hepatitis C virus (HCV) H strain polyprotein yields at least nine distinct cleavage products:
NH2-C-E1-E2-NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH. As described in this report, site-directed mutagen-
esis and transient expression analyses were used to study the role of a putative serine proteinase domain,
located in the N-terminal one-third of the NS3 protein, in proteolytic processing of HCV polyproteins. All four
cleavages which occur C terminal to the proteinase domain (3/4A, 4A/4B, 4B/5A, and 5A/5B) were abolished
by substitution of alanine for either of two predicted residues (His-1083 and Ser-1165) in the proteinase
catalytic triad. However, such substitutions have no observable effect on cleavages in the structural region or

at the 2/3 site. Deletion analyses suggest that the structural and NS2 regions of the polyprotein are not required
for the HCV NS3 proteinase activity. NS3 proteinase-dependent cleavage sites were localized by N-terminal
sequence analysis of NS4A, NS4B, NS5A, and NS5B. Sequence comparison of the residues flanking these
cleavage sites for all sequenced HCV strains reveals conserved residues which may play a role in determining
HCV NS3 proteinase substrate specificity. These features include an acidic residue (Asp or Glu) at the P6
position, a Cys or Thr residue at the P1 position, and a Ser or Ala residue at the P1' position.

Hepatitis C virus (HCV) is the recently recognized agent
of the parenterally transmitted form of non-A non-B hepati-
tis (17, 53). It causes the vast majority of transfusion-
associated cases of hepatitis and a significant proportion of
community-acquired hepatitis worldwide (3, 4, 53). Infection
by HCV frequently (perhaps universally) leads to persistent
infections that result in a range of clinical conditions (for
review, see reference 42) from an inapparent carrier state to
severe chronic active hepatitis, cirrhosis, and in some cases

hepatocellular carcinoma (9, 22, 80). Identification of HCV
rapidly led to the development of specific tests to identify
potential HCV carriers among blood donors (53) and has
already reduced the frequency of posttransfusion hepatitis
(1). Although alpha interferon has been shown to be useful
for the treatment of some patients with chronic HCV infec-
tions (24, 25), neither a prophylactic immunogen nor a highly
effective therapeutic agent has been developed to control
this important public health problem. It is hoped that a

detailed understanding of HCV replication and pathogenesis
will lead to effective means to treat or control infection;
however, basic studies have been impeded by the fact that
HCV does not replicate appreciably in cell culture systems
(48, 82), and the only well-defined animal model is the
chimpanzee (2, 43, 86).
At present, the genomes of several strains of HCV have

been molecularly cloned and sequenced (15, 18, 23, 47, 49,
68, 69, 87, 88). Comparative analyses using this sequence
information (64) combined with viral characterization in the
chimpanzee infectivity model (8, 30, 40) indicate that the
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virus is a member of the flavivirus family, which now

includes the classic flaviviruses such as yellow fever virus
(YF) (12) and the animal pestiviruses such as bovine viral
diarrhea virus (BVDV) (31). These viruses are small envel-
oped positive-stranded RNA viruses, with genomes ranging
between 9.5 (HCV) and 12.5 (BVDV) kb in length (19). Viral
genome RNAs contain a single long open reading frame
(ORF) which encodes a polyprotein which is cleaved co- or

posttranslationally into the mature viral proteins. The struc-
tural proteins are encoded by the 5' one-fourth of the ORF,
with the nonstructural proteins encoded in the remainder.
A rough map of the HCV polyprotein cleavage products

has been established by cell-free translation (41) and cell
culture expression (16, 36, 39, 50, 51, 60, 83) studies. For the
HCV H strain (36), the gene order is 5'-C-E1-E2-NS2-NS3-
NS4A-NS4B-NSSA-NS5B-3'. 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
nonstructural proteins, at least some of which may be the
functional equivalents of homologous proteins encoded by
flaviviruses and pestiviruses (reviewed in reference 44). The
NS3 and NS5 proteins are presumed enzymatic components
of the viral RNA replicase (12). The HCV NS3 protein
contains a predicted serine proteinase domain in the N-ter-
minal one-third (7, 64) and motifs characteristic of NTPases
and helicases (35, 64) in the C-terminal portion which are

shared by the homologous NS3 proteins of flaviviruses (11,
14, 27, 73-75, 92) and the homologous p80 protein of BVDV
(94). Studies of the latter two proteins suggest that the serine
proteinase domain mediates several cleavages in the respec-

tive viral polyproteins (11, 14, 27, 73-75, 92, 94). In the case
of the flavivirus West Nile virus, the C-terminal fragment of
NS3 has been partially purified and shown to have NTPase
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activity (92). The Gly-Asp-Asp motif characteristic of RNA-
dependent RNA polymerases (72) is found in the C-terminal
product encoded in these ORFs which corresponds to the
HCV NS5B protein, the NS5 protein of flaviviruses, or p75
of pestiviruses. However, direct evidence that these proteins
function as polymerases is lacking. Although the flavivirus
NS2B protein appears to be an essential component of the
viral serine proteinase (11, 27, 75), the functions of the other
hydrophobic proteins encoded by the NS2 and NS4 regions
are undefined.
For the flaviviruses and pestiviruses it has been shown

that mature viral proteins are' produced by a combination of
host and viral proteinases located both in the cytosol and in
subcellular vesicular compartments (for reviews, see refer-
ences 19 and 78). Cell-free' translation studies indicate that
cleavages generating the HCV structural proteins or precur-
sors (C/El, E1/E2, and perhaps E2/NS2) occur after hydro-
phobic stretches which are catalyzed in the endoplasmic
reticulum lumen by host signalase peptidase (41). Although it
has been proposed that HCV NS3 is a serine proteinase
responsible for cleavages at specific sites in the HCV poly-
protein, this function has not been demonstrated nor have
the cleavage sites been defined. In this study, site-directed
mutagenesis and deletion analysis were used to test the NS3
serine proteinase model and N-terminal sequencing was
used to determine the HCV NS3 proteinase-dependent
cleavage sites.

