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In the Huh-7.5 hepatoma cell line, replication of the genotype 1a H77 strain of hepatitis C virus (HCV) is
attenuated compared to that of the genotype 1b Con1 strain. This study identifies the poorly characterized
integral membrane protein, NS4B, as a major determinant for this replication difference. Chimeric H77
subgenomic replicons containing the entire NS4B gene from Con1 in place of the H77 NS4B sequence
replicated approximately 10-fold better than the H77 parent and to levels similar to that of the adapted Con1
replicon. An intermediate level of replication enhancement was conferred by H77 chimeras containing the
poorly conserved N-terminal 47 residues or the remaining less-divergent C terminus of Con1 NS4B. The
replication-enhancing activity within the N terminus of NS4B was further mapped to two Con1-specific amino
acids. Experiments to elucidate the mechanism of enhanced H77 replication revealed that Con1 NS4B pri-
marily increased H77 RNA synthesis on a per cell basis, as indicated by the similar capacities of chimeric and
parental replicons to establish replication in Huh-7.5 cells and the higher levels of both positive- and
negative-strand RNAs for the chimeras than for the H77 parent. Additionally, enhanced H77 replication was
not the result of Con1 NS4B-mediated effects on HCV translation efficiency or alterations in polyprotein
processing. Expression of Con1 NS4B in trans did not improve the replication of the H77 parental replicon,
suggesting a cis-dominant role for NS4B in HCV replication. These results provide the first evidence that allelic
variation in the NS4B sequence between closely related isolates significantly impacts HCV replication in cell
culture.

Hepatitis C virus (HCV) is an enveloped, positive-strand
RNA virus that has emerged as a serious global health con-
cern, causing chronic liver diseases including cirrhosis and hep-
atocellular carcinoma. The single-stranded HCV RNA ge-
nome of �9.6 kb is composed of 5� and 3� nontranslated
regions (NTRs) flanking one large open reading frame (ORF).
Translation of the ORF is mediated by an internal ribosome
entry site (IRES) located within the 5� NTR. The nascent
polyprotein is processed co- and posttranslationally into the
structural proteins (core and envelope glycoproteins, E1 and
E2), the hydrophobic peptide p7, and the nonstructural pro-
teins NS2, NS3, NS4A, NS4B, NS5A, and NS5B. While the
structural proteins and p7 are liberated from the polyprotein
by a cellular signal peptidase, cleavages within the nonstruc-
tural portion of the polyprotein are mediated by two viral
proteases; the NS2-3 autoprotease cleaves at the NS2/3 junc-
tion, and the remaining four sites, NS3/4A, NS4A/4B, NS4B/
5A, and NS5A/5B, are processed by the NS3 serine protease
together with its cofactor NS4A (for recent reviews, see refer-
ences 3 and 9).

HCV RNA replication takes place in a membrane-associ-
ated replication complex or replicase (14, 21, 43, 48). The
nonstructural proteins NS3, NS4A, NS4B, NS5A, and NS5B
are sufficient for RNA replication in cell culture (40) and are

believed to function as the enzymes and accessory factors that
catalyze and regulate replication of the HCV genome. Al-
though the details of replication complex assembly and main-
tenance are essentially unknown, the enzymatic functions of
NS3 and NS5B are fairly well defined. In addition to the serine
protease activity, NS3 possesses RNA helicase and nucleoside
triphosphatase activities (29, 49) that are essential for an un-
known step(s) in RNA replication (33, 35). The NS5B protein
is the RNA-dependent RNA polymerase (4, 39). Within the
replication complex, NS5B synthesizes complementary nega-
tive-strand RNA intermediates of the HCV genome, which in
turn act as templates for the production of an excess of posi-
tive-strand HCV RNA. In contrast, the role of NS5A in RNA
replication is unknown. NS5A is a serine phosphoprotein with
basally phosphorylated and hyperphosphorylated variants (25,
50) and is a major target for adaptive mutations that dramat-
ically enhance genotype 1 replication in cell culture (5, 6, 20,
34, 38, 54).

