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The NS3 protein of hepatitis C virus (HCV) possesses protease activity responsible for the proteolytic
cleavage of the viral polyprotein at the junctions of nonstructural proteins downstream of NS3. The NS3
protein was also found to be internally cleaved. In this study, we demonstrated that internal cleavages
occurred on the NS3 protein of genotype 1b in the presence of NS4A, both in culture cells and with a mouse
model system. No internal cleavage products were detected with the NS3 and NS4A proteins of genotype
2a. Three potential cleavage sites were detected in the NS3 protein (genotype 1b), with IPT402�S being the
major one. The internal cleavage requires the polyprotein processing activity of NS3 protease, but when
supplemented in trans, the internal cleavage efficiency is reduced. In addition, several mutations in NS4A
disrupted the internal cleavage of NS3 but did not affect polyprotein processing, indicating that NS4A
contributes differently to these two proteolytic activities. Furthermore, Ile-25, Val-26, and Ile-29 of the
NS4A protein, important for the NS4A-dependent internal cleavages, were also shown to be critical for the
transforming activity of NS3, but mutations at these critical residues resulted only in a slight increase of
HCV replicating efficiency. The internal cleavage-associated enhancement of the transforming activity of
NS3 was reduced when a T402A substitution at the major internal cleavage site was introduced. The
multiple roles of NS4A in viral multiplication and pathogenesis make NS4A an ideal molecular target for
HCV therapy.

Hepatitis C virus (HCV) is a member of the family Fla-
viviridae with a single-stranded, positive-sense RNA of 9.6
kb that encodes a polyprotein of approximately 3,000 amino
acid residues (8, 18, 35). The polyprotein precursor is fur-
ther processed into structural and nonstructural proteins by
cellular signal peptidase and viral proteases. Cleavage at the
NS2-NS3 junction occurs autoproteolytically with the NS2-3
protease (15), whereas cleavage of the downstream non-
structural proteins is mediated by the viral NS3 serine pro-
tease (3, 10, 14).

The viral NS3 protein has multiple functions. The N-
terminal-one-third region possesses protease activity, and
the C-terminal-two-thirds region contains NTPase and RNA
helicase activities. In addition, previous studies indicate that
the N-terminal domain of the NS3 protein has the potential
for cell transformation (30, 41, 43). Subcutaneous inocula-
tion of nude mice with cells previously transfected with a
plasmid that expresses a C-terminal deletion NS3 protein
induced tumor formation (16). Mechanisms of NS3 involved
in cell transformation are not fully understood. Neverthe-
less, the transforming ability of NS3 was abolished when
cells were treated with the protease inhibitors phenylmeth-
ylsulfonyl fluoride and tosylsulfonyl phenylalanyl chloro-
methyl ketone (43). This indicates that protease activity is
required for the transforming activity of the HCV NS3 pro-

tein. Furthermore, internal cleavages of the NS3 protein
have been reported. One study demonstrated that the cleav-
age occurs at the QRR462�G site in the NS3 helicase domain
and is probably mediated by a cellular protease (33). How-
ever, another study demonstrated that the internal NS3
cleavage is NS3-4A protease dependent and occurs at
FCH369�S and IPT402�S sites (41). In addition, the naturally
truncated form of NS3 spanning amino acid residues 1 to
402 has a greater oncogenic potential than full-length NS3
(41).

HCV NS4A acts as a cofactor of the NS3 serine protease
and interacts with the N terminus of NS3 through its central
hydrophobic domain (2, 4, 11, 31, 36, 39). The interaction
increases the stability of both the NS3 and NS4A proteins.
Several hydrophobic residues in the central region of NS4A
involved in the interactions were demonstrated to be important
for its cofactor function (6, 20, 23, 32).

In this study, we demonstrated that internal cleavage of the
HCV NS3 protein has genotype specificity and is mediated by
an NS4A-dependent NS3 protease activity. In addition, amino
acid residues of the NS4A protein involved in the internal
cleavage of NS3 are different from those required for the
cofactor activity of the NS3 serine protease. Single amino acid
substitutions at Ile-25, Val-26, and Ile-29 of the NS4A protein
affected the interaction between NS3 and NS4A and abolished
the internal cleavage of NS3 but retained the polyprotein pro-
cessing activity. The key residues for the internal cleavage of
NS3 were also shown to be critical for the transforming activity
of NS3. We propose that through binding to the NS3 protein,
NS4A mediates the internal cleavage of NS3 and enhances the
transforming activity of NS3.
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MATERIALS AND METHODS

Construction of expression plasmids. (i) Plasmids pcDNA-HCV-SG and
pcDNA-HCV-SG-154. Plasmids pcDNA-HCV-SG (21) and pcDNA-HCV-SG-
154 represent HCV subgenomic replicons that consist of the HCV internal
ribosome entry site, the neomycin resistance gene, and the encephalomyocarditis
virus internal ribosome entry site fused to the HCV sequences of genomic type

1b (Taiwanese strain) from NS3 to NS5B, including the 3� noncoding region, as
shown in Fig. 1. Both plasmids encode a viral polyprotein from NS3 to NS5B with
identical sequences except for three amino acid residues in the NS3. Plasmid
pcDNA-HCV-SG has Leu-94, Leu-104, and Ile-153 in the NS3 protease domain,
whereas pcDNA-HCV-SG-154 was derived from a variant clone that has Met-94,
Pro-104, and Asn-153.