MATERIALS AND METHODS

Cell cultures and virus growth. The BHK-21 cell line,
obtained from the American Type Culture Collection, and
the A16 subclone of the human hepatoma HepG2 (American
Type Culture Collection) cell line (generously provided by
Alan Schwartz, Washington University, St. Louis, Mo.)
were maintained in Eagle's minimal essential medium
(MEM) supplemented with 2 mM L-glutamine, nonessential
amino acids, penicillin, streptomycin, and 10% fetal bovine
serum (FBS).

Stocks ofvTF7-3, a vaccinia virus recombinant expressing
the T7 DNA-dependent RNA polymerase (33), and various
vaccinia virus-HCV recombinants were grown in BSC-40
monolayers and partially purified (45), and titers of infec-
tious progeny were determined by plaque assay on BSC-40
cells (45).

Expression constructs. Standard methods were used for
recombinant DNA manipulations (81), and subclones con-
taining regions produced by polymerase chain reaction am-
plification (79) were verified by nucleotide sequence analy-
sis. The vaccinia virus-T7 expression plasmid, containing
the entire HCV H strain ORF, pBRTM/HCV 1-3011, and,
beginning at residue 827, pBRTM/HCV 827-3011, have been
described (36). Derivatives which express HCV polyproteins
beginning at residue 936 or 1007 were constructed by using
synthetic oligonucleotides and the polymerase chain reac-
tion (79, 90) to engineer 5' NcoI sites which contained the
methionine codon for translation initiation (CCATGG). For
pBRTM/HCV 936-3011, this methionine residue corre-
sponds to position 936 of the HCV polyprotein. For the
polyprotein expressed by pBRTM/HCV 1007-3011, the en-
gineered NcoI site encodes an additional N-terminal methi-
onine which is followed by residue 1007. pBRTM/HCV
1193-3011 was constructed by ligating the NcoI-NotI (9219)
and BstXI (3910)-NotI (9219) fragments from pBRTM/HCV
827-3011 (numbers in parentheses refer to the positions of
these sites in the full-length HCV H strain sequence [23]).

Before ligation, the NcoI and BstXI sites were treated with
the Klenow fragment of DNA polymerase I and T4 DNA
polymerase, respectively, in the presence of deoxynucleo-
side triphosphates. This results in a construct encoding a
polyprotein with an extra N-terminal methionine followed by
HCV residues 1193 to 3011.

Site-directed mutagenesis of residues in the putative NS3
serine proteinase domain was carried out with synthetic
oligonucleotides and uridylated template DNA essentially as
described (52). The phagemid construct pH3'2J/HCV 827-
1207 was made by subcloning the NcoI-BamHI fragment
from pET8c/HCV N3.8 into pH3'2Jl (37), which had been
digested with the same two restriction enzymes. Uridylated
phagemid template DNA was rescued (55) and used to create
alanine substitution mutations at positions 1078, 1083, 1164,
and 1165 of the HCV polyprotein. The mutant designations
and altered nucleotide sequences [shown in boldface type
relative to the H strain sequence, with the alanine codon(s)
underlined (23)] are as follows: C1078A, 5'-GGGGTC
GCGTGG-3'; H1083A, 5'-CTACGCCGGCG-3'; S1164A, 5'-
GGCfCcTCG-3'; S1165A, 5'-TCCGCGGGG-3'; S1164A
and S1165A, 5'-GGCGCCGCCGGCG-3'. After sequence
analysis of these clones to verify that only the desired
alterations were present, multiple subcloning steps were
used to construct the corresponding pBRTM/HCV 1-3011
derivatives. A triple mutant consisting of H1083A, S1164A,
and S1165A (denoted HSS) was also constructed.
The derivation of vaccinia virus-HCV recombinants

vHCV 1-1488 and vHCV 827-3011 has been described (36).
vHCV 1-3011 HSS, a recombinant expressing the entire
HCV polyprotein with alanine substitution mutations for
some of the residues in the putative NS3 serine proteinase
catalytic triad, was generated by marker rescue on CV-1
cells (56) and identified by the gpt selection method (28). The
recombinant virus was 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 vTF7-3 or vTF7-3 and the
indicated vaccinia virus-HCV recombinants by using a mul-
tiplicity of infection of 5 PFU per cell (as determined on
BSC-40 monolayers) (36). After 30 min at room temperature,
the inoculum was removed and replaced with MEM contain-
ing 2% FBS. At 2 h postinfection, monolayers 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 methionine, 2% FBS, and 50 ,Ci of
Tran35S-label (ICN) per ml.

Expression assays of transfected plasmid constructs uti-
lized subconfluent monolayers of BHK-21 cells in 35-mm
dishes (approximately 106 cells) which had been previously
infected with vTF7-3 (-5 PFU per cell) for 30 min at 37°C.
After removal of the inoculum, cells were transfected with a
mixture consisting of 1 ,g of plasmid DNA and 12.5 ,g of
Transfectam (Promega) in 0.5 ml of MEM. After 1.5 to 2.5 h
at 37°C, the transfection mixture was replaced with 0.5 ml of
MEM containing 1/40 the normal concentration of methi-
onine, 2% FBS, and 50 ,Ci of Tran35S-label (ICN) per ml;
replacement was followed by incubation for 4 h at 37°C.