In addition to NS5A, the function of the NS4B protein in
RNA replication is not well understood. NS4B, a 27-kDa hy-
drophobic protein that associates with membranes of the en-
doplasmic reticulum (ER) (23, 30), contains at least four pre-
dicted transmembrane domains with the N and C termini
located in the cytoplasm, although the N-terminal tail of NS4B
has been suggested to posttranslationally translocate to the ER
lumen (41, 42). A putative amphipathic helix within the N-
terminal 26 residues of NS4B also contributes to membrane
association, and this domain is critical for HCV replication in
cell culture (13). The NS4B protein reorganizes intracellular
membranes into distinct membranous structures that represent
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a site of viral replication in Huh-7 cells (11, 18, 44). Thus,
NS4B has been proposed to play a structural role in RNA
replication by serving as the scaffold for replication complex
assembly. Despite significant sequence variations in NS4B be-
tween different HCV isolates, single amino acid substitutions
in NS4B can greatly impact RNA replication efficiency in cell
culture, and critical residues are found throughout the NS4B
protein (37). Moreover, several replication-enhancing adaptive
mutations map to NS4B (20, 38). In addition to its apparent
role in providing a platform for RNA replication, NS4B has
been implicated in nucleotide binding (12), modulation of
HCV and host translation (16, 22, 26), modulation of NS5A
hyperphosphorylation (31, 45), and negative regulation of
NS5B by inhibition of NS3 function (47). However, the impor-
tance of these properties in HCV replication is unknown.

The closely related hepatitis C genotype 1 strains, Hutchin-
son (H77) (1a) and Con1 (1b), require adaptive mutations in
order to productively replicate in cell culture. Adaptive muta-
tions that permit efficient RNA replication, albeit to varying
degrees, have been identified in the NS3, NS4A, NS4B, NS5A,
and NS5B proteins, and specific combinations of these repli-
cation-enhancing mutations can further increase RNA repli-
cation (reviewed in reference 8). Previous experiments have
revealed that adapted replicons derived from H77 and Con1
replicate at different rates in the highly permissive Huh-7.5 cell
line (6). Specifically, H77 replicons carrying the adaptive mu-
tations P1496L (NS3) and S2204I (NS5A) have lower replica-

tion capacities than Con1-derived replicons harboring only the
S2204I adaptive change in the NS5A protein. This observation
suggests that innate genetic differences between Con1 and H77
govern replication efficiency in Huh-7.5 cells. In this study,
chimeric H77 replicons were created to explore the genetic
basis for the attenuated H77 replication phenotype. This ex-
perimental approach identified the NS4B sequence as a major
determinant for the lower replication rate of H77 in cell cul-
ture and implicated NS4B in the maintenance of RNA syn-
thesis.

MATERIALS AND METHODS

Cell culture. Huh-7.5 cells (7) were cultured in Dulbecco’s modified Eagle
medium (DMEM; Mediatech) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) and 0.1 mM nonessential amino acids (HyClone) (DMEM–
10% FBS).

Plasmid construction. Standard recombinant DNA technologies were used to
construct and purify all plasmids. PCR was performed using Klentaq LA DNA
polymerase (Wayne Barnes, Washington University, St. Louis, MO), and all
regions subjected to PCR amplification were sequenced to ensure that no addi-
tional mutations were introduced. Primers used in this study are shown in Table
1. Plasmid DNA was purified by CsCl gradient centrifugation prior to lineariza-
tion and RNA transcription.

The H77-derived replicon plasmids pH/�E1-p7(L�I) (H/WT) (Fig. 1) and
pH/SG-Neo(L�I) (HNeo/WT), which carry two adaptive mutations (P1496L in
NS3 and S2204I in NS5A), as well as pH/SG-Neo/pol� (HNeo/pol�), have been
described previously (6). The polymerase-defective derivatives (pol�) used in
this study contain a mutation of Gly-Asp-Asp to Ala-Ala-Gly in the active site of

TABLE 1. Oligonucleotides used for constructing chimeric and mutant H77 replicons