FIG. 1. Schematic representation of the HCV RNA genome and NS(3-4A) constructs. Open bars represent the coding regions of the HCV
genomic and subgenomic RNAs. Variable residues within the NS3 protease domain of the HCV subgenomic replicons HCV-SG and HCV-SG154
are indicated. Numbers mark the positions of the amino acid residues. The NS(3-4A) region is enlarged to represent the domains of the NS(3-4A)
constructs used in this study. Templates and primers used to generate the NS(3-4A) constructs are indicated. cDNA fragments are shown as black
lines, and tags at the C termini are shown as gray lines. Constructs with V5, His, or both V5 and His tag are indicated. Internal cleavage sites in
the helicase domain of NS3 are marked.
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(ii) Plasmid pcDNA-NS(4B-5An)-V5HisTopo. For the construction of plasmid
pcDNA-NS(4B-5An)-V5HisTopo, plasmid pcDNA-HCV-SG was used as a tem-
plate to perform PCR to generate an NS(4B-5An) DNA fragment encompassing
the HCV cDNA sequences of the full-length NS4B and the N-terminal 155
amino acid residues of NS5A. The NS(4B-5An) DNA fragment was cloned into
pcDNA3.1D/V5-His-TOPO (Invitrogen) to generate plasmid pcDNA-NS(4B-
5An)-V5HisTopo encoding a V5His-tagged NS(4B-5An) protein.

(iii) Plasmids pcDNA-X-V5HisTopo, pcDNA-X-V5, pcDNA-X-HisTopo,
pcDNA-X(J)-V5HisTopo, and pcDNA-X(J)-V5. X represents the HCV NS(3-4A)
protease of HCV genotype 1b and a series of its derivatives, whereas X(J)
represents those of genotype 2a. Generation of plasmids pcDNA-NS3-
V5HisTopo and pcDNA-NS4A-V5HisTopo has been described previously (21).
Similar approaches were taken to generate other pcDNA-X-V5HisTopo plas-
mids. In brief, DNA fragments were amplified from templates as shown in Fig.
1 with various primers and cloned into pcDNA3.1D/V5-His-TOPO. For con-
struction of plasmid pcDNA-X-V5, plasmid pcDNA-X-V5HisTopo was digested
with AgeI restriction endonuclease and treated with the Klenow fragment of
DNA polymerase I prior to a further digestion with HindIII restriction endonu-
clease. The resultant X-V5 fragments were cloned into pcDNA3.1(�), from
which the polylinker sequences between XbaI and HindIII had been deleted and
the XbaI end blunted. For generation of the series of plasmids pcDNA-X(J)-
V5HisTopo and pcDNA-X(J)-V5, DNA fragments were amplified from replicon
JFH-1 (19) with genotype 2a-specific primers. To construct plasmid pcDNA-X-
HisTopo, pcDNA-X-V5HisTopo was first digested with XhoI and AgeI restric-
tion endonucleases and then treated with the Klenow fragment of DNA
polymerase I prior to self-ligation. Plasmid pcDNA-scNS3-HisTopo encodes
His-tagged single-chain NS3, NS4A(21-34)-GG-NS3(2-181)-His, as described
elsewhere (9, 37).

(iv) Substitution mutants of pcDNA-NS3-V5, pcDNA-NS4A-V5, and pcDNA-
HCV-SG. Amino acid substitutions were generated by the QuikChange Multi
site-directed mutagenesis kit (Stratagene) with primers that introduce specific
mutations into the wild-type plasmids. The T402A mutation was introduced into
the wild-type plasmid pcDNA-NS3-V5 to generate pcDNA-NS3(T402A)-V5,
while the mutations G8AV9A, Y16AC17A, G21A, S22A, V23A, V24A, I25A,
V26A, R28A, I29A, L31A, S32A, and K34A were independently introduced into
the plasmid pcDNA-NS4A-V5 to generate a series of NS4A mutant plasmids. To
generate pcDNA-HCV-SG-NS4A(I25AV26A), the I25AV26A double mutation
was introduced into the plasmid pcDNA-HCV-SG.

(v) Plasmid pAdTrack-NS3-V5His. Plasmid pAdTrack-NS3-V5His contains a
dual cytomegalovirus (CMV) promoter positioned in opposite orientations to
drive the expression of green fluorescent protein (GFP) and a V5His-tagged
NS3 protein. For generation of plasmid pAdTrack-NS3-V5His, pcDNA-NS3-
V5HisTopo (21) was digested with HindIII and PmeI restriction endonucleases.
The resultant NS3-V5His DNA fragment was cloned into the HindIII-EcoRV
sites of pAdTrack-CMV.