Cell lysis, immunoprecipitation, and protein analyses. After
labeling, monolayers were lysed in sodium dodecyl sulfate
(SDS) and cellular DNA was sheared by repeated passage
through a 26-gauge needle (36). Immunoprecipitations using
HCV region-specific or human sera and SDS-polyacrylamide
gel electrophoresis were conducted essentially as previously
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HCV H(1075) NGVCWTVYHGAGT [13aa] YTNVDNDLVGWPAPQ [41aa] PISYLKGSSGGPLL
0 S 0O

BVDV (1740) QGGISSVDHVTAG [26aa] EYGVKTDSGCPDGAR [40aa] DLKNLKGWSGLPIF
HgCV (1650) QGGISSVDHVTCG [26aa] EYGVKTDSGCPEGAR [40aa] DLKNLKGWSGLPIF

DGVFHTMWHVTRG
EGTFHTMWHVTRG
EGVFHTMWHVTRG
EGVFHTMWHVTRG
ENVFHTLWHTTRG
GGVFHTMWHVTRG
KGVLHTMWHVTRG

[13aa]
[13aa]
[13aal
[13aa]
[13aa]
[13aa]
[13aa]

WASVKKDLISYGGGW
WADVKKDLISYGGGW
WASVKKDLISYGGGW
WADVRNDMISYGGGW
WGSVKEDRIAYGGPW
WASVKEDLVAYGGSW
WADVREDWVCYGGAW

(43aa]
[43aa]
[43aa]
[43aa]
[43aa]
[44aa]
[43aa]

ALDFKPGTSGSPIV
SLDFSPGTSGSPIV
ALDFKPGTSGSPII
TLDFKPGTSGSPII
SLDYPRGTSGSPIL
ALDYPSGTSGSPIV
PIDLVKGTSGSPIL

TRP
CHT

SQWVVSAAHCYKS [33aa] SLTINNDIMLIKLKS [76aa] GKDSCMGDSGGPVV
ENWVVTAAHCGVT [34aa] SLTINNDITLLKLST [76aa] GVSSCMGDSGGPLV

Chymo # 57 102 195
HCV # 1083 1107 1165

FIG. 1. A trypsin-like serine proteinase domain in flavivirus polyproteins. Aligned sequences of selected members of the flavivirus family
in the regions surrounding the residues in the putative catalytic triad (indicated by arrows) of the serine proteinase-like domain. Shown are

sequences for the HCV H strain (23); two pestiviruses, BVDV (20) and hog cholera virus (HgCV [61]); seven representative flaviviruses,
dengue virus type 1 (DEN1 [32]), dengue virus type 2 (DEN2 [38]), dengue virus type 3 (DEN3 [70]), dengue virus type 4 (DEN4 [57]),
Japanese encephalitis virus (JE [85]), YF (77), and tick-borne encephalitis virus (TBE [58]); and cellular enzymes trypsin (TRP) and
chymotrypsin (CHT). The numbers in parentheses refer to the distance of the first residue shown from the N termini of the polyproteins (HCV
and pestiviruses) or the NS3 protein (flaviviruses). Residues conserved among all viruses are shown in boldface type, and one of the predicted
contact residues (6) in the substrate binding pocket is underlined for the flavivirus enzymes and trypsin. Positions of catalytic residues of
chymotrypsin (Chymo; numbered according to the chymotrypsinogen scheme) and the putative HCV proteinase are given below the
sequences. See references 6, 7, and 34 for further details and additional alignments with cellular proteinases. Residues in the HCV polyprotein
which were mutagenized in this study are indicated by black dots. The single-letter code for amino acids is used: A, Ala; C, Cys; D, Asp;
E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr.

described (36). '4C-methylated marker proteins were pur-
chased from Amersham.

N-terminal sequence analysis. HepG2 A16 monolayers
were coinfected, as described above, with vTF7-3 and
vHCV 827-3011. At 2 h postinfection, infected monolayers
were washed twice in media lacking the amino acid used for
radiolabeling. For preparation of [3H]leucine-labeled NS4A,
NS4B, and NS5A, monolayers were labeled for 3 h in MEM
containing 1/80 the normal concentration of leucine and 150
,uCi of [3H]leucine (147 Ci/mmol; Amersham) per ml. For
preparation of NS5B, monolayers were labeled for 2 h in
MEM lacking leucine and containing 200 ,uCi of [3H]leucine
(135 Ci/mmol; Amersham) per ml. For preparing [3H]valine-
labeled proteins, infected monolayers were labeled for 3 h in
MEM lacking valine and containing 200 ,uCi of [3H]valine (30
Ci/mmol; Amersham) per ml. For preparing [3H]tryptophan-
labeled proteins, infected monolayers were labeled for 3 h in
MEM lacking tryptophan and containing 200 ,uCi of
[3H]tryptophan (31 Ci/mmol; Amersham) per ml. Metabolic
labeling with [35S]methionine was conducted with Tran35S-
label (ICN) under the conditions described above for the
transient expression assays. After labeling, monolayers were
lysed with SDS and the proteins were immunoprecipitated
essentially as described (36). In most cases, material from
_107 cells was used for isolation of radiolabeled proteins for
sequence analysis. NS4A, NS4B, and NS5A were immuno-
precipitated with 20 ,ul of serum from patient JHF (36).
[3H]tryptophan-labeled NS5A was immunoprecipitated with
20 ,ul of polyclonal rabbit antiserum WU123 (36). Radiola-
beled NS5B was immunoprecipitated with 20 ,ul of poly-
clonal rabbit antiserum WU115 (36).

Radiolabeled HCV-specific proteins were separated by
SDS gel electrophoresis, transferred to Immobilon polyvi-
nylidene difluoride membranes (59), and localized by auto-

radiography. Partial amino acid sequence analyses were
performed essentially as described (13).

RESULTS

Evidence for NS3 proteinase-dependent cleavages. On the
basis of the alignment of flavivirus (Fig. 1) polyproteins with
known serine proteinases (7), HCV polyprotein residues
His-1083, Asp-1107, and Ser-1165 in NS3 were predicted to
comprise the catalytic triad of a serine proteinase domain.
To identify cleavages which might be dependent on this
putative HCV serine proteinase, a triple mutant in which
His-1083, Ser-1164, and Ser-1165 were substituted with
alanine residues was constructed. The change at Ser-1164
was included because of the possibility that the serine
residues at either position 1164 or 1165 might be capable of
functioning as the nucleophile of the catalytic triad. On the
basis of the serine proteinase model, these changes are
expected to inactivate the NS3 proteinase and thus provide
a means of identifying proteinase-dependent cleavages.
The effect of these mutations on HCV polyprotein pro-

cessing was examined in transient assays with the vaccinia
virus-T7 hybrid expression system (26, 33, 65) and a panel of
HCV region-specific antisera was used to identify the poly-
proteins and cleavage products (36). For this analysis, the
mutations were incorporated into an expression plasmid
encoding the entire HCV polyprotein (pBRTM/HCV 1-3011
HSS), which was then used to rescue the corresponding
vaccinia virus recombinant, vHCV 1-3011 HSS. Figure 2
compares the patterns of HCV-specific cleavage products in
BHK-21 cells infected with vHCV 1-3011 HSS with those
produced in cells infected with either vHCV 1-1488 orvHCV
827-3011 (36). Previous studies demonstrated that vHCV
1-1488 produces C (21 kDa), El (31 kDa), E2 (70 kDa), NS2