Name Sequence (5�–3�)a

42 ................................(�) CCTCAGCTAGCGCACTCTTCCATCTCATC
43 ................................(�) CCACAGCTAGCCACCTCCCTTACATCGAAC
44 ................................(�) GCTTCGCCCAGAAGGCTTCGA
45 ................................(�) CGCGGGGTAACCACGTCTCC
46 ................................(�) CCACGGATCCGGAGCATGGCGTGGAGC
47 ................................(�) CCACGGATCCTGGCTAAGAGATGTTTGG
48 ................................(�) GTGGTGTACGCGTTAATGGG
51 ................................(�) ATGCATGTCGGCCGACCTGG
52 ................................(�) CCTCGCTAGCGCACTCTTCCATCTCATCG
53 ................................(�) CCTCGCTAGCCACTTACCGTACATCGAGCA
54 ................................(�) AGAAGACCTCGAGTTTCTGC
55 ................................(�) AGCTCCTGAGGCGACTGCATCAGTGGATAAGCTCGGAGTGTACCACTCCATGCTCCGGATCC
56 ................................(�) AGTCGCTCAGCACCTCGCATATCCAGTCCCAGATGTCCCTTAGCCAGGATCCGGAGCATGGA
61 ................................(�) CCTACGCCCAGAAGGCCTCGAGGGTCCGCCACTTGG
61-S.............................(�) TACTGATGACCCATTTCTTTA
71 ................................(�) CTAGGTCATGAGCGGCGAGATGCCCTCCACCGAGGACCTGGTGAACCTACTCCCTGCTATCCTCTC
125 ..............................(�) CATCATGACATGCATGTCGG
133 ..............................(�) CCATCTCGAGTTTCTGCCAGTTGGTCTGGACAGCAGGGGTGATAACCTCTGCTTGCTTGGTCGCGGTCT

GCAGGAGGCCG
135 ..............................(�) CCACTCTAGATTAGCATGGCGTGGAGCAGTCCT
159 ..............................(�) GAGTGCGCTAGCCACCTCCCTTACATCGAACAGGGAATGATGCTCGCCGAACAATTCAAACAGAAGGC

ACTCGGGTTGCTGCAAACAGCCACCAAGCAAG
190 ..............................(�) CACACTCGAGGGTCCGCCACTTGGATTCCACCACGGGAGCAGCAGCCTCTGCTTGGCGGGACGCG
191 ..............................(�) CACACTCGAGTTTCTGCCAGTTGGTCTGGACAGCAGGGGTGATAACCTCCGCTTGCTTGGTGGCT
209 ..............................(�) CACACTGCAGGAGGCCGAGGGCCTTCTGCTTGAACTGCTCAGCGAGCTGCATCCCTTGCTCGATGTACG
210 ..............................(�) CACACTGCAGGAGGCCTATGGCCTTCTGCTTGAACTGC
218 ..............................(�) CCATGGATCCACCATGGCCTCACACCTCCCTTACA
221 ..............................(�) CCACGCTAGCCACCTCCCTTACATCGAACAGGGAATGATGCTCGCCGAACAATTCAAAC
222 ..............................(�) CCACGAATGCAGCTCGCCGAACAATTCAAACAGAAGGCACTCGGGTTGCTGCAAACAGCC
223 ..............................(�) CCACCTGCAGGAGGCCGATGGCCTTCTGCTTGAACTGCTCAGCGAGCTGCATCCCTTGCTCGATGTACG
227 ..............................(�) CCACTCTAGATTATCGGTTGGGGAGGAGGTAG
228 ..............................(�) CCACGGATCCACCATGGCGCCCATCACGGCGTAC
2420 ............................(�) GGAGTTGTCCGTGAAC

a Restriction sites used for cDNA cloning are underlined, and the polarity of each oligonucleotide is indicated as either genome RNA (�) or its complement (�).
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the NS5B RNA-dependent RNA polymerase. The amino acid positions in NS4B
refer to the first amino acid residue of the NS4B protein.

To facilitate the construction of NS4B chimeras, NheI and BamHI restriction
sites were engineered in NS4B and NS5A, respectively, in pH/�E1-p7(L�I) and
in the Con1 replicon plasmid pC1/�E1-p7(I) (K. J. Blight, unpublished data)
containing the NS5A adaptive change S2204I. Plasmid pH/�E1-p7(L�I)/NB was
constructed in two stages. First, the NheI site was introduced to make the
intermediate plasmid pH/�E1-p7(L�I)/4B_NheI by inserting the EagI-NheI
fragment of a PCR product amplified from pH/�E1-p7(L�I) with primers 51
and 52, the NheI-XhoI portion of a second PCR product amplified from pH/
�E1-p7(L�I) with primers 53 and 54, and the XhoI-PinAI fragment from pH/
�E1-p7(L�I) between the PinAI and EagI sites of pH/�E1-p7(L�I). Introduc-
tion of the NheI site changed the first two amino acids of H77 NS4B from
Ser-Gln to Ala-Ser (SQ3AS). Subsequently, a BamHI site in NS5A was created
by introducing a silent T-to-A nucleotide change at position 4409 in pH/�E1-
p7(L�I)/4B_NheI to produce pH/�E1-p7(L�I)/NB. Briefly, the Bsu36I-BlpI
portion of a PCR product amplified from pH/�E1-p7(L�I)/4B_NheI with prim-
ers 55 and 56 was ligated with the BlpI-EcoRI and EcoRI-Bsu36I fragments from
pH/�E1-p7(L�I)/4B_NheI.

