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The p7 protein of hepatitis C virus (HCV) is a viroporin that is dispensable for viral genome replication but plays a critical role
in virus morphogenesis. In this study, we generated a JFH1-based intergenotypic chimeric genome that encoded a heterologous
genotype 1b (GT1b) p7. The parental intergenotypic chimeric genome was nonviable in human hepatoma cells, and infectious
chimeric virions were produced only when cells transfected with the chimeric genomes were passaged several times. Sequence
analysis of the entire polyprotein-coding region of the recovered chimeric virus revealed one predominant amino acid substitu-
tion in nonstructural protein 2 (NS2), T23N, and one in NS5B, K151R. Forward genetic analysis demonstrated that each of these
mutations per se restored the infectivity of the parental chimeric genome, suggesting that interactions between p7, NS2, and
NS5B were required for virion assembly/maturation. p7 and NS5B colocalized in cellular compartments, and the NS5B mutation
did not affect the colocalization pattern. The NS5B K151R mutation neither increased viral RNA replication in human hepatoma
cells nor altered the polymerase activity of NS5B in an in vitro assay. In conclusion, this study suggests that HCV NS5B is in-
volved in virus morphogenesis.

Hepatitis C virus (HCV) is classified in the Hepacivirus genus of
the family Flaviviridae and encodes a polyprotein of �3,000

amino acids that is cleaved into at least 10 mature proteins by
cellular and viral proteases (43). The three major structural pro-
teins— core and the E1 and E2 glycoproteins (gp)—form viral
particles, and the nonstructural (NS) proteins NS2 to NS5 and p7
are required for viral genome replication and virus morphogene-
sis (19, 30).

The recent discovery of the ability to cultivate HCV in cell
culture (HCVcc) has provided opportunities to investigate and
characterize the roles of the HCV structural and NS proteins in
virus morphogenesis. The p7 protein is not required for RNA
replication (4, 19, 25, 46) but is indispensable for infectious virion
formation (15, 19, 46). p7 is a viroporin and forms functional ion
channels in artificial lipid bilayers (11, 13, 35, 40). In cultured
cells, p7 modulates the acidic pH of the classic secretory pathway
and protects acid-labile intracellular HCV particles (50). The
presence of an HXXXW motif similar to that found in the proto-
type viroporin, influenza virus M2, further indicates that p7 may
function as a proton channel (29, 38). In addition to its ion chan-
nel activity, increasing data suggest that p7 is a multifunctional
protein and plays a role in virus assembly through interaction with
other viral proteins. Among the viral proteins, core and NS2 have
been reported to interact with p7 during infectious virion forma-
tion (18, 26, 33, 39). Identification of other viral proteins that
interact with p7 during virus morphogenesis will lead to a better
understanding of the function of p7 and may identify novel anti-
viral targets for the treatment of hepatitis C.

The HCV NS2 protein of 217 amino acids is an endoplasmic
reticulum (ER) membrane-associated multifunctional protein
that has at least one transmembrane (TM) domain (42, 51). Dur-
ing polyprotein processing, NS2 is cleaved from the precursor
p7-NS2 protein by a cellular signal peptidase, and this process is
modulated by the p7 sequence (7). The C terminus of NS2, inde-

pendently of its N terminus, functions as a viral protease and, in
conjunction with NS3, cleaves the NS2-NS3 junction, resulting in
the production of two mature proteins, NS2 and NS3. The cleav-
age of NS2 from NS3 is essential for RNA replication, presumably
due to the requirement of a free N terminus for a functional NS3.
NS2 and p7 contain TM domains that anchor them to the ER (15,
51). Several reports suggest functional and physical interactions
between p7 and NS2 during virus morphogenesis (18, 26, 39).
However, there is no report suggesting a possible association be-
tween these two proteins and NS5B in virus morphogenesis.

The NS5B protein is an RNA-dependent RNA polymerase
(RdRp) that is responsible for HCV RNA replication. The three-
dimensional (3-D) structure of NS5B has been determined by
several research groups (3, 5, 23, 44). Like other viral RNA poly-
merases, NS5B contains a putative nucleoside triphosphate (NTP)
tunnel through which the NTPs reach the catalytic domain of the
enzyme and are utilized for the synthesis of new viral RNA. Several
viral NS proteins have been suggested to play a role in HCV as-
sembly/maturation (32), but as yet there is no report indicating
such a role for HCV NS5B.

The initial aim of this study was to generate an intergenotypic
chimeric virus that encodes the amantadine-sensitive p7 protein
of genotype 1b (GT1b) (strain J4) (11, 12). However, the replica-
tion-competent parental chimeric genome was assembly defective
and required several passages to produce infectious virus. Nucle-
otide sequencing of the genomes of recovered viruses revealed
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mutations in p7, NS2, and NS5B. Analysis of these mutations
suggested an association between these proteins and provided an
opportunity to investigate the role of HCV NS5B in virus mor-
phogenesis.