DEN1
DEN2
DEN3
DEN4
JE
YF
TBE

(43)
(43)
(43)
(43)
(43)
(45)
(46)
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FIG. 2. HCV N53 proteinase-dependent cleavages. BHK-21 cell

monolayers were infected with vTF7-3 alone (in) or coinfected with
vTF7-3 and either vHCV 1-1488 (+), vHCV 827-3011 (+), or vHCV
1-3011 HSS (-) and labeled with Tran31S-label as described in
Materials and Methods. Cell lysates were prepared and immunopre-
cipitated with the indicated HCV region-specific antisera (36).
Lysates from cells coinfected with vHCV 1-1488 were used for
immunoprecipitations with region-specific rabbit antiserum WUJ120
(C specific), WU122 (El specific), WVUlO5 (E2 specific), or WU107
(NS2 specific) (36). Lysates from cells coinfected with vHCV
827-3011 were used for immunoprecipitations with region-specific
rabbit antiserum WU1lO (NS3 specific), W;Ulll (NS4 specific),
WU123 (NS5A specific), or WU115 (NS5B specific) (36). Samples
were separated on an SDS-14% polyacrylamide gel. HCV-specific
proteins are identified at the left, with the sizes of protein molecular
mass markers indicated at the right. As previously shown (36), some
El is associated with E2 and E2-NS2 via disulfide linkages and is
immunoprecipitated with these antisera. The 22-kDa HCV-specific
product which is present in variable amounts in the immunoprecip-
itates with NS3-, NS4-, and NS5A-specific sera is an N-terminally
truncated form of the N52 protein produced by vHCV 827-3011,
which often precipitates nonspecifically.

(23 kDa), and a truncated form of the NS3 protein (36). In
addition, a glycosylated E2-NS2 polyprotein of 82 to 88 kDa
is observed. vHCV 827-3011 expresses a truncated form of
the NS2 protein, NS3 (70 kDa), NS4A (8 kDa), NS4B (27
kDa), NS5A (58 kDa), and NS5B (68 kDa). The mature
cleavage products produced by these two overlapping re-
combinants are therefore identical to those produced by
expression of the entire polyprotein (except for the truncated
NS3 and NS2 proteins) (36). These two recombinants were
used since preliminary experiments indicated that C-termi-
nal HCV polypeptides were underproduced in cells express-
ing the entire HCV polyprotein (either infected with vHCV
1-3011 or transfected with pBRTM/HCV 1-3011) (36). As
shown in Fig. 2, the HCV-specific products immunoprecip-
itated with antisera specific for HCV C, El, E2, and NS2
were the same for lysates from vHCV 1-3011 HSS- or vHCV
1-1488-infected cells, suggesting that the NS3 serine protei-
nase is not required for any of these cleavages. In contrast,
instead of the mature cleavage products from the NS3-4-5
region observed in cells infected with vHCV 827-3011, a
large -200-kDa polyprotein reacting with antiserum specific
for NS3, NS4, NS5A, or NS5B was observed in the triple
mutant (this product is difficult to see in Fig. 2, but see
below). The absence of mature products or polyprotein
intermediates suggests that inactivation of the NS3 serine
proteinase domain blocked cleavage at the 3/4A, 4A/4B,
4B15A, and 5A/5B sites.

Further support for the NS3 serine proteinase model via
site-directed mutagenesis. Given that the polyprotein ex-

-m 4

(-~ am 4WA-'

FIG. 3. Effects of substitutions at Cys-1078, His-1083, Ser-1164,
and Ser-1165 on processing. BHK-21 cells previously infected with
vTF7-3 were transfected with plasmid DNA pTM3 (in) or pBRTM/
HCV 1-3011 (wt) or plasmid DNA pBRTMIHCV1-3011 derivatives
with alanine substitutions for the following residues: His-1083,
Ser-1164, and Ser-1165 (HSS); His-1083 (1H1083A); Ser-1164 and
Ser-1165 (SS); Ser-1164 (S1164A); Ser-1165 (S1165A); Cys-1078
(C1078A). As described in Materials and Methods, transfected
monolayers were labeled with Tran31S-label, cell lysates were
prepared, and HCV-specific antigens were immunoprecipitated with
human serum from patient F (36). Immunoprecipitated proteins
were separated by electrophoresis on an SDS-14% polyacrylamide
gel. HCV-specific proteins are identified at the left, with the sizes of
protein molecular mass markers indicated at the right.

pressed by vHCV 1-3011 HSS contained three substitution
mutations, processing defects due to mutation-induced
changes in polyprotein structure, rather than inactivation of
the proteinase, cannot be ruled out. To further address this
concern and to examine the importance of individual resi-
dues for NS3 proteinase activity, the patterns of processed
products from a series of mutant polyproteins were exam-
ined. pBRTMIHCV 1-3011, a T7 expression plasmid encod-
ing the entire HCV polyprotein, or various mutant deriva-
tives were used to transfect BHK-21 cells which had been
previously infected with vTF7-3, a vaccinia virus recombi-
nant which expresses the bacteriophage T7 RNA poly-
merase (33). Radiolabeled cell lysates were prepared and
immunoprecipitated with serum obtained from a patient
chronically infected with HCV (patient F). This patient
serum immunoprecipitates C, El, NS3, NS4B, and NS5A
(Fig. 3 and unpublished observations). As shown in Fig. 3,
results similar to those described above were obtained for
the parental construct and the triple mutant pBRTM/HCV
1-3011 HSS. Substitution of His-1083 or Ser-1165 with
alanine completely blocked production of NS3, NS4B, and
NS5A and, like pBRTM/HCV 1-3011 HSS, resulted in the
production of a polyprotein whose size is consistent with its
identification as NS3-4A-4B-5A-5B (predicted molecular
mass, 215 kDa). This uncleaved polyprotein was also found
for a double mutant which contained alanine substitutions