Similarly, NheI and BamHI sites were also introduced into pC1/�E1-p7(I) via
a multistep process. First, the SphI-EcoRI fragment corresponding to the NS4A-
4B-5A coding region was subcloned into similarly digested pGEM3Zf(�) (Pro-
mega) to create pGEM3Zf(�)/C1_4A(Sph)-5A(EcoRI). To insert the NheI site,
two PCR products were amplified from pC1/�E1-p7(I) with primer pairs 41 plus
42 and 43 plus 44. These gel-purified products were mixed with primers 41 and
44 for mutually primed synthesis to complete the junction, and this product was
subsequently digested with SphI and BglI. A BamHI site was introduced by a
similar strategy. PCR products initially amplified from pC1/�E1-p7(I) using
primer pairs 45 plus 46 and 47 plus 48 were combined in a reaction with the
external primers 45 and 48, and the final product was digested with BstEII and
MluI. SphI-BglI- and BstEII-MluI-digested PCR products and the BglI-BstEII
fragment from pC1/�E1-p7(I) were ligated between the SphI and MluI sites of
pGEM3Zf(�)/C1_4A(Sph)-5A(EcoRI) to create pGEM3Zf(�)/C1_4A-5A/NB.
Finally, C1/�E1-p7(I)/NB was constructed via a 4-piece ligation of the XbaI-
EagI, EagI-SphI, and EcoRI-XbaI fragments from pC1/�E1-p7(I) and the SphI-
EcoRI fragment from pGEM3Zf(�)/C1_4A-5A/NB. Additionally, a XhoI site
was inserted into pC1/�E1-p7(I)/NB to create pC1/�E1-p7(I)/NBX by ligating
the BsrGI-NheI, BglI-EcoRI, and EcoRI-BsrGI fragments from pC1/�E1-
p7(I)/NB with the NheI-BglI portion of a PCR product amplified from pC1/
�E1-p7(I)/NB with primers 43 and 61.

In order to retain HpaI as the runoff site for RNA transcription of H77
replicons that contain Con1 NS4B, a silent T-to-G nucleotide substitution was
first engineered at position 4127 in the Con1 NS4B sequence of pC1/�E1-p7(I)/
NBX. This plasmid, designated pC1/�E1-p7(L�I)/4B_Hpa(�) (C1/WT) (Fig.
1), was constructed via a 4-piece ligation of the BsrGI-BspHI, BstEII-EcoRI, and
EcoRI-BsrGI fragments from pC1/�E1-p7(I)/NBX and the BspHI-BstEII por-

tion of a PCR product amplified from pC1/�E1-p7(I)/NBX using primers 71 and
48. The silent mutations creating the NheI, XhoI, and BamHI sites or removing
the HpaI site did not alter the replication capacity of Con1 RNA (data not
shown).

The H77 replicon plasmid containing the Con1 NS4B gene, pH/�E1-p7(L�I)/
C1_4B (H/C4B) (Fig. 1), was constructed by cloning the NheI-BamHI fragment
from pC1/�E1-p7(I)/4B_Hpa(�) together with the NsiI-NheI and BamHI-
BstEII fragments from pH/�E1-p7(L�I)/NB into pH/�E1-p7(L�I)/NB digested
with BstEII and NsiI.

Plasmid pH/�E1-p7(L�I)/C1_4BN47 (H/CN47) (Fig. 1), harboring the first 47
amino acids of Con1 NS4B, was created by ligating the BglII-NheI, XhoI-MluI,
and MluI-BglII fragments from pH/�E1-p7(L�I)/NB and the NheI-XhoI frag-
ment from pC1/�E1-p7(L�I)/NBX.