Cell lines and expression of recombinant proteins in culture cells. Huh7 cells
(a human hepatoma cell line) and NIH 3T3 cells (a mouse fibroblast cell line)
were maintained at 37°C in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum plus 100 units of penicillin and 100 �g of streptomycin/
ml. Expression of recombinant proteins in Huh7 cells was performed by infecting
cells with recombinant vaccinia virus (vTF7-3) harboring the T7 RNA polymer-
ase gene, followed by DNA transfection with the Lipofectin reagent as described
previously (17). Expression of recombinant proteins in NIH 3T3 cells was per-
formed by DNA transfection with the Lipofectamine 2000 reagent (Invitrogen).

In vitro transcription and RNA transfection. In vitro transcription was carried
out with T7 RNA polymerase and DNA templates, pcDNA-HCV-SG and
pcDNA-HCV-SG-NS4A(I25AV26A), previously linearized with XbaI. Follow-
ing RNase-free DNase (Promega) treatment and phenol-chloroform extraction,
the RNA transcripts were used to perform RNA transfection in Huh7 cells with
Lipofectin reagent (Invitrogen). Plasmid pCMV-Luc (25) linearized with BamHI
was cotransfected as an internal control.

Reverse transcription, PCR, and real-time PCR. Forty-eight hours after RNA
transfection, total RNA was isolated from the transfected cells. Reverse tran-
scription was performed as described previously (21) with the primer 5�-GCTC
TAGAATTCGCCAGCCCCCTGATGG-3�, which can specifically anneal to the
antigenomic strand of HCV subgenomic RNA. PCR was carried out with the
primer set 5�-AGTACCACAAGGCCTTTCGC-3� and 5�-CTGTCTTCACGCA
GAAAGCG-3� to amplify the antigenomic strand of HCV subgenomic RNA. In
addition, the primer set 5�-GAGATCTCACGCAGGCAGTT-3� and 5�-TTTTG
TGCCAGAGTCCTTCGA-3� was used in parallel to detect luciferase mRNA as
a control of transfection efficiency. Real-time PCR was carried out using the
same sets of primers and Power SYBR Green PCR Master Mix (Applied Bio-

systems) and analyzed with the ABI Prism 7900HT sequence detection system
(Applied Biosystems).

Expression of transgenes in mice by hydrodynamics injection. Hydrodynamics
injection was performed as previously described (24) with modifications. In brief,
20 �g each of the plasmids pAdTrack-NS3-V5His and pcDNA-NS4A-V5 was
injected into the tail vein of 4- to 5-week-old BALB/c mice in a volume of saline
equivalent to 10% of the body mass of the mouse (2 ml for a mouse of 20-g body
mass). The total volume was delivered within 5 to 8 s. Eight to twenty-four hours
after injection, mice were sacrificed. Expression of the viral proteins in the mouse
livers and generation of internal cleavage products of the NS3 protein were
analyzed by Western blot analysis.

Coimmunoprecipitation and Western blot analysis. Coimmunoprecipitation
and Western blot analysis were performed as described previously (21).

Polyprotein processing activity of NS3 protease. The polyprotein processing
activity of the NS3 protease was examined by cotransfecting Huh7 cells with
plasmids encoding V5-tagged NS3 protease and NS4A cofactor and a plasmid
representing the substrate protein NS(4B-5An)-V5His, unless indicated other-
wise. Two days posttransfection, the transfected cells were harvested and sub-
jected to Western blot analysis. Antibody specific to the V5 tag was used for the
detection of V5-tagged NS3, NS4A, NS(4B-5An)-V5His, and NS5A(1–155)-
V5His.

Soft agar assay. To analyze colony formation in soft agar, 2 ml bottom agar
mixture containing 0.7% agar in F12 medium with 10% fetal calf serum was
layered over each well of a six-well plate. NIH 3T3 cells (5 � 104) harvested 24 h
posttransfection were resuspended in Dulbecco’s modified Eagle’s medium con-
taining 0.35% agar and overlaid onto the bottom agar. Colonies were counted
after incubation at 37°C for 4 weeks in a CO2 incubator.

Nucleotide sequence accession number. The cDNA sequence encoding
the NS3 to NS5B proteins of HCV genotype 1b (Taiwanese strain) has been
deposited in EMBL under accession number AM494937.

RESULTS

NS4A is required for internal cleavage of NS3 both in cul-
ture cells and with the mouse model. Internal cleavages of the
HCV NS3 protein have been reported previously. One study
reported that an internal cleavage occurs at the QRR462�G site
and is mediated by a cellular protease (33), while the other
demonstrated two other sites of internal NS3 cleavage, at
IPT402�S and FCH369�S, that are dependent on NS3-4A pro-
tease activity (41). In this study, we found that internal cleav-
ages of the NS3 protein occur only in the presence of the viral
NS4A protein (Fig. 2). In addition, one major and two minor
cleavage products of the NS3 protein with a C-terminal V5 tag
were detected by Western blot analysis when Huh7 cells were
cotransfected with NS3-V5- and NS4A-V5-encoding plasmids
(Fig. 2A). The internal cleavage of the NS3 protein was also
observed when hydrodynamics injection was performed to co-
express NS3 and NS4A proteins in mouse liver. Nevertheless,
only one major cleavage product was detected (Fig. 2B). Based
on the molecular size and its comigration (data not shown)
with the major cleavage product detected in Fig. 2A, we
propose that the major cleavage product represents the V5His-
tagged C-terminal domain of the NS3-V5His protein gener-
ated from cleavage at the IPT402�S site.