_-am.
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FIG. 4. N-terminal boundary of the NS3 serine proteinase. A
series of constructs encoding progressive N-terminal deletions was
used to map the N-terminal boundary of the NS3 serine proteinase.
BHK-21 cells previously infected with vTF7-3 were transfected with
plasmid DNA pBRTM/HCV 1-3011 (1-3011), pBRTM/HCV 827-
3011 (827-3011), pBRTM/HCV 936-3011 (936-3011), pBRTM/HCV
1007-3011 (1007-3011), or pBRTM/HCV 1193-3011 (1193-3011) or

mock transfected with pTM3 (Mock) and labeled with Tran35S-label
as described in Materials and Methods. Cell lysates were prepared,
and HCV-specific antigens were immunoprecipitated with human
serum from patient F (36). Immunoprecipitated proteins were sep-
arated by electrophoresis on an SDS-14% polyacrylamide gel.
HCV-specific proteins are identified at the left, with the sizes of
protein molecular mass markers indicated at the right.

for both Ser-1164 and Ser-1165 (Fig. 3, lane SS), which was

included to address the possibility that either of these serine
residues might be capable of functioning as the active site
nucleophile. Substitution of alanine for residues not pre-
dicted to be important for catalysis, Cys-1078 and Ser-1164,
had no effect on processing. These results strengthen our

previous suggestion that the N-terminal domain of NS3
encodes a proteinase necessary for processing in the NS3-
4-5 region and are consistent with the serine proteinase
model in which His-1083 and Ser-1165 are members of the
catalytic triad (7, 12).
NS2 region sequences are not required for NS3 serine

proteinase-dependent cleavages. In the case of several flavi-
viruses, NS2B expressed either in cis or in trans is required
for NS3 proteinase activity (11, 27, 75). To map the N-ter-
minal boundary of the HCV proteinase necessary for pro-
cessing at downstream sites, a series of plasmids encoding
polyproteins with N-terminal truncations was produced. In
HCV, the N terminus of the 23-kDa NS2 protein is in the
vicinity of residues 805 to 815, with the 2/3 cleavage occur-
ring near residues 1020 to 1030 (36). The parental construct,
pBRTM/HCV 1-3011, or derivatives expressing truncated
polyproteins 827-3011, 936-3011, 1007-3011, and 1193-3011
were used to transfect vTF7-3-infected BHK-21 cells. Radi-
olabeled lysates were prepared and immunoprecipitated with
patient F serum. As described above, the parental 1-3011
and 827-3011 polyproteins were processed to yield NS3,
NS4B, and NS5A (this antiserum does not react with NS2,

NS4A, or NS5B), which implied that cleavage had occurred
at the 2/3, 3/4A, 4A/4B, 4B/5A, and 5A/5B sites (Fig. 4). In
the case of the 827-3011 polyprotein, minor amounts of a
larger -90-kDa species were observed, but this product has
not been further characterized. For 936-3011, although
cleavage products NS4B and NS5A were observed, the
70-kDa NS3 protein was not present, implying that either or
both of the 2/3 and 3/4A cleavages had been blocked.
Instead, a major product of -79 kDa and a minor product of
-85 kDa were observed, which is consistent with the
predicted sizes of polyproteins beginning at residue 936 and
terminating at either the 3/4A or 4A/4B cleavage site, respec-
tively. The simplest interpretation of these results suggests
that truncation to residue 936 completely blocked cleavage
at the 2/3 site and slightly impaired cleavage at the 3/4A site.
Further truncation to residue 1007 still allowed efficient
cleavage at the downstream sites, but cleavage at the 2/3 site
appeared to be blocked since a 72-kDa protein but not the
70-kDa NS3 protein was observed. As expected, truncation
to residue 1193, which deletes the majority of the predicted
serine proteinase domain, completely abolished the produc-
tion of NS4B and NS5A and led to the accumulation of a
predominant -200-kDa product and a smear of lower-mo-
lecular-mass species. These results indicate that the majority
of the NS2 region is dispensable for HCV NS3 serine
proteinase activity and that the N-terminal boundary of the
proteinase is C terminal to residue 1007.

N-terminal sequence analysis of NS4A, NS4B, NS5A, and
NS5B. To further refine the map of the HCV nonstructural
proteins and to determine the sequence at the four potential
NS3 proteinase cleavage sites, the N-terminal sequences of
NS4A, NS4B, NS5A, and NS5B were determined. HCV-
specific proteins metabolically labeled with either [3H]leu-
cine, [3H]valine, [35S]methionine, or [3H]tryptophan were
immunoprecipitated with region-specific or human patient
antisera, separated by electrophoresis on SDS-polyacryl-
amide gels, and electroblotted onto Immobilon P membranes
(see Materials and Methods for details). The appropriate
bands were localized and sequenced for 10 to 30 cycles of
Edman degradation. Some of these results are shown in Fig.
5. For each protein, the deduced sequence was sufficient to
unambiguously localize its N terminus in the HCV polypro-
tein. For NS4A, leucine residues were recovered at posi-
tions 5, 10, 13, and 18 and valine residues were recovered at
positions 4, 6, and 9. These data establish the N terminus of
NS4A as residue 1658. For NS4B, leucine residues were
recovered at positions 4 and 13 and methionine residues
were recovered at positions 11 and 12. These data establish
the N terminus of NS4B as residue 1712. Similar data for
NS5A and NS5B indicate that these proteins begin at resi-
dues 1973 and 2421, respectively. The locations of these
cleavage sites, as determined by N-terminal sequence anal-
yses, agree remarkably well with our previous map, which
was determined by expressing a series of polyproteins with
C-terminal truncations (36). Assuming that C-terminal trim-
ming or additional cleavages do not occur in this region,
NS4A is 54 amino acid residues in length (predicted molec-
ular mass, 5,781 kDa), NS4B is 261 residues (predicted
molecular mass, 27,181 kDa), NS5A is 448 residues (predict-
ed molecular mass, 49,074 kDa), and NS5B is 591 residues
(predicted molecular mass, 65,384 kDa). With the exception
of NS5A (and perhaps NS4A), the predicted sizes of these
proteins agree reasonably well with their apparent molecular
masses as estimated by SDS-polyacrylamide gel electro-
phoresis. As noted previously (36), NS5A migrates as a
heterogeneous collection of species on SDS-polyacrylamide
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FIG. 5. N-terminal sequence analysis ofHCV NS4A, NS4B, NS5A, and NS5B proteins. The graphs show uncorrected counts per minute
released per sequencing cycle. From these data, the sequences for NS4A, NS4B, NS5A, and NS5B begin at HCV polyprotein residues 1658,
1712, 1973, and 2421, respectively, and are shown at the top of each graph. In these sequences, the amino acid residues shown in boldface
type indicate the residues determined by N-terminal sequence analysis of radiolabeled HCV-specific proteins; the remaining residues are
deduced from HCV H strain nucleotide sequence data (23, 47). See the legend to Fig. 1 for the single-letter code.