Plasmid pH/�E1-p7(L�I)/C1_4BC214 (H/CC214) (Fig. 1), containing the C-
terminal 214 amino acids from Con1 NS4B (residues 48 to 261 of Con1 NS4B),
was constructed in a 4-piece ligation reaction containing the NsiI-XhoI fragment
from pH/�E1-p7(L�I), the XhoI-BamHI fragment from pC1/�E1-p7(I)/4B_H-
paI(�), and the BamHI-BstEII and BstEII-NsiI fragments from pH/�E1-
p7(L�I)/NB.

The chimeric construct pH/�E1-p7(L�I)/C1_4BN33 (H/CN33) (Fig. 1), con-
taining the N-terminal 33 amino acids of Con1 NS4B, was constructed by ligating
the XhoI-EcoRI and EcoRI-NsiI fragments from pH/�E1-p7(L�I) with the
NsiI-XhoI portion of a PCR product amplified from pH/�E1-p7(L�I)/C1_4B
with primers 125 and 191.

The replicon plasmid pH/�E1-p7(L�I)/C1_4BN34-47 (H/CN34-47) (Fig. 1),
containing amino acids 34 to 47 from Con1 NS4B, was created by ligating the
NsiI-XhoI fragment of a PCR product amplified from pH/�E1-p7(L�I) using
primers 125 and 190 and the XhoI-EcoRI and EcoRI-NsiI fragments from
pH/�E1-p7(L�I).

To introduce the NS4B mutation M12Q, L22I, or both into pH/�E1-p7(L�I),
PCRs were first performed using pH/�E1-p7(L�I) as a template with forward
primer 125 and one of the following reverse primers: 209 (M12Q), 210 (L22I), or
223 (M12Q and L22I). PCR products were digested with EagI and PstI and
combined in a ligation reaction with the Bsu36I-BsrGI, BsrGI-EagI, and PstI-
Bsu36I fragments from pH/�E1-p7(L�I) to create plasmids pH/�E1-p7(L�I)/
4B_M12Q (M12Q), pH/�E1-p7(L�I)/4B_L22I (L22I), and pH/�E1-p7(L�I)/
4B_ML3QI (ML3QI).

Plasmid pH/�E1-p7(L�I)/4B_SR3TK (SR3TK), carrying the double muta-
tion S29T and R30K in NS4B, was constructed by digesting a PCR fragment
amplified from pH/�E1-p7(L�I) with primer 125 and mutant primer 133 with
NsiI and XhoI and ligating into EcoRI-NsiI-digested pH/�E1-p7(L�I) together
with the XhoI-EcoRI fragment also from pH/�E1-p7(L�I).

To construct mutant chimeras pH/�E1-p7(L�I)/C1_4BN33_Q12M (Q12M)
and pH/�E1-p7(L�I)/C1_4BN33_Q12M�I22L (QI3ML), DNA fragments con-
taining the Q12M mutation alone or the Q12M and I22L mutations were am-
plified by PCR using mutant primer 221 or 159, respectively, primer 54, and the
template pH/�E1-p7(L�I)/C1_4BN33. The resultant PCR products were di-
gested with NheI and XhoI and ligated together with the NsiI-NheI fragment
from pH/�E1-p7(L�I)/C1_4B and the XhoI-EcoRI and EcoRI-NsiI fragments
from pH/�E1-p7(L�I).

The single-amino-acid substitution I22L in NS4B was introduced into a pH/
�E1-p7(L�I)/C1_4BN33-derived PCR product by use of primers 222 and 54.
The PCR product was subsequently digested with BsmI and XhoI before being
combined in a 4-piece ligation reaction with the NsiI-BsmI fragment from pH/
�E1-p7(L�I)/C1_4B and the XhoI-EcoRI and EcoRI-NsiI fragments from pH/
�E1-p7(L�I) to create plasmid pH/�E1-p7(L�I)/C1_4BN33_I22L (I22L).