Sequence analysis of the HCV polyprotein revealed the sub-
strate specificity of the NS3 protease to be D/EXXXXC/
T2S/A (14). When analyzing the putative sites of internal
cleavage of the genotype 1b NS3 protein used in this study,
both the P1 (Thr-402) and P1� (Ser-403) positions in the
VSVIPT402�S cleavage site matched the conserved sequences.
However, only the residue at the P1� position (Ser-370) of
HLIFCH369�S coincided with the conserved NS3 protease
cleavage sequence, while no sequence conservation was ob-
served with SRSQRR462�G. Thus, amino acid mutation at Thr-
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402 was introduced into the NS3-expressing plasmid. Huh7
cells were cotransfected with the NS3(T402A) mutant plasmid
and the NS4A-V5 expression plasmid, followed by Western
blot analysis. As shown in Fig. 2C, mutation at Thr-402 nearly
abolished the generation of the major cleavage product of NS3.
The results indicate that the major cleavage product is gener-
ated from the cleavage at IPT402�S.

Polyprotein processing activity of the NS3 protease is re-
quired for NS4A-dependent internal NS3 cleavage. To exam-
ine whether the polyprotein processing activity of the NS3
protease is required for the internal cleavage of NS3, an NS3
polyprotein processing system was established. Huh7 cells were
cotransfected with plasmids encoding the NS3 protease and
the NS4A cofactor and a plasmid representing the V5His-
tagged HCV protein encompassing the full-length NS4B and
the N-terminal 155 amino acid residues of the NS5A protein,
designated NS(4B-5An)-V5His. The NS(4B-5An)-V5His fu-
sion protein served as a substrate that underwent proteolytic
cleavage by the NS3 protease to produce NS4B and NS5A(1-
155)-V5His in the presence of NS4A (Fig. 3). Furthermore,
NS3pd-V5, an NS3 variant that does not process the polypro-
tein substrate, was used in this study. As shown in Fig. 3,
neither the proteolytic processing product NS5A(1–155)-
V5His nor the internal cleavage products were detected with
the NS3pd protein even in the presence of NS4A. These results
indicate that in addition to NS4A, polyprotein processing ac-
tivity of the NS3 protease is required for the internal cleavage
of NS3.

Internal NS3 cleavage requires polyprotein processing ac-
tivity that can be supplemented in trans and can occur in the
context of NS(3-4A). Although no internal cleavage products
were detected with the NS3pd protein, we found that the
function-deficient NS3pd protein can be internally cleaved by a
functional NS3 protease supplemented in trans. In the pres-
ence of NS4A and a functional NS3 protease, a major cleavage
product was detected by antibodies specific to the V5 tag of
NS3pd (Fig. 4A). Nevertheless, the efficiency of internal cleav-

age was significantly reduced. Moreover, the internal cleavage
of NS3pd also occurred by the supplementing of a single-chain
NS3 protease that contains the NS4A sequences from amino
acid residues 21 to 34 fused to the N terminus of NS3
[NS4A(21-34)-GG-NS3(2-181)-His] (Fig. 4A). A single-chain
NS3 protease was previously shown to be enzymatically ac-
tive and have a higher protease activity than the noncovalent
complex of NS3 and NS4A, presumably due to the short
linker that connects NS4A and NS3 protease peptides co-
valently (9, 37).

To further examine whether NS4A can facilitate the internal
cleavage of NS3 in cis, plasmids encoding NS(3-4A) and
NS(3pd-4A) fusion proteins were used to transfect Huh7 cells.
The results demonstrated that the junction between NS3 and
NS4A in the NS(3-4A) protein can be spontaneously cleaved.
In addition, proteins representing the internal cleavage prod-
ucts of NS3 fused to NS4A-V5 were detected (Fig. 4B). When

FIG. 2. Internal cleavage of the NS3 protein in the presence of NS4A. (A) Internal cleavage of NS3 in Huh7 cells. Plasmids encoding V5-tagged
HCV NS3 and NS4A proteins were cotransfected into Huh7 cells. Cell lysates were harvested 2 days posttransfection for Western blot analysis with
anti-V5 antibody. (B) Internal cleavage of NS3 in mouse liver tissue. Plasmids pAdTrack-NS3-V5His and pcDNA-NS4A-V5 were introduced into
mouse liver tissue by hydrodynamics injection. Western blot analysis was performed with tissue homogenates prepared at 8 or 24 h after injection
as indicated with antibody against the V5 epitope. GFP coexpressed with NS3 from pAdTrack-NS3-V5His was analyzed in parallel as an internal
control. (C) Effect of T402A mutation on the internal cleavage activity of NS3. Plasmids encoding V5-tagged HCV proteins as indicated were
transfected into Huh7 cells. Cell lysates were harvested 2 days posttransfection for Western blot analysis with anti-V5 antibody.