gels, with a predominant band at 58 kDa and minor species
ranging up to 68 kDa. It is possible that NS5A exhibits
aberrant migration under these conditions. However, the
9-kDa discrepancy between the observed size of the predom-
inant form and the size predicted from sequence data (58
versus 49 kDa) could also reflect an as yet undefined
posttranslational modification(s) or alternative proteolytic
processing.
Common features of potential HCV NS3 proteinase cleavage

sites. The N-terminal sequence data obtained in this study
have defined potential cleavage sites for the HCV NS3
proteinase in the NS3-4-5 region. Amino acid sequences
flanking these cleavage sites were aligned for a number of
HCV isolates and are shown in Fig. 6. Given the high degree
of amino acid sequence homology observed among HCV
isolates, conserved features at a given cleavage site, possibly
important for NS3 proteinase specificity, are difficult to
discern. However, when the sequences flanking all four
potential cleavage sites are aligned, several common fea-
tures emerge. A Ser residue is usually found at the P1'
position except for in the Japanese and Taiwanese isolates in
which Ala is found at the 4A/4B site. A Cys residue is
invariant at the P1 position of the 4A/4B, 4B/5A, and 5A/5B
sites, but Thr is found at this position of the 3/4A site.
Finally, all four cleavage sites contain one or more upstream

acidic residues, with an Asp (3/4A, 4A14B, and 4B/5A) or
Glu (5A/5B) residue always found at the P6 position. These
common features suggest that the same enzyme, presumably
the HCV NS3 proteinase, could be directly responsible for
cleavage at these sites. If this is the case, a possible cleavage
site recognition motif for the HCV NS3 proteinase would
appear to be Asp/Glu-X-X-X-X-Cys/Thr I Ser/Ala (where X
is variable). Examination of the HCV H strain polyprotein
for additional sequences conforming to this motif has iden-
tified five additional sites: Asp-2167 Thr-2172 Ser-2173,
Asp-2177 Thr-2182 Ala-2183, Glu-2337 Thr-2342 Ala-2343,
Asp-2779 Thr-2784 Ser-2785, and Glu-2781 Cys-2786 Ser-
2787. Thus far, no products consistent with cleavage at these
alternative sites have been observed, suggesting that addi-
tional factors, such as polyprotein conformation, may play a
role in determining cleavage site preferences of the HCV
NS3 proteinase.

DISCUSSION

The experiments described in this report provide evidence
that the predicted serine proteinase domain located in the
N-terminal one-third of the HCV NS3 protein is required for
efficient cleavage at four sites in the HCV polyprotein. These
serine proteinase-dependent cleavages are all C terminal to

VOL. 67, 1993

?



2838 GRAKOUI ET AL.

H-FDA
H-AP
HCV-1
HCV-J
HCV-BK
HC-J6
HCV-T
HC-J8
HCV-JT, JT

H-FDA
H-AP
HCV-1
HCV-J
HCV-BK
HC-J1, 4
HCV-T
HC-J8
HCV-JT,JT'

H-FDA
H-AP
HCV-1
HCV-J
HCV-BK
HC-J6
HCV-T
HC-J8
HCV-JT
HCV-JT'

H-FDA
H-AP
HCV-1
HCV-J
HCV-BK
HC-J6
HCV-T
HC-J8
HCV-JT, JT'

CMSAfDLEVVT STWVLVGGVL
CMSA_LEVVT STWVLVGGVL
CMSADLEVVT STWVLVGGVL
CMSAfDLEVVT STWVLVGGVL
CMSADLEVVT STWVLVGGVL
CMQADLEVMT STWVLAGGVL
CMSADLEVVT STWVLVGGVL
CMQADLEIMT SSWVLAGGVL
CMSAQLEVVT STWVLVGGVL

YQEFDlEMEEC SQHLPYIEQG
YQEFDEMEEC SQHLPYIEQG
YREFDEMEEC SQHLPYIEQG
YQEFDEMEEC ASHLPYIEQG
YQEFDEMEEC ASHLPYIEQG
YEAFDEMEEC ASRAALIEEG
YQEFDEMEEC ASHLPYIEQG
YQAFDEMEEC ASKAALIEEG
YREFDEMEEC ASHLPYIEQG