Plasmids pH/SG-Neo(L�I)/C1_4B (HNeo/C4B) and pH/SG-Neo(L�I)/
C1_4BN47 (HNeo/CN47) were constructed by replacing the NsiI-MluI frag-
ment of pH/SG-Neo(L�I) with the corresponding fragment from pH/�E1-
p7(L�I)/C1_4B or pH/�E1-p7(L�I)/C1_4BN47, respectively. Similarly, pH/
�E1-p7(L�I)/C1_4B/pol� (H/C4B/pol�) and pH/�E1-p7(L�I)/C1_4BN47/
pol� (H/CN47/pol�) were created by exchanging the NsiI-MluI fragment in
pH/�E1-p7(L�I)/pol� (H/pol�) (K. J. Blight, unpublished data) with the
analogous segment from pH/�E1-p7(L�I)/C1_4B or pH/�E1-p7(L�I)/
C1_4BN47, respectively.

To construct pcDNA3.1/C1_4B (pC4B), which expresses Con1 NS4B under
the control of a human cytomegalovirus promoter, the Con1 NS4B gene was
amplified by PCR from pC1/�E1-p7(I) using primers 218 and 135. The ampli-
fication product was digested with BamHI and XbaI and ligated into the similarly
digested eukaryotic expression vector pcDNA3.1Zeo (Invitrogen). Plasmids
pcDNA3.1/H_NS3-5B (pH3-5B) and pcDNA3.1/H_NS�C1_4B (pH/C4B), which
contain the H77 nonstructural coding region with either H77 or Con1 NS4B,

FIG. 1. Schematic diagram of the Con1 and H77 subgenomic rep-
licons used to measure transient replication efficiency in the Huh-7.5
cell line. The 5� and 3� NTR structures are illustrated, and the Con1
and H77 ORFs are depicted as shaded and open boxes, respectively,
with the positions of the cell culture-adaptive mutations indicated
above the diagrams. Chimeric NS4B proteins are shown below, with
open boxes representing H77 NS4B sequences (H) and shaded boxes
representing Con1-derived NS4B sequences (C1). The nomenclature
used for each replicon is given on the left, and amino acid positions 1,
33, 47, and 261 are indicated below.
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respectively, were constructed by inserting the following between the BamHI and
XbaI sites of pcDNA3.1Zeo: the BamHI-ApaLI portion of a PCR product
amplified from pH/SG-Neo(L�I) with primers corresponding to the N-terminal
part of NS3 (primers 228 and 2420), the ApaLI-NotI fragment from either
pH/SG-Neo(L�I) (for pcDNA3.1/H_NS3-5B) or pH/�E1-p7(L�I)/C1_4B (for
pcDNA3.1/H_NS�C1_4B), and the NotI-XbaI portion of a second PCR product
containing the C terminus of NS5B amplified from pH/SG-Neo(L�I) using
primers 61-S and 227.

For transcription of negative-strand replicon RNA for Northern blot analysis,
plasmid pGEM3Zf(�)/H77_NotI-NheI, corresponding to the 5� NTR-Neo-en-
cephalomyocarditis virus IRES-NS3-4A-4B-5A-5B sequence from pH/SG-
Neo(L�I), was constructed by linearizing pH/SG-Neo(L�I) with NotI, filling in
the 5� overhang with Klenow fragment, and digesting the fragment with NheI
prior to subcloning between the SmaI and XbaI sites of the transcription vector
pGEM3Zf(�).

RNA transcription. In vitro transcription reaction mixtures containing 40 mM
Tris-HCl (pH 7.5), 10 mM NaCl, 12 mM MgCl2, 2 mM spermidine, 10 mM
dithiothreitol, 0.035 U inorganic pyrophosphatase (Fermentas), 50 U RNasin
(Promega), 3 mM each ATP, CTP, GTP, and UTP, 100 U T7 RNA polymerase
(Epicentre Biotechnologies), and 1 �g of HpaI-linearized (H77) or ScaI-linear-
ized (Con1) template DNA were incubated for 1.5 h at 37°C. Transcription was
terminated by the addition of 5 U RNase-free DNase I (Roche) and a 20-min
incubation at 37°C. After extraction with phenol and chloroform, HCV RNA was
precipitated with isopropanol and dissolved in RNase-free water. The remaining
template DNA was degraded by two serial DNase I digestions for 20 min at 37°C,
followed by extraction with phenol and chloroform and precipitation with etha-
nol. RNA pellets were washed in 80% ethanol before being dissolved in RNase-
free water. RNA concentrations were determined by measuring the optical
density at 260 nm, and the integrity and concentrations were checked by agarose
gel electrophoresis and ethidium bromide staining. For synthesis of negative-
strand RNA for Northern blot analysis, plasmid pGEM3Zf(�)/H77_NotI-NheI
was linearized with AflII and transcribed using SP6 RNA polymerase (Epicentre
Biotechnologies).