FIG. 3. Requirement of NS3 polyprotein processing activity for
internal cleavage of NS3. Plasmids encoding V5-tagged NS3, NS3pd,
NS4A, and the substrate NS(4B-5An) proteins as indicated were co-
transfected into Huh7 cells. Two days posttransfection, cells were
harvested to perform Western blot analysis with antibody specific to
the V5 epitope.
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the NS(3pd-4A) protein was applied, no internal cleavage
products were generated. Nevertheless, similar to the case of
NS3pd, internal cleavage of NS(3pd-4A) became detectable
when a functional NS3 was coexpressed in trans (Fig. 4C).
Taken together, these results indicate that the internal cleav-
age of NS3 requires NS4A and functional NS3 protease. It can
also occur in the context of NS(3-4A), but when NS3 is sup-
plemented in trans, the internal cleavage efficiency is reduced.
In addition, the result from the study of single-chain NS3
indicates that only the middle domain of the NS4A protein,
from amino acid residues 21 to 34, is required to facilitate the
internal cleavage of NS3.

Critical residues of NS4A involved in the internal cleavage
of NS3 are separable from its cofactor activity for polyprotein
processing. NS4A interacts with NS3 through its middle do-
main and regulates the polyprotein processing activity of the
NS3 protease (23). In this study, we have shown that internal
cleavage of NS3 requires the polyprotein processing activity of
NS3 in the presence of NS4A (Fig. 3). However, it is not clear
whether the requirement of NS4A for the internal cleavage is
fully dependent on its cofactor activity for the NS3 protease.
To identify critical residues of NS4A involved in the NS4A-
dependent NS3 internal cleavage and to examine the correla-
tion between the occurrence of internal cleavage and the

NS4A-dependent polyprotein processing activity of NS3, a se-
ries of substitution mutations in the middle domain of NS4A,
spanning amino acid residues 21 to 34, were introduced into
the wild-type NS4A-expressing plasmid (pcDNA-NS4A-V5).
Plasmids representing the V5-tagged NS3 protease, the NS4A
cofactor, and a V5His-tagged polyprotein processing substrate,
NS(4B-5An), were cotransfected into Huh7 cells. Two days
posttransfection, cells were harvested and Western blot anal-
ysis was performed with anti-V5 antibody to detect the internal
cleavage products of NS3 and the substrate processing product
NS5A(1–155)-V5His. Surprisingly, NS4A-dependent cleavage at
the junction of NS4B and NS5A was processed efficiently under
all conditions examined, whereas NS4A(I25A), NS4A(V26A),
and NS4A(I29A) completely blocked the generation of the inter-
nal cleavage products (Fig. 5). These results clearly demonstrate
that residues Ile-25, Val-26, and Ile-29 of NS4A are important for
NS4A-dependent NS3 internal cleavage activity. The observation
that amino acid residues of NS4A involved in the internal cleav-
age of NS3 are separable from those required for the cofactor
activity of the NS3 serine protease indicates that different mech-
anisms of NS4A are involved in internal NS3 cleavage and
polyprotein processing activities.

Interactions between NS3 and NS4A mutant proteins in
culture cells. NS4A is known to complex with and stabilize NS3

FIG. 4. NS3 protease activity required for internal cleavage can be supplemented in trans. Plasmids encoding proteins as indicated in panels A to C
were cotransfected into Huh7 cells. Two days posttransfection, cells were harvested for Western blot analysis with antibodies specific to the V5 epitope
and the His tag of the recombinant proteins as indicated. (A) Internal cleavage of NS3pd protein in the presence of functional NS3 supplemented in trans.
(B) Autoprocessing of NS(3-4A)-V5 protein. (C) Internal cleavage of NS(3pd-4A) protein by functional NS3 supplemented in trans.

FIG. 5. Effects of NS4A mutation on internal NS3 cleavage and polyprotein processing at the NS4B/NS5A boundary. Huh7 cells were
cotransfected with plasmids encoding the NS(4B-5An)-V5His substrate, NS3-V5, and the wild type (WT) or a mutant form of the NS4A-V5 protein
as indicated. Western blot analysis was performed with anti-V5 antibody 2 days posttransfection to detect the substrate NS(4B-5An)-V5His, the
processing product NS5A(1–155)-V5His, and the V5-tagged NS4A, NS3, and NS3 internal cleavage products.
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(6, 23). Whether the interaction between NS3 and NS4A di-
rectly involves the internal cleavage of NS3 or facilitates the
cleavage mediated by an unidentified mechanism is not clear.
To examine possible effects of the NS4A mutations on the
interactions between NS4A and NS3, coimmunoprecipitation-
Western blot analysis was performed following a cotransfec-
tion of Huh7 cells with plasmids representing the His-tagged
NS3 protein and a V5-tagged mutant form of NS4A. As shown
in Fig. 6, NS4A(I25A), NS4A(V26A), and NS4A(I29A) mu-
tants failed to coprecipitate with the NS3 protein, indicating
that mutations at residues Ile-25, Val-26, and Ile-29 of the
NS4A protein affected the interaction between NS3 and NS4A
in culture cells. However, as shown in Fig. 5, these three NS4A
mutants retained cofactor activity to facilitate NS3-mediated
polyprotein processing at the NS4B/NS5A boundary. These
results indicate that even though NS4A is required for both
polyprotein processing and internal cleavage of NS3, their re-
quirements for the strength of NS3-NS4A interactions are
quite different. It is possible that the internal cleavage requires
a stronger or a more stable association between NS3 and

NS4A. With the Ile-25, Val-26, or Ile-29 mutation, the inter-
action between NS4A and NS3 becomes either unstable or too
weak to be detected in the assay system, but this weak inter-
action could still support proteolytic cleavage at the NS4B/
NS5A boundary.