MATERIALS AND METHODS
Cells, plasmids, and antibodies. Dulbecco’s modified Eagle’s medium
(DMEM; Gibco/BRL, Gaithersburg, MD) was used to culture the Huh7-
derived HL1 cells and Huh7.5 cells (kindly provided by F. Chisari [Scripps
Research Institute, La Jolla, CA]) as described previously (15). Constructs
containing the cDNA of the wild-type JFH1 genome (pJFH1) and its
replication-defective version (pJFH1-GND) were kindly provided by T.
Wakita (49). The anti-E2 monoclonal antibody (MAb) AP33 (34) was
kindly provided by A. Patel, University of Glasgow, Glasgow, United
Kingdom. Jc1FLAG2(p7-nsGluc2a) (28), referred to as Jc1-Luc in this
study, and anti-NS5A MAb 9E10 (34) were kindly provided by C. Rice
(The Rockefeller University, New York, NY). Jc1-Luc is a modified ver-
sion of Jc1 (37) that encodes a luciferase gene at the p7-NS2 junction, and
the Flag epitope has been fused to the E2 N terminus. A rabbit anti-myc
polyclonal antibody and mouse anti-Flag MAb M2 were purchased from
Santa Cruz Biotechnology and Sigma-Aldrich, respectively.

RT-PCR and sequencing analysis. To sequence the entire HCV ge-
nome, total RNA was extracted from the culture supernatant fluids as
described previously (13, 15). cDNA synthesis and amplification were
performed using a one-step reverse transcription-PCR (RT-PCR) kit (In-
vitrogen) according to the manufacturer’s instructions. The BigDye Ter-
minator kit (Applied Biosystems) and virus-specific oligonucleotides
were used to sequence PCR products and cloned cDNA fragments di-
rectly.

Construction of recombinant plasmids. The construction of the in-
termediate recombinant plasmid 5=JFH-Fp7 has been described elsewhere
(13). This construct contains the 5= untranslated region (5= UTR) and the
core, E1, E2, and partial NS2 genes from wild-type JFH1 and a full-length
or partial p7 gene from an Australian isolate of HCV GT1b (HCV-A) (48).
The p7 proteins of HCV-A and J4 differ by two amino acids located in the
cytosolic loop and TM domain 2 (TM2), respectively (13). Using overlap-
ping PCR, point mutations were introduced into the 5=JFH-Fp7 plasmid
to generate the mutant construct 5=JFH-J4p7, and the sequence was con-
firmed by automated cycle sequencing. The construct was subsequently
digested with EcoRI and KpnI, and the fragment containing the 5= UTR,
core, E1, E2, p7, and partial NS2 genes was substituted for the correspond-
ing fragment of pJFH1. The resultant construct was designated JFH1-
J4p7, and the nucleotide sequence of p7 was confirmed as described pre-
viously (13).

Recombinant plasmids containing wild-type p7 and NS5B or the
NS5B mutant were constructed using standard molecular biology tech-
niques. Overlapping PCR was used to introduce the point mutation into
NS5B. PCR was used to amplify the p7 and NS5B genes from pJFH1and
pHCV-A (48). The Kozak sequence and the translation initiation codon
(ATG) were engineered at the 5= ends of the coding regions. The transla-
tion stop codon (TGA) was inserted at the 3= ends of the coding sequences.
To facilitate the detection of viral proteins, either a myc or a Flag epitope
sequence was engineered at their N or C termini via a linker sequence
(glycine-serine-glycine-serine [GSGS]). The resultant constructs were
named pJFH1p7-Flag (JFH1 p7 fused to the Flag epitope sequence at
its 3= end), Hp7-Flag (HCV-A p7 fused to the Flag epitope sequence at
its 3= end), myc-NS5B (JFH1 NS5B fused to the myc epitope sequence
at its 5= end), and myc-NS5BKR (myc-NS5B encoding the K151R mu-
tation). The oligonucleotides used for the generation of these constructs
are available upon request. The fragments were cloned into a pcDNA3.1
plasmid (Invitrogen) under the control of the cytomegalovirus (CMV)
promoter sequence. To measure the polymerase activity of JFH1 NS5B
using an in vitro assay, the NS5B region was PCR amplified and cloned
into pTrcHis2C (Invitrogen, Mount Waverley, Australia) as described

previously (21). The K151R mutation was introduced into the wild-type
NS5B gene using conventional site-directed mutagenesis.

Mutagenesis of NS2 and NS5B in pJFH1. Overlapping PCR was used
to introduce single and double mutations into the wild-type and chimeric
JFH1 cDNA sequences. The sequences of the oligonucleotides used in
these experiments are available upon request. The final mutated con-
structs were designated T23N-W (W identifies wild-type JFH1) and
T23N-J (J identifies JFH1-J4p7). By a similar strategy, the K151R muta-
tion was introduced into the SnaBI-BsrGI fragments of pJFH1 and JFH1-
J4p7 NS5B. The mutated fragments were cleaved with SnaBI and BsrGI
and were substituted for the SnaBI-BsrGI fragments of pJFH1 and JFH1-
J4p7. The final constructs were named K151R-W and K151R-J, respec-
tively. To generate wild-type and JFH1-J4p7 constructs encoding both
T23N and K151R, the EcoRI-KpnI fragment of K151R-J was replaced by
the corresponding fragment from T23N-W or T23N-J, and the resultant
mutant was designated T23N/K151R-W or T23N/K151R-J, respectively.