RNA transfection of Huh-7.5 cells. Subconfluent Huh-7.5 cells grown for 24 to
30 h were detached by trypsin treatment, collected by centrifugation (500 � g, 5
min, 4°C), washed twice with ice-cold RNase-free phosphate-buffered saline
(PBS), and resuspended at 1.25 � 107 cells/ml in PBS. Unless otherwise indi-
cated, 1 �g of transcribed RNA was mixed with 0.4 ml of the cell suspension,
transferred to a cuvette with a gap width of 0.2 cm (BTX), and immediately
pulsed (900 V; pulse length, 99 �s; 5 pulses; 1-s intervals) in a BTX Electro-
SquarePorator. After electroporation, cells were kept at room temperature for
10 min and then transferred to 10 ml DMEM–10% FBS. For RNA and protein
analysis, 0.5 ml of the electroporated cell suspension was seeded into six-well
plates and harvested at the time points indicated below and in Results.

To select G418-resistant colonies, electroporated cells (1,250, 2,500, 5,000, 104,
or 2.5 � 104 cells) were plated on 100-mm-diameter dishes together with cells
transfected with HNeo/pol� RNA, to maintain the total number of cells at 5 �
105 per dish. After 48 h, the medium was replaced with DMEM–10% FBS
supplemented with 0.8 mg G418 per ml (Gibco). The medium was replaced every
3 to 4 days, and after about 3 weeks, G418-resistant colonies were fixed with 7%
formaldehyde, stained with 1% crystal violet in 50% ethanol, and counted to
determine the colony-forming efficiency per �g of transfected RNA (CFU/�g).

To obtain stable population cell lines supporting persistent H77 replication,
Huh-7.5 cells were electroporated with G418-selectable replicons (HNeo/WT,
HNeo/C4B, or HNeo/CN47), and 1.5 � 106 cells were plated on 150-mm-diameter
dishes. Approximately 48 h after plating, the medium was replaced with DMEM–
10% FBS supplemented with 1 mg/ml G418, and the G418-resistant colonies
selected after 3 weeks were detached by trypsin treatment and subsequently
cultured in DMEM–10% FBS containing 0.75 mg/ml G418.

HCV RNA quantitation. Total cellular RNA was extracted from Huh-7.5 cell
monolayers using TRIzol reagent (Invitrogen) and the manufacturer’s protocol.
HCV-specific RNA levels in 1 �g of total RNA were quantified using an ABI
PRISM 7000 sequence detection system (Applied Biosystems). Real-time re-
verse transcription-PCR (RT-PCR) amplifications were performed using the
TaqMan EZ RT-PCR core reagents (Applied Biosystems), primers specific for
the HCV 5� NTR (5�-CCTCTAGAGCCATAGTGGTCT-3� [sense; 50 �M] and
5�-CCAAATCTCCAGGCATTGAGC-3� [antisense; 50 �M]), and 10 �M probe
(6-carboxyfluorescein–CACCGGAATTGCCAGGACGACCGG–6-carboxytetra-
methylrhodamine; Applied Biosystems). RT reaction mixtures were incubated
for 30 min at 60°C, followed by inactivation of the reverse transcriptase and
activation of Taq polymerase at 95°C for 7 min. Forty cycles of PCR were
performed with cycling conditions of 15 s at 95°C and 1 min at 60°C. Synthetic

HCV RNA standards of known concentrations were run in parallel reactions and
used to calculate a standard curve.