Effects of NS4A mutations on transforming activity of NS3
internal cleavage products. In Fig. 2C, we demonstrate that
the T402A mutation diminishes the production of the major
internal cleavage product of NS3. The NS3(1-402) protein,
which represents the N-terminal domain of NS3 from amino
acid residue 1 to 402, was previously demonstrated to have an
oncogenic potential greater than that of wild-type NS3 (41).
We proposed that through binding to the NS3 protein, NS4A
mediates internal cleavage of NS3, which in turn enhances the
transforming activity of NS3. Transforming activity of NS3 with
or without coexpression of NS4A and their mutant forms was
examined by soft agar assay. As shown in Fig. 7A, NIH 3T3
cells expressing the NS(3-4A) protein had a 3.4-fold-greater
transforming activity than the cells expressing the NS3 protein
alone. Coexpression of NS4A with wild-type NS3 enhanced the

FIG. 6. Interactions between NS3 and NS4A mutant proteins in culture cells. Huh7 cells were cotransfected with plasmids encoding the
NS3-His protein and NS4A-V5 or its mutant protein as indicated. Cell lysates were harvested 2 days posttransfection to perform coimmunopre-
cipitation (IP) with anti-His antibody, followed by Western blot (WB) analysis with anti-V5 antibody. Inputs represent 5% of the cell lysates used
in the coimmunoprecipitation assay.

FIG. 7. Transforming activity of NS3 in the presence of wild-type NS4A and its mutants. (A) NS4A enhances the transforming activity of the
NS3 protein. Plasmids encoding the wild-type NS3 protein or its mutant forms were independently transfected into NIH 3T3 cells with or without
coexpression of wild-type NS4A. Fifty-thousand transiently transfected cells were used in the soft agar assay. Relative transforming activities were
calculated by normalization of the colony numbers to that with the NS3 protein. (B) Effects of NS4A mutations on transforming activity of NS3.
NIH 3T3 cells were cotransfected with plasmids encoding NS3 and NS4A or its mutants as indicated for the soft agar assay. Relative transforming
activities were calculated by normalization of the colony numbers with coexpression of NS3 and NS4A to that with the NS3 protein alone. Results
shown represent averages for three (A) or two (B) independent experiments.
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transforming activity up to 5.3-fold. Nevertheless, when NS4A
was coexpressed with the NS3(T402A) mutant, the relative
transforming activity was reduced (compare lane 5 to lane 3).
In addition, NS3(1-402) showed a transforming activity of 4.5-
fold. Previous studies also suggested a cellular protease-medi-
ated internal cleavage of NS3 at QRR462�G (33), but biological
significances of the internal cleavage were not determined. In
this study, we showed that the N-terminal NS3 protein, NS3(1-
462), had a transforming activity up to 6.2-fold that of the
full-length NS3, and only negligible transforming activity was
detected with the C-terminal NS3 protein, NS3(367–631).

To further understand the effects of NS4A mutation on the
transforming activity of NS3, plasmids encoding NS4A mutants
with a single amino acid substitution were independently cotrans-
fected into NIH 3T3 cells with an NS3-encoding plasmid, fol-
lowed by soft agar assay. As shown in Fig. 7B, neither the V23A
mutation nor the V24A mutation had an effect on the ability of
NS4A in enhancing the transforming activity of NS3. However,
the transforming activity was significantly reduced when NS4A
(I25A), NS4A(V26A), or NS4A(I29A) was coexpressed with
NS3. The transforming activity of NS3 correlated very well with
the presence of the NS3 internal cleavage products shown in Fig.
2 and 5, indicating an association of the internal cleavage products
of NS3 with the transforming activity.

Internal cleavage and transforming activity of the NS3/4A
protein of HCV genotype 2a. Amino acid sequence comparison
among NS(3-4A) proteins of different HCV genotypes re-
vealed a conservation at QRR462�G, but the conservation at the
IPT402�S internal cleavage site was not observed among geno-
types 2, 3, and 5 (Fig. 8A). In addition, amino acid residues
Val-26 and Ile-29 of the NS4A protein, identified as critical for
the internal cleavage activity of the NS3 protein of genotype 1b
(Fig. 5), were not conserved among genotypes 2, 4, and 6,
either (Fig. 8B). It is not clear whether the sequence difference
correlates to the internal cleavage activity and the variation of
clinical severity of liver diseases in patients infected with dif-
ferent HCV genotypes. The HCV JFH-1 clone that belongs to
genotype 2a has IPA402�Q in the NS3 protein and Ile-26 and
Leu-29 in the NS4A protein. JFH-1 has previously been dem-
onstrated to replicate efficiently in Huh7 cells (19) and to
produce secretable viral particles that are infectious for both
Huh7 cells and chimpanzees (40). Whether internal cleavage
of the NS3 protein could occur in the genotype 2a JFH-1 clone
was examined by coexpressing NS3 and NS4A proteins of
either genotype 2a or genotype 1b in Huh7 cells. The results
showed that internal cleavage of NS3 occurred only when NS3
and NS4A were both from genotype 1b (Fig. 9A). However,
with NS3 and NS4A proteins both from genotype 2a, the