In vitro RNA transcription and transfection. RNA transcripts from
HCV cDNA were generated as described previously (13, 15). Briefly, lin-
earized HCV cDNA was used to synthesize in vitro transcripts using either
a MEGAscript kit (Ambion) or an AmpliScribe T7 high-yield transcrip-
tion kit (Epicentre Biotechnologies, Madison, WI). Using DMRIE-C
transfection reagent (Invitrogen), 6 �g RNA was transfected into HL1
cells as described previously (13, 15).

IF and immunoblot analyses. Immunofluorescence (IF) and immu-
noblot analyses were performed as described previously (13, 15). An anti-
NS5A MAb and anti-E2 MAb AP33 were used to detect transfected and
infected cells. To visualize the bound antibodies, an Alexa Fluor 488-
conjugated goat anti-mouse antibody (Molecular Probes) was used. Pro-
pidium iodide or Hoechst stain was used to counterstain cell nuclei, and
the cells were examined with a Bio-Rad or Nikon laser confocal micro-
scope.

Immunoblot analysis was carried out as described previously (15).
Briefly, 4 � 105 HL1 cells were cultured overnight and were transfected
with 4 �g wild-type or chimeric transcripts. At 48 h posttransfection, cells
were washed with cold phosphate-buffered saline (PBS) and were lysed by
adding 50 �l 2� Laemmli buffer (Bio-Rad, Hercules, CA). The lysates
were homogenized by passage through a 25-gauge needle and were dena-
tured at 100°C for 5 min. The proteins were subsequently resolved on a
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel and were transferred to a polyvinylidene difluoride (PVDF)
membrane. The membranes were sequentially exposed to the following
antibodies: goat polyclonal anti-core (ViroStat, Portland, ME), mouse
anti-E2 MAb AP33, and a mouse anti-NS5A MAb, at dilutions of 1/500,
1/2,000, and 1/10,000, respectively. The bound primary antibodies were
detected using appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies and ECL Western blotting detection reagents (Am-
ersham Pharmacia Biosciences) according to the manufacturers’ instruc-
tions.

Virus preparation and titration. At the indicated time points post-
transfection, the supernatant fluids were collected and filtered through
0.45-�m-pore-size filters. To determine the viral titers by using IF, HL1
cells were grown overnight on coverslips and were infected with diluted
samples. At 48 h postinfection, the cells were stained with an anti-E2 or
anti-NS5A MAb, and the bound antibodies were detected as described
above. The number of foci of IF-positive cells was counted when it was
between 10 and 100 per coverslip, and the viral infectivity titer was ex-
pressed as focus-forming units (FFU) per milliliter. To determine the
effects of the identified mutations on virus infectivity, cells grown in du-
plicated wells were transfected with each RNA, and the supernatant fluids
were inoculated into duplicate wells. The average number of focus-form-
ing units (FFU) for the four wells was calculated. To determine intracel-
lular infectivity, viral particles bound to the cell membranes were removed
by trypsinization, and the cells were lysed by four freeze-thaw cycles. The
lysates were clarified by low-speed centrifugation and filtration, as de-
scribed above.
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Colocalization experiments. Colocalization experiments were per-
formed as described previously (15). Briefly, to investigate the colocaliza-
tion of p7 and NS5B and the effects of NS5B K151R on the colocalization
pattern, the constructs encoding the p7-Flag and myc-NS5B proteins (1
�g each) were cotransfected into 8 � 104 Huh7.5 cells that had been
cultured overnight. At 48 h posttransfection, cells were fixed and perme-
abilized with paraformaldehyde and Triton X-100, respectively. The ex-
pressed tagged proteins were detected using a mouse anti-myc MAb (In-
vitrogen) and a rabbit anti–Flag polyclonal antibody at 1/1,000 dilutions.
Alexa Fluor 594-conjugated goat anti-mouse IgG and Alexa Fluor 488-
conjugated goat anti-rabbit IgG were used to detect p7 and NS5B using
laser confocal microscopy.

Quantification of HCV core protein. To measure extra- and intracel-
lular core quantities, we used the Ortho HCV antigen enzyme-linked
immunosorbent assay (ELISA) kit (Ortho Clinical Diagnostics, Inc., To-
kyo, Japan). HL1 cells were transfected with viral transcripts as described
above, and the culture supernatant fluids and cells were collected at 72 h
posttransfection. Culture supernatant fluids and cell lysates were diluted
1/10 and 1/1,000, respectively, before they were used in the assay. The
amounts of core were calculated according to the manufacturer’s instruc-
tions. The average quantities of duplicate samples were calculated and
were normalized to the core quantities of wild-type JFH1.