WISSECTTPC

WI SSECTTPC
WISSECTTPC
WINEDCSTPC

WINE_CSTPC
WITEDCPIPC

WINEDCSTPC
WITE_DCPVPC
WINEDCSTPC

WINEDCSTPC

GADTEDWCC
GADTEDWCC
EANAEDVVCC
GEAGEDVVCC

EEASEDVVCC
SEEDDSVVCC
EEDGEGVICC
SDQE_SVICC
GEASDDIVCC

SGSWLRDIWD
SGSWLRDIWD
SGSWLRDIWD
SGSWLKDVWD
SGSWLRDVWD
SGSWLRDVWD
SGSWLRDVWD
SGSWLQDIWD
SGSWLKDVWD
SGSWLRDVWD

SMSYTWTGAL
SMSYSWTGAL
SMSYSWTGAL
SMSYTWTGAL
SMSYTWTGAL
SMSYSWTGAL
SMSYTWTGAL
SMSYSWTGAL
SMSYTWTGAL

3/4A (1658)

4A/4B (1712)

4B/5A (1973)

5A/5B (2421)

CONSENSUS D C S

E T A

FIG. 6. HCV NS3 serine proteinase-dependent cleavage sites.
As determined from the N-terminal sequence data shown in Fig. 5,

the 10 amino acid residues surrounding the 3/4A, 4A/4B, 4B1/5A, and
5A/5B cleavage sites are aligned for the H strain as well as other
published HCV sequences. The P1 and P1' positions are shown in
boldface type, and the conserved acidic residue at the P6 position is
underlined. The single-letter code for amino acids is used (see the
legend to Fig. 1). The HCV sequences are from the following
sources: H-FDA (23), H-AP (47), HCV-1 (18), HCV-J (49),
HCV-BK (87), HC-J6 (69), HCV-T (15), HC-J8 (68), and HCV-JT
and HCV-JT' (88).

this domain and produce the N termini of nonstructural
proteins NS4A, NS4B, NS5A, and NS5B. Alignment of the
sequences flanking these four cleavage sites has revealed
conserved features, which suggests that the HCV serine
proteinase may be directly responsible for proteolytic pro-
cessing at all of these sites, although studies using purified
proteinase and defined substrates will be necessary to di-
rectly test this hypothesis.
The polyprotein processing scheme which is emerging for

HCV is remarkably similar to those of the pestiviruses and
flaviviruses (Fig. 7) and further supports their classification
as three genera in the flavivirus family (31). For both HCV
and BVDV, the NS3 and p80 (94) serine proteinases appear
to be responsible for four downstream cleavages which
generate proteins which are similar in size and hydropathic
profiles and contain the same conserved motifs (64). In the
case of flaviviruses such as YF, previous studies have shown
that the 3/4A and 4B/5 cleavages are also mediated by the
NS3 proteinase but that the cleavage generating the N
terminus of NS4B is more likely to be mediated by host

signal peptidase (10, 13, 74, 84). Recent studies, however,
have shown that an additional cleavage site for the YF NS3
proteinase exists just upstream from the 4A/4B signalase site
and that cleavage at this site is required for subsequent
processing at the downstream signalase site (54). Thus, the
involvement of the viral serine proteinases in processing in
the NS3-4-5 region is quite similar for all three groups, with
the exception being the NS5 region, which is not further
processed for flaviviruses.
N terminal to the serine proteinase domain, the processing

strategies of the three groups appear to diverge. From the
results reported here, the HCV NS3 serine proteinase is not
required for cleavage at the 2/3 site and the responsible
proteinase, whether host or virus encoded, has not yet been
elucidated. The situation for the pestiviruses is complex and
varies with different isolates. The homologous cleavage does
not occur in noncytopathic strains of BVDV, resulting in
accumulation of p125 (Fig. 7). For the cytopathic NADL
strain of BVDV, partial processing at this site leads to the
production of three species, uncleaved p125 and two cleav-
age products, p54 and p80 (Fig. 7). While transient expres-
sion assays of truncated BVDV polyproteins in mammalian
cells indicate that this cleavage is dependent on the p80
proteinase (94), the situation is somewhat unclear since
cleavage at this site was not observed when the baculovirus
system was used to express BVDV nonstructural proteins in
Spodoptera frugiperda Sf9 cells (71). Other cytopathic
BVDV isolates appear to have evolved different strategies
for processing at this site, including recombination with host
sequences to provide cleavage sites for host enzymes (such
as ubiquitin isopeptidase [62]) or incorporation of a second
copy of the p20 proteinase (93) which can then produce the
N terminus of p80, presumably via autocatalytic cleavage
(63). In contrast, numerous studies have shown that the
flavivirus NS3 proteinase is responsible for cleavage at both
the 2A/2B and 2B/3 polyprotein cleavage sites (14, 75, 91)
and at an additional site in the YF NS2A region (66).

In the case of the flaviviruses, but not the pestiviruses (93,
94), cleavage at an additional site in the structural region is
believed to be catalyzed by the NS3 proteinase (12). For the
flavivirus West Nile virus, analysis of cell-free translation
products made in the presence of microsomal membranes
indicates that a precursor of the capsid protein with a
C-terminal hydrophobic segment (called anchored C) is
produced by host signal peptidase cleavage (67). This C-ter-
minal segment is not present on the C protein isolated from
mature virions (67), and recent studies using YF have shown
that this cleavage can be catalyzed, at least in vitro, by the
NS2B-3 serine proteinase complex (5). For HCV, cell-free
translation studies also indicate that host signal peptidase
mediates the initial cleavage separating C and El (41), with
the prediction that this form of the C protein would contain
a hydrophobic C-terminal segment. The observation that
mutations inactivating the HCV NS3 serine proteinase made
no difference in the apparent migration of the putative
21-kDa C protein suggests that a proteinase-dependent
cleavage similar to the anchored C cleavage of flaviviruses
does not occur for HCV. However, it remains possible that
additional host factors or viral sequences are required or that
such a cleavage does occur in the vaccinia virus transient
expression system but does not affect the migration of the
protein on SDS-polyacrylamide gels.
The site-specific mutations which abolish HCV NS3 pro-

teinase activity support previous sequence alignments with
members of the trypsin superfamily (7, 12), which predicted
that His-1083 and Ser-1165 would compose two of the three
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FIG. 7. Polyprotein processing schemes of HCV, BVDV, and YF. Diagrams of the HCV H strain (36), BVDV NADL strain (19, 21, 63,