FIG. 8. Conservation of the critical amino acid residues involved in internal NS3 cleavage. Alignment of a partial sequence of the NS3 protein
(residues 361 to 480) (A) or full-length NS4A (B) from various HCV genotypes, including 1a-H77 (NC_004102), 1b-NIHJ1 (D89815), 1b-Con
(AJ238799), 1b-JS (D85516), 1b-TwSg39 (AM494937), 2a-JFH-1 (AB047639), 2a-HC-J6 (D00944), 2b-J8G (D10988), 2c-BEBE1 (D50409), 3a-NZL1
(D17763), 4a-ED43 (Y11604), 5a-EUH1480 (Y13184), and 6a-EUHK2 (Y12083). Arrows in panel A indicate the sites of internal NS3 cleavage.

VOL. 81, 2007 MULTIPLE ROLES OF NS4A IN HCV PROTEIN PROCESSING 8005



NS(4B-5An) polyprotein substrate of genotype 1b was cleaved
at an efficiency comparable to that of the activity of the geno-
type 1b protease. Altogether, these results suggest that both
IPT402�S of the NS3 protein and Val-26 and Ile-29 of the NS4A
protein are required for the internal cleavage of NS3. Trans-
forming activity of the NS3/4A protein of the genotype 2a
JFH-1 clone was further examined. As shown in Fig. 9B, NS3
of genotype 2a had transforming activity slightly greater than
that of genotype 1b, but with the coexistence of the genotype
2a NS4A protein, the transforming activity increased only
slightly. The results clearly demonstrate a correlation between
genotype-specific internal cleavage activity and transforming
activity of NS3. They also suggest a possible contribution of the
internal NS3 cleavage to the significant differences in clinical
severity for patients infected with different HCV genotypes
(26, 34, 42). The minor increase of the transforming activity of
NS3(JFH-1) in the presence of NS4A may result from the
function of NS4A in stabilizing the NS3 protein.

Effect of internal NS3 cleavage on replication of HCV sub-
genomic RNA. Internal cleavage of NS3 disrupts the structure
of the helicase domain known to be important for HCV rep-
lication. To analyze whether internal cleavage of the NS3 pro-
tein has any effect on HCV RNA replication, a double muta-
tion, I25AV26A, was introduced into the NS4A sequences of
plasmid pcDNA-HCV-SG, which represents the subgenomic
replicon of HCV genotype 1b. Two days posttransfection of
the wild-type and mutant replicon RNA into Huh7 cells, re-
verse transcription was performed, followed by PCR/real-time
PCR to analyze the production of the antigenomic RNA as an
indicator of RNA replication. As shown in Fig. 10, the level of
antigenomic RNA in cells transfected with the NS4A(I25A
V26A) mutant replicon was slightly higher than that of the
wild-type-transfected cells. This suggests that internal cleavage

of the NS3 protein would downregulate the replication effi-
ciency of HCV RNA, possibly due to a disruption of the RNA
helicase activity of NS3. Nevertheless, the effect was limited.
Since the internal cleavage of NS3 is always incomplete even in
the presence of a higher dose of NS4A (data not shown), it is
likely that the uncleaved NS3 provides the helicase activity
sufficient for the replication of HCV genomic RNA.

FIG. 9. Internal cleavage and transforming activity of NS3 protein of genotype 2a JFH-1 clone. (A) Internal cleavage activity of NS3 protein
of genotype 2a JFH-1 clone. Plasmids encoding NS3 and NS4A from genotype 1b and genotype 2a were transfected into Huh7 cells with or without
coexpression of NS(4B-5An)-V5His. Western blot analysis was performed 2 days posttransfection with antibody specific to the V5 epitope. “(J)”
indicates proteins of genotype 2a JFH-1 clone. (B) Effect of NS4A protein on transforming activity of NS3 (JFH-1). NIH 3T3 cells were transfected
with plasmids as indicated. Twenty-four hours posttransfection, a soft agar assay was carried out as described in the legend to Fig. 7. Results
represent averages for two independent experiments.

FIG. 10. Effect of internal NS3 cleavage on the replication of HCV
genomic RNA. HCV subgenomic replicon (HCV-SG) and mutant
HCV-SG-NS4A(I25AV26A) RNA were independently cotransfected
into Huh7 cells with control luciferase RNA. Two days posttransfec-
tion, total RNA was isolated to perform reverse transcription and
PCR/real-time PCR as described in Materials and Methods. PCR
products representing the antigenomic strand of HCV RNA were
normalized against control luciferase RNA. A representative image of
reverse transcription-PCR products and relative replication efficiency
compared to those of the wild-type replicon are shown.
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DISCUSSION