RNA replication analysis. The quantifiable luciferase encoded by the
HCV genome has been used as a surrogate to quantify RNA replication
(28, 46). To generate HCV RNA encoding luciferase, the Renilla luciferase
gene encoding the first four amino acids of NS2 (YDAP) at its N terminus
was cloned at the p7-NS2 junction as described for the J6/JFH1 chimera
(19). The foot-and-mouth disease virus (FMDV) autoproteolytic peptide
2A was engineered at the C terminus of luciferase to ensure the cleavage of
luciferase from NS2. Jc1-Luc was used as a positive control for luciferase
activity. A total of 7 � 104 HL1 or Huh7.5 cells were seeded into 48-well
tissue culture plates, and the overnight-cultured cells were transfected
with 0.5 �g (per well) wild-type and chimeric JFH1 transcripts encoding
the luciferase gene (in triplicate for each transcript). At 24, 48, and 72 h
posttransfection, intracellular luciferase activity was measured using the
Renilla luciferase assay system (Promega) and a FLUOstar microplate
reader (BMG LabTechnologies). To lyse the cells, 70 �l of Renilla lysis
buffer was added to each well, and 20 �l of this buffer was used in the assay
as described in the manufacturer’s instructions.

In vitro polymerase activity assay. Plasmids containing mutated or
wild-type NS5B were transformed into Escherichia coli BL21 cells by heat
shock for expression as described previously (21). HCV JFH1 NS5B was
purified as described previously (6). In brief, cells were collected by cen-
trifugation and were lysed by sonication. The soluble fraction was loaded
onto a Hi-Trap column (Amersham Biosciences, Buckinghamshire,
United Kingdom) charged with Ni2�, and the histidine-tagged recombi-
nant polymerase was eluted using a binding buffer containing increasing
concentrations of imidazole from 50 to 500 mM. The recombinant poly-
merase was buffer exchanged and was stored at �80°C. The polymerase
activities of the wild-type and mutant NS5B proteins were measured as
described previously (6). Briefly, assays were performed in a final volume
of 15 �l that contained 20 mM Tris-HCl (pH 7.4), 2.5 mM MnCl2, 5 mM
dithiothreitol (DTT), 1 mM EDTA, 500 ng of homopolymeric C RNA
template, 2 U RNasin (Promega), 4 mM sodium glutamate, and increas-
ing concentrations of [3H]GTP (Amersham Biosciences, Little Chalfont,
United Kingdom) ranging from 2 �M to 60 �M. Reactions were initiated
by the addition of 100 nM NS5B, and reaction mixtures were incubated
for 20 min at 25°C. The radiolabeled RNA was precipitated on ice for 30
min and was filtered through a 96-well GF/C unifilter microplate (Falcon,
Franklin Lakes, NJ), and radioactivity was measured by scintillation spec-
trometry. Results were plotted and analyzed in GraphPad Prism, version
5.0c (GraphPad Software, San Diego, CA).

Computer modeling. The crystal structure of JFH1 NS5B deposited
in the Protein Data Bank (PDB) (identifier 3i5k) (44) was used to
represent the effects of point mutations visualized with PyMOL soft-

ware (www.pymol.org). The ConSurf server (10) was used to map
sequence conservation on the 3-D structure of NS5B structural sub-
domains.

RESULTS
The replication-competent parental chimeric JFH1 genome en-
coding the mutated HCV-A p7 was assembly defective, and in-
fectious virus was secreted with a delay. A JFH1-based p7 inter-
genotypic chimeric cDNA construct encoding HCV-A p7
containing two mutations was constructed (Fig. 1A). Consistent
with our published data (13), the parental chimeric genome was
noninfectious, and infectious virions were recovered only after
two passages of transfected cells, allowing mutation of the chime-
ric transcripts (Fig. 1B). Additionally, we demonstrated that Huh7
and HL1 cells transfected with the replication-competent JFH1
mutants either lacking the p7 gene or encoding two mutations in
the p7 cytosolic loop (R33I and R35S) failed to secrete infectious
virus into supernatant fluids for six consecutive passages (data not
shown). To investigate whether the production or secretion of
infectious chimeric viral particles in the transfected cells was im-
paired, intracellular infectivity was assessed. The latter experiment
demonstrated that the chimeric genomes did not produce intra-
cellular infectious virions (see Fig. 4). Because HCV particles are
infectious in the early steps of virus production and do not require
further maturation during virus release for their infectivity (9),
our data suggest that the replacement of JFH1 p7 by the HCV-A p7
mutant impaired early steps of infectious virus production. The
data presented above do not show whether the cells transfected
with the chimeric genomes produced noninfectious viral parti-
cles. To determine whether the same numbers of viral particles
were produced and released from transfected cells regardless of
their infectivity, we assessed the core protein quantities in the cells
and culture supernatant fluids at 72 h posttransfection. As can be
seen from Fig. 1C, HL1 cells transfected with the intergenotypic
chimeric genome secreted less than 20% of the amount of core
protein secreted by the wild type. Intracellular core quantities of
cells transfected with the chimeric genome were 60% greater than
those of cells transfected with the wild type, demonstrating that
the reduction in the secreted core quantity was not due to lower
production of this protein by the chimeric genome. Because
HCV-A p7, like JFH1 p7, has ion channel activity (13), the results
presented above, taken together, suggested that the defect in in-
fectious virus production by the chimeric genome was due to in-
compatibility between p7 and the other viral proteins.