94), and the YF 17D strain (5, 11, 12, 54, 78) polyproteins and cleavage products are shown as boxes. Regions of the polyproteins containing
predominantly uncharged amino acids are indicated as black bars. Putative cleavage sites for host signalase (*), viral NS3 or p80 serine
proteinase (4), putative Golgi proteinases (a), or unknown proteinases (?) are indicated. The proposed autocatalytic cleavage releasing the
N-terminal BVDV p20 protein from the polyprotein (93) is indicated by the curved arrow. The observed sizes for HCV (36) and BVDV (63)
proteins (p) and glycoproteins (gp) are indicated. For the HCV glycoproteins (El, E2, and precursor E2-NS2), the sizes of the
endoglycosidase F-resistant forms are given in parentheses. Demonstrated pestivirus (89) and flavivirus (reviewed in reference 12) structural
proteins and putative HCV structural proteins (41, 44) are shown as shaded boxes. Asterisks denote proteins with N-linked glycans but do
not necessarily indicate the position or number of sites utilized. See the text for further discussion.

residues in the catalytic triad. Mutagenesis studies with
similar results have also been reported for the pestivirus p80
proteinase (94) and the flavivirus NS3 proteinases (14, 91).
The linear alignments of these residues in these viral poly-
proteins are remarkably similar, especially for HCV and the
flaviviruses, but the pestiviruses contain 13 additional amino
acids in between the putative active site His and Asp
residues (Fig. 1). For the flaviviruses, NS2B and NS3 are
both required for proteinase activity (11, 27, 75). The NS2B
sequence can be supplied either as part of the polyprotein or
in trans, and the current model suggests that NS2B interacts
with NS3 to form the functional flavivirus proteinase com-

plex (78). In contrast, the BVDV p80 proteinase appears to
be capable of functioning with only limited upstream se-

quences (-7 kDa) (94). This is similar to the results obtained

here for HCV, in which deleting the majority of the NS2
region sequences did not abolish processing at the 3/4A,
4A/4B, 4B/5A, and 5A/5B sites.

Finally, the definition of potential cleavage sites for the
HCV NS3 proteinase allows a comparison between the
apparent specificities of the HCV and flavivirus NS3 pro-
teinases. Similar data are not yet available for the pestivi-
ruses. As discussed above, the NS2B-3 proteinases of mem-
bers of the flavivirus genus cleave their respective viral
polyproteins at probably six or seven specific sites (Fig. 7).
At these cleavage sites, only the residues at positions P2, P1,
and P1' are highly conserved among all flaviviruses (12, 78).
Basic residues (Arg or Lys) are usually found at the P2 and
P1 positions, with the exception being Gln at the P2 position
of the 2B/3 site of the four dengue virus serotypes. The
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residue at the P1' position of the scissile bond is usually Gly
or Ser, except for Ala (dengue virus type 2) or Thr (Langat
virus) at the 2B/3 site (46). In the case of YF, the importance
of these conserved residues for recognition and cleavage by
the NS2B-3 proteinase has recently been verified via site-
directed mutagenesis (55, 66). As suggested from our stud-
ies, if the HCV NS3 proteinase does indeed cleave at the
3/4A, 4A14B, 4B/5A, and 5A/5B sites, then the cleavage
specificity of this enzyme is distinct from that of the flavivi-
rus enzymes. Similar to the flavivirus enzymes, residues
with small side chains, Ser or Ala, seem to be preferred at
the P1' position. However, polar residues (Cys or Thr) are
found at the P1 position, and acidic residues (Glu or Asp) are
found at the P6 position. Although the importance of these
residues, and possibly other residues flanking the cleavage
sites, in determining cleavage efficiency remains to be
tested, these observations suggest that residues in the pro-
teinase substrate binding pocket which determine substrate
specificity may differ between these two genera. The pro-
posed framework for these viral enzymes, based on struc-
tural and biochemical studies with members of the trypsin
superfamily, has already allowed predictions about critical
residues in the substrate binding pocket important for cleav-
age site specificity (6, 7). Although not experimentally
tested, Asp-189 (chymotrypsinogen numbering; underlined
in Fig. 1), which is conserved among the flavivirus NS3
enzymes and trypsin, is believed to be important for their
preference for cleavage after basic residues (6). A Ser
residue is found at this position of the HCV NS3 proteinase
and a Lys residue is found at this position of the pestivirus
p80 enzymes (Fig. 1). Given these as well as other differ-
ences in proposed contact residues in the substrate binding
pockets (6), it is not surprising that the cleavage site prefer-
ences of the HCV and flavivirus NS3 proteinases appear to
be different. Further, it is expected that the pestiviruses will
exhibit yet another cleavage site specificity distinct from
those of the other two genera.

Besides improving diagnostic assays for detecting HCV
infection, other important goals in HCV research include the
development of effective vaccines to prevent virus infection
and therapeutic agents to eliminate or control virus replica-
tion in infected individuals. The prospects for vaccination
seem distant given recent studies with chimpanzees which
indicate that infection with HCV does not prevent reinfec-
tion with heterologous or even homologous HCV strains (29,
76). In terms of developing inhibitors of HCV replication,
the N-terminal sequences determined in this study and the
preliminary characterization of the HCV NS3 proteinase and
its possible cleavage sites could be important for future work
aimed at developing effective HCV therapy. Future expres-
sion studies, utilizing individual proteins or different com-
binations of HCV cleavage products, may be useful for
characterizing essential viral enzymes, such as the HCV-
encoded RNA-dependent RNA polymerase, and for deter-
mining the possible effects of viral proteins on host cell
biology and immune responses. Regarding the NS3 serine
proteinase, studies with YF have shown that mutations
which abolish NS3 proteinase activity (14) or block cleavage
at specific sites (66) are lethal for virus replication, suggest-
ing that the HCV NS3 proteinase may be an attractive target
for development of antiviral agents. Further studies are now
needed to characterize the structure and activity of this
proteinase and to develop assays which can be used to
identify inhibitors and assess their efficacy at blocking HCV
replication.
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