In the present study, we demonstrate a genotype-specific
internal cleavage of the HCV NS3 protein (Fig. 9A). The HCV
NS3 protein of genotype 1b could be internally cleaved in the
presence of NS4A (Fig. 2). Using an NS3 variant (NS3pd) that
lacks proteolytic activity on polyprotein processing, we found
that the internal cleavage of NS3 requires a functional NS3
protease (Fig. 3). In fact, the catalytic triad (His-57, Asp-81,
and Ser-139) remained unchanged in the NS3pd protein.
Whether the functional deficiency of NS3pd resulted from an
incorrect conformation of the NS3 protein is not clear. Nev-
ertheless, NS3pd could still act as a substrate and be internally
cleaved when a functional NS3 protein was supplemented in
trans (Fig. 4). In addition, we found that single amino acid
substitutions at Ile-25, Val-26, and Ile-29 of NS4A affect the
interaction between NS3 and NS4A (Fig. 6) and abolish
the internal cleavage of NS3 in transfected cells but retain the
ability to facilitate the proteolytic cleavage at the NS4B/NS5A
boundary (Fig. 5). These results strongly indicate that NS4A
has differential roles involved in the internal NS3 cleavage and
the proteolytic processing of HCV polyprotein. We propose
that internal cleavage requires a more stable interaction be-
tween NS3 and NS4A than that of polyprotein processing.
Details of mechanisms remain to be elucidated.

Internal cleavage of viral NS3 protease/helicase has been
detected in cells infected with dengue virus 2 (1). Internal
cleavage requires both NS3 and its cofactor NS2B (1) and
occurs within the conserved QRR458�GRIGR helicase motif
(38). Internal cleavage was also observed in tick-borne enceph-
alitis virus (29), West Nile virus (5), and plant potyvirus (28). In
a difference from the internal cleavage of the HCV NS3 pro-
tein, which can occur in trans, Bera et al. demonstrated that the
NS2B-NS3 protease of West Nile virus could occur only in cis
(5). Effects of NS3 internal cleavage on the replication of
dengue virus and West Nile virus are not clear. In the case of
potyvirus, internal cleavages separate the N-terminal VPg do-
main from the C-terminal proteinase domain of the NIa pro-
teinase (7) and release a 24-amino-acid peptide from the C
terminus (28). The proteolytic activity of the C-terminally trun-
cated proteinase was less efficient than that of the full-length
proteinase. In this study, we found that in the case of HCV, the
NS4A-dependent internal cleavage of NS3 slightly downregu-
lated the replication of the viral subgenome (Fig. 10) and
produced the N-terminal product NS3(1–402), which has a
greater oncogenic potential than full-length NS3 (Fig. 7).

Although the influence of viral genotypes on clinical severity
for hepatitis C patients remains controversial, most studies
correlate HCV genotype 1b to severe hepatitis and advanced
liver disease (26, 34, 42). In HCV-related cirrhosis and
hepatocellular carcinoma, genotype 1b is predominant. In the
present study, we found that NS4A-dependent internal cleav-
age of NS3 occurred in genotype 1b but not genotype 2a (Fig.
9A). The soft agar assay with NS3 and NS4A mutants (Fig. 7)
linked the NS4A-dependent internal cleavage to the oncogenic
potential of the NS3 protein. Interestingly, the NS4A protein
of genotype 2a had a limited effect on the transforming activity
of NS3 that lacks internal cleavage activity (Fig. 9B). Thus, the
hepatocarcinogenic effect of HCV genotype 1b may associate

with the oncogenic potential of NS3 with internal cleavage
activity.

NS3/4A is responsible for proteolytic processing of the viral
polyprotein for generation of nonstructural proteins important
for viral multiplication. The question is whether further cleav-
age of NS3 within the helicase domain disrupts the helicase
activity and thus affects replication of the viral genome. In this
study, we found that NS4A plays different roles in supporting
HCV polyprotein processing and internal NS3 cleavage (Fig.
5). In addition, the internal cleavage never reached completion
even in the presence of higher levels of the NS4A protein (data
not shown). It is possible that the differential requirements of
NS4A for these two proteolytic activities ensure a maintaince
of helicase activity from the uncleaved NS3 protein to support
the replication of the viral genome. Critical residues of NS4A
involved in the internal cleavage and transforming activity of
NS3 were functionally correlated (Fig. 7). However, mutations
at the critical residues of internal cleavage increased only
slightly the efficiency of viral replication (Fig. 10), indicating
that uncleaved NS3 could provide sufficient helicase activity for
viral replication.

On the other hand, NS3/4A was demonstrated to cleave
cellular proteins, Toll-interleukin 1 receptor domain-contain-
ing adaptor inducing beta interferon (TRIF) and CARD adap-
tor inducing beta interferon (Cardif), to facilitate immune eva-
sion of HCV (12, 22, 27). In addition, the intrahepatic subsets
of immune cells were altered and protection of hepatocytes
from Fas-mediated apoptosis was observed with an NS3/4A
expression transgenic mouse model (13). Whether the NS3
cleavage products are involved in immune modulation needs to
be further studied. Taken together, the multiple functions of
NS3/4A may contribute to the low titer, chronic infection, and
hepatocarcinogenesis of HCV. This makes NS4A an ideal tar-
get for HCV therapy.
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