The replication of the intergenotypic chimeric genome is
comparable to that of the wild type, and the corresponding poly-
protein is processed efficiently. The defect in infectious virus
production could be due to insufficient replication of the interge-
notypic chimeric genome. The RNA remaining after transfection
did not allow us to measure RNA replication directly by using
standard quantitative RT-PCR techniques. Instead, we used the
activity levels of the Renilla luciferase inserted at the p7-NS2 junc-
tion as a surrogate measure of RNA replication (Fig. 2A) (see
Materials and Methods) (19). Following transfection of HL1 cells
with equal quantities of the chimeric and wild-type transcripts,
the intracellular luciferase activity levels were comparable at dif-
ferent points posttransfection (Fig. 2B). In this experiment, the
control Jc1-Luc transcript, encoding a luciferase gene at the p7-
NS2 junction, replicated at levels comparable to those of wild-type
and chimeric transcripts, but the luciferase activity of GND-Luc,
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encoding a lethal mutation in NS5B, decreased over time. The
experiment described above established that wild-type and inter-
genotypic transcripts replicated at comparable levels and that the
failure of infectious virus production by the intergenotypic chi-
meric transcript was not due to impairment of RNA replication.

The HCV polyprotein is processed into several individual ma-
ture proteins posttranslationally. The amino acid sequences flank-
ing p7 appear to affect the cleavage of the E2-p7-NS2 precursor
protein (7). Therefore, we investigated whether the replacement
of JFH1 p7 by HCV-A p7 adversely affected the processing of the

FIG 1 A JFH1-based intergenotypic chimeric genome encoding the mutant p7 protein of HCV-A with an amino acid sequence identical to that of J4 p7 is
replication competent but exhibits delayed secretion of infectious virions. (A) Schematic representation of the intergenotypic chimeric JFH1 genome encoding
mutant p7 (JFH1-J4p7). The mismatched residues are identified by filled circles. (B). HL1 cells were transfected with wild-type JFH1 and JFH1-J4p7 transcripts.
The viral titers in the supernatant fluids collected at 72 h posttransfection (PT) and at passages 1, 2, 3, 4, and 6 were determined (see Materials and Methods).
Wild-type JFH1 and JFH1-J4p7 infectivity titers are represented by shaded and filled bars, respectively. FFU, focus-forming units. (C) At 72 h after transfection with JFH1
or JFH1-J4p7, intra- and extracellular core protein quantities were measured and were normalized to JFH1 core quantities as described in Materials and Methods.

FIG 2 The intergenotypic chimeric genome was fully replication competent, and the encoded polyprotein was processed efficiently. (A) Schematic diagram
showing the locations of the luciferase gene and FMDV 2A in the chimeric polyproteins. (B) At 24, 48, and 72 h after the transfection of HL1 cells with GND-Luc,
Jc1-Luc, JFH1-Luc, or JFH1-J4p7-Luc transcripts, intracellular luciferase activity was measured as described in Materials and Methods. (C) HL1 cells were
transfected with the GND, wild-type JFH1, or JFH1-J4p7 genome. At 48 h posttransfection, the cells were lysed in 2� Laemmli sample buffer, and the viral
proteins were resolved onto a 10% SDS-PAGE gel and were detected as described in Materials and Methods. Magic Marker (Invitrogen) was used as size markers.
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precursor protein, which, in turn, may have impaired infectivity.
Immunoblot analysis using the anti-E2 MAb AP33 revealed no
detectable difference in the processing of the wild-type and chi-
meric polyproteins (Fig. 2C). In addition, we also detected core
and NS5A, which are located at opposite ends of the polyprotein,
and further confirmed that the chimeric polyprotein was pro-
cessed efficiently (Fig. 2C). These data suggest that the impair-
ment of infectious virus production following transfection of the
chimeric genomes into HL1 cells was not due to grossly incom-
plete processing of the chimeric polyprotein. However, we ac-
knowledge the limitation in the sensitivity of immunoblot anal-
ysis and therefore cannot rule out the possibility of minor
differences in the processing of the wild-type and chimeric
polyproteins.

Rescued mutant viruses harbor compensatory mutations in
NS2 and NS5B. The defect in virus production by the chimeric
JFH1 genomes suggests that the compatibility of p7 and other viral
proteins is crucial for virus assembly/maturation. In addition, the
emergence of the revertant viruses after passaging of the cells har-
boring the chimeric genomes indicated the possible emergence of
a compensatory mutation(s) in the defective genomes that sup-
pressed the assembly defect and restored their infectivity. To iden-
tify point mutations in the genomes of chimeric viruses, viral
stocks were prepared by infecting HL1 cells with supernatants
from passages 4 and 2 of wild-type JFH1 and JFH1-J4p7, respec-
tively. The infected cells were passaged once, and their superna-
tant fluids were filtered and were used as the viral stocks. To de-
termine the nucleotide sequences of JFH1 and the chimeras, the
entire coding regions of the wild-type and chimeric genomes were
amplified by RT-PCR in seven overlapping fragments and were
sequenced. Alignment of the nucleotide sequences of the recov-

ered virus with the parental genome revealed mutations at two
positions, 2847 and 8118, that resulted in two amino acid changes
in two viral proteins, NS2 and NS5B, respectively. The mutation at
position 2847 (C2847A) resulted in the replacement of a threo-
nine residue at position 836 in the polyprotein (position 23 in
JFH1 NS2) by an asparagine in the putative NS2 TM1. Residue 23
of NS2 is highly conserved among GT2, GT5, and GT6 (http:
//euhcvdb.ibcp.fr/euHCVdb/), with a conservative mutation to
serine in GT1, GT3, and GT4. In addition to the mutation in NS2,
a nonsynonymous mutation at position 8118 (A8118G) was ob-
served, resulting in the replacement of lysine at position 2593 in
the polyprotein (position 151 in JFH1 NS5B) by an arginine resi-
due. Both arginine and lysine have positively charged side chains,
but the guanidium group of arginine is planar and can participate
in a variety of stacking interactions. Residue K151 in NS5B is
highly conserved among all HCV genotypes. It is one of the resi-
dues lining the NTP tunnel and, along with six adjacent amino
acids (positions 147 to 153), forms loop �2 at the inlet of the NTP
tunnel (5, 44) (Fig. 3). Modeling suggests that the K151R muta-
tion does not result in significant alterations in the overall struc-
ture of the protein.

Point mutations in NS2 and NS5B restored the infectivity of
defective chimeric genomes. The sequencing results suggested
that point mutations in NS2 and NS5B could have corrected the
incompatibility between these proteins and the mutant HCV-A
p7. Recently, we have demonstrated that the C2847A mutation in
NS2 was sufficient for the restoration of the infectivity of a chime-
ric genome encoding wild-type HCV-A p7 (H. Gouklani et al.,
submitted for publication). To investigate the effects of the iden-
tified mutations on the restoration of the infectivity of the chime-
ric genomes, RNAs from JFH1, parental JFH1-J4p7, T23N-J (J

FIG 3 Three-dimensional (3-D) structure of wild-type and mutant JFH1 NS5B proteins. (A) Close view of loop � on the NS5B surface. The sequence
conservation on the molecular surface is represented by a blue-white-red gradient. ConSurf conservation scores 1 to 9, representing highly variable to highly
conserved residues, and the respective colors are shown below the model (ConSurf server). (B and C) The positions of K151 in the wild type (B) and of R151 in
the mutant (C) have been shown in the 3-D model of JFH1 NS5B (PDB identifier, 3i5k) (44). The amino acid sequence of loop �2 (shown in purple) and a few
surrounding amino acids are given above figure B.
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refers to JFH1-J4p7), T23N-W (W refers to wild-type JFH1),
K151R-W, K151R-J, T23N/K151R-W, and T23N/K151R-J were
transfected into HL1 cells. At 48 h postinfection, the culture su-
pernatant fluids of the transfected cells were used to infect naïve
HL1 cells. Anti-NS5A IF revealed that both mutations per se re-
stored the infectivity of the nonviable genomes (Fig. 4). None of
the mutations enhanced infectivity over that of the wild-type vi-
rus. To investigate the functional roles of the mutations, we mea-
sured intracellular infectivity and showed a direct correlation be-
tween intracellular and extracellular infectivity for the wild type
and the NS2 mutant (Fig. 4). Interestingly, the mutant containing
the NS5B mutation revealed intracellular infectivity similar to that
of the wild type but extracellular infectivity 10-fold lower than
that of the wild type. This suggests that the NS5B mutation
alone did not efficiently correct the defect in virus assembly and
secretion. An alternative explanation would be that intracellu-
lar infectivity did not reach a threshold level allowing virus
secretion.

The p7 protein colocalizes with NS5B in subcellular com-
partments. Recent publications indicate that p7 and NS2 interact
physically and that this interaction is critical for virus production
(18, 26, 39). Cross-genotype interactions of p7 and NS2 have also
been reported (39). We have also demonstrated recently that
HCV-A p7 and JFH1 NS2 colocalize in cellular compartments
(Gouklani et al., submitted). Following the determination of ge-
netic interactions between p7 and NS5B (see above), we investi-
gated whether these two proteins colocalized in cells as a prereq-
uisite for their genetic and functional interactions. For this
purpose, p7-Flag and myc-NS5B were transiently expressed in
Huh7.5 cells. JFH1 p7-Flag and JFH1 myc-NS5B colocalized in an
ER-like pattern that was particularly evident in the perinuclear
region (Fig. 5). We also demonstrated that HCV-A p7-Flag and
JFH1 myc-NS5B colocalized in the same pattern as that ob-
served for JFH1 p7 and NS5B. Although we did not observe any
alteration in the colocalization of NS5B and p7, we further
tested whether JFH1 NS5B K151R had an impact on the colo-
calization of p7 and NS5B. The latter experiment demonstrated
that the K151R mutation in NS5B did not affect the colocaliza-

tion pattern of p7 and NS5B, although the NS5B mutant, com-
pared to the wild type, appeared as distinct dots (Fig. 5).

Single point mutations did not alter RNA replication. The
rescue of nonviable chimeric genomes by single point mutations
in NS2 and NS5B could be due to the enhancement of viral RNA
replication. Therefore, we investigated whether the introduction
of point mutations had an impact on RNA replication. For this
purpose, the Renilla luciferase activity was measured as a surrogate
marker for viral RNA replication, as described in Materials and
Methods. Following transfection of the same quantities of the re-
spective transcripts into HL1 cells (in triplicate for each tran-
script), intracellular luciferase activity was measured at 24, 48, and
72 h posttransfection. As can been seen from Fig. 6, the mutants
encoding the NS2 T23N and NS5B K151R mutations replicated
efficiently, and we did not observe a remarkable difference be-
tween the replication of parental chimeric genomes and that of
genomes carrying mutations in NS2 and NS5B. The Jc1-Luc tran-
script, which was used as a positive control, also produced levels of
luciferase activity comparable to those of the wild type and the
chimeric transcripts encoding point mutations (Fig. 6). However,
when the cells were transfected with GND-Luc, which is replica-
tion defective, significantly lower levels of luciferase activity were
observed. This experiment suggested that the individual point

FIG 4 Compensatory mutations in NS2 and NS5B promoted virus produc-
tion from assembly-defective chimeric genomes. Site-directed mutagenesis
was used to introduce point mutations encoding T23N and K151R into NS2
and NS5B, respectively. HL1 cells were transfected with replication-incompe-
tent GND, wild-type genomes (JFH1), chimeric genomes (JFH1-J4p7), chime-
ric genomes encoding NS2 T23N (T23N-J), chimeric genomes encoding NS5B
K151R (K151R-J), chimeric genomes encoding NS2 T23N and NS5B K151R
(T23N//K151R-J), wild-type genomes encoding NS2 T23N (T23N-W),
wild-type genomes encoding NS5B K151R (K151R-W), or wild-type ge-
nomes encoding NS2 T23N and NS5B K151R (T23N//K151R-W). At 48 h
posttransfection, the supernatant fluids were collected, and their infectivity
was determined and expressed as focus-forming units (FFU) per milliliter
of supernatant as described in Materials and Methods.

FIG 5 Colocalization of p7 and NS5B. (A) Schematic representations of the
constructs that were utilized to express JFH1 p7 tagged with the Flag epitope
(Jp7-Flag), HCV-A p7 tagged with the Flag epitope (Hp7-Flag), JFH1 NS5B
tagged with the myc epitope (myc-NS5B), and JFH1 NS5B containing K151R
tagged with the myc epitope (myc-NS5BKR). (B) At 48 h after transfection of
Huh7.5 cells with the constructs diagramed in Fig. 5A, cells were fixed with
paraformaldehyde, and the tagged proteins were detected using antibodies to
the Flag (�-Flag) and myc (�-myc) epitopes as described in Materials and
Methods. Laser confocal microscopy was used to visualize the proteins in the
cells. (Top) Colocalization of JFH1 p7-Flag and myc-NS5B. (Center) Colocal-
ization of HCV-A p7 and myc-NS5B. (Bottom) Colocalization of HCV-A p7
and myc-NS5BKR. The nuclei were stained with Hoechst stain.
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mutations had no effect on viral RNA replication and that the
rescue of the nonviable intergenotypic transcript was not due to
an increase in RNA replication.

NS5B K151R did not alter NS5B polymerase activity, sug-
gesting a role for NS5B in virus morphogenesis. Several HCV NS
proteins have been reported to play a role in virus assembly (32).
In this study, we demonstrated that the NS5B K151R mutation
rescued the assembly-defective virus, while it did not alter viral
genome replication. To further investigate the effects of K151R on
NS5B polymerase activity, an in vitro system was used as described
previously (6). As can be seen in Table 1, the wild-type NS5B and
the mutant revealed the same catalytic efficiency (kcat/Km), sug-
gesting that, consistent with the cell culture system results, K151R
did not alter NS5B polymerase activity.

DISCUSSION

In this study, we generated a JFH1 chimeric genome that encoded
a heterologous p7 with an amino acid sequence identical to that of
the p7 protein of the J4 strain. J4 p7 has been shown to form
amantadine-sensitive ion channels in vitro (11, 12, 47). We iden-
tified two point mutations in NS2 and NS5B that corrected a det-
rimental incompatibility between these proteins and p7. Further
characterization of the NS5B mutation suggested a role for NS5B
in virus assembly.

Until recently, due to the lack of an in vitro propagation system,
HCV assembly and maturation steps had been poorly character-
ized. The introduction of HCVcc provided a unique opportunity
for the elucidation of the mechanisms of virus assembly (24, 49,
53). For the first time, using HCVcc, it has been demonstrated that
NS proteins NS2, NS3, NS4B, NS5A, and p7 are involved in HCV
assembly and maturation (2, 15–17, 19, 20, 27, 30, 46). The in-
volvement of NS proteins in virus assembly is one of the unique
characteristics of the family Flaviviridae (32). Viroporin p7 is es-
sential for virus replication in vivo and in vitro (19, 41, 46). Several
studies suggest that p7 is a multifunctional protein and, indepen-
dently of its ion channel activity, plays a role in virus assembly. It
has been reported that a GT1-based intergenotypic chimeric ge-
nome encoding a functional GT2 p7 was nonviable in chimpanzee
(41). In addition, in our current and previous studies, we demon-
strated that replacement of JFH1 p7 with heterologous p7 genes
with functional ion channel activity failed to produce intra- or
extracellular infectious virions (13). These experiments suggested
that p7 contained structural determinants that interact with other
viral proteins during virus assembly. The identification of point
mutations in NS2 and NS5B revealed an association between these

proteins and p7 during virus morphogenesis. The failure to detect
intracellular infectivity, along with the reduction of core protein
release from cells transfected with chimeric genomes, indicated
that the association of p7, NS2, and NS5B is required for a crucial
step in infectious virus production and release. Recently, using the
newly developed HCVcc, several research groups reported that
full-length NS2 and its two putative N-terminal TM domains play
an essential role in HCV morphogenesis and maturation (19, 36,
52). NS2 interacts with several viral proteins, including E1-E2 gp,
p7, NS3, and NS5A, during virus assembly (18, 26, 39, 45). Our
recent results (Gouklani et al., submitted) and the present study
confirm critical interactions between p7 and NS2. In the present
study, it was also demonstrated that the NS5B K151R mutation
corrected an assembly defect in virus morphogenesis through
functional interactions with a heterologous p7. Lysine 151 is
highly conserved among all HCV strains. Interestingly, a lysine
exists at the corresponding position in the NS5B protein of GB
virus B (GBV-B) (GenBank accession number NC_001655),
which is a close genetic relative of HCV and infects New World
monkeys, tamarins and marmosets (14, 31). K151 is located on the
molecular surface of NS5B in the finger domain of the protein,
and it constitutes the first positively charged amino acid of the
NTP tunnel (22). However, a mass spectrometric protein foot-
printing approach demonstrated that K151 did not interact with
the viral RNA during RNA replication (8). In addition, mutagen-
esis analysis of K151 revealed that replacement of this residue by a
neutral amino acid (alanine) had only a subtle effect on RNA
synthesis, suggesting that K151 is dispensable for the delivery of
NTPs to the active site of the protein (22). Consistent with the data
presented above, we demonstrated that the replacement of K151
with arginine, another positively charged amino acid, had no ef-
fect on RNA replication and RdRp activity, suggesting that K151
plays a regulatory role in the virus life cycle. HCV NS5B is indis-
pensable for viral RNA synthesis. As yet, there is no report indi-
cating a role for HCV RdRp in virus assembly. However, it has
been reported that the RdRp of bovine viral diarrhea virus
(BVDV), a virus of the Pestivirus genus in the family Flaviviridae
that is closely related to HCV, is involved in virus assembly (1).
Here, for the first time, we report a role for HCV NS5B in virus
assembly through interaction with p7. Because the K151R muta-
tion did not abolish wild-type virus production, despite the high
conservation of K151 among all HCV GTs, we believe that the
entire �2 loop might be involved in virus assembly. Further stud-
ies are required to demonstrate the exact function of K151 in the
HCV life cycle.

Recently, we have demonstrated that p7, core, NS2, and NS5A
contribute to a distinct step in virus morphogenesis (Gouklani
et al. submitted). The current study indicates that this step in
assembly/maturation may also involve NS5B. In conclusion, these
results suggest that a multiprotein complex links the RNA synthe-

TABLE 1 Catalytic efficiencies of wild-type and mutant NS5B proteins

Measurement (unit)

NS5B K151R Wild-type NS5B

Mean SD Mean SD

Vmax (mol/�g/h) 1.45E�11 6.80E�12 2.97E�11 2.73E�11
kcat (s�1) 3.50E�04 1.64E�04 7.17E�04 6.60E�04
Km (M) 8.57E�06 9.05E�06 1.84E�05 2.08E�05
kcat/Km (M�1 s�1) 4.09E�01 1.81E�01 3.91E�01 3.18E�01

FIG 6 The point mutations identified did not alter RNA replication. The
point mutations were introduced into the wild type (JFH1-Luc) and JFH1-
J4p7-Luc as described for Fig. 2. HL1 cells were transfected with equal quan-
tities of transcripts, and intracellular luciferase activity was measured at 24, 48,
and 72 h posttransfection. Jc1-Luc and GND-Luc acted as positive and
negative controls, respectively. T23N-Luc, JFH1-J4p7-Luc encoding the
T23N mutation; K151R-Luc, JFH1-J4p7-Luc encoding the K151R muta-
tion.
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sis machinery to virus assembly and that p7 may play a key role in
this process.
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