Western blot analysis. Transfected cell monolayers were washed once with
ice-cold PBS and lysed in 0.1 M sodium phosphate (pH 7.0) containing 1%
sodium dodecyl sulfate (SDS), 80 �g/ml phenylmethylsulfonyl fluoride (PMSF),
and 2� Complete protease inhibitor cocktail (Roche). Cellular DNA was
sheared by repeated passage through a 27.5-gauge needle, and the lysates were
subsequently heated to 70°C for 10 min and clarified by centrifugation. Ten to 12
�g of protein lysate was resolved on an SDS–8% polyacrylamide gel and trans-
ferred to nitrocellulose membranes. Blots were blocked for 1 h in 3% goat
serum–PBS–0.5% Tween 20, followed by 1 h to overnight in 5% milk–PBS–0.5%
Tween 20. For NS5A and NS3 detection, polyclonal antisera, GSK#308 and
GSK#367 (kindly provided by Robert Sarisky, GlaxoSmithKline, Collegeville,
PA), respectively, were diluted 1:1,500 in PBS–0.5% Tween 20–0.3% goat serum
and incubated for 1 h at room temperature with constant rocking. After several
washes with PBS-0.5% Tween 20, the secondary antibody (a horseradish perox-
idase-coupled goat anti-rabbit antibody) (Pierce) was added at a 1:25,000 dilu-
tion in PBS–0.5% Tween 20–0.3% goat serum for 1 h at room temperature with
constant rocking. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
detected by using mouse anti-GAPDH (Imgenex) diluted 1:1,500 in PBS–0.5%
Tween 20–0.3% goat serum as a primary antibody and horseradish peroxidase-
conjugated goat anti-mouse (Pierce) diluted 1:25,000 in PBS–0.5% Tween 20–
0.3% goat serum as a secondary antibody. Proteins were visualized by chemilu-
minescence using the SuperSignal West Pico chemiluminescent substrate
(Pierce). To quantify HCV protein or GAPDH levels, antibody-probed mem-
branes were developed using ECL plus Western blotting detection reagents
(Amersham Biosciences), and the signal was measured on a FLA-5000 scanner
with a 473-nm laser (Fuji).

Northern blot analysis. Total cellular RNA was extracted from Huh-7.5 cells
supporting H77 replication with TRIzol reagent and was quantified with a spec-
trophotometer at 260 nm. Ten micrograms of the total RNA was denatured by
treatment with 6 M glyoxal in 50% dimethyl sulfoxide and 10 mM sodium
phosphate (pH 7.0) for 1 h at 50°C, separated by sodium phosphate-buffered 1%
agarose gel electrophoresis, and transferred overnight to Nytran SuPerCharge
nylon membranes using the TurboBlotter system (Schleicher & Schuell) and 20�
SSC (1� SSC is 150 mM NaCl plus 15 mM sodium citrate). The RNA was
immobilized on the membrane by UV cross-linking. Hybridization was per-
formed for 16 h at 47°C with [�-32P]UTP-labeled positive- or negative-sense
riboprobes annealing to the NS5B sequence of the H77 genome (nucleotides
7861 to 8205) in a solution containing 4� SSC, 50% deionized formamide, 8�
Denhardt’s reagent, 0.1% SDS, 50 mM sodium phosphate (pH 6.8), 10% dextran
sulfate, 150 �g of sheared denatured salmon sperm DNA per ml, 75 �g yeast
tRNA per ml, and 400 �g torula yeast RNA per ml. The membranes were
washed four times in 2� SSC for 5 min at room temperature, twice in 0.2�
SSC–0.1% SDS for 30 min at 66°C, and twice in 0.2� SSC for 5 min at room
temperature. To correct for total-RNA amounts loaded in each lane, the mem-
brane was subsequently hybridized with a GAPDH-specific antisense riboprobe.
Specific HCV and GAPDH signals were quantified by phosphorimaging with a
FLA-5000 scanner (Fuji), and the number of replicon molecules was determined
by comparison with a serial dilution of in vitro-transcribed RNA corresponding
to a known number of positive- or negative-sense H77 RNA strands mixed with
10 �g of total RNA from naı̈ve Huh-7.5 cells.

DNA transfection. Huh-7.5 cells were electroporated with replicon RNA 36 h
prior to transfection with 0.5 or 1 �g of the DNA plasmids pcDNA3.1Zeo
(pcDNA), pcDNA3.1/C1_4B (pC4B), pcDNA3.1/HA-C1_4B, pcDNA3.1/H_NS�
C1_4B (pH/C4B), pcDNA3.1/H_NS3-5B (pH3-5B), or pcDNA3.1/C1_NS3-5B by
using LT1 transfection reagent (Mirus Corporation) and following the manufac-
turer’s instructions. Approximately 60 h after the addition of DNA-LT1 com-
plexes, cells were either washed once with ice-cold PBS, lysed in 1% SDS in 0.1
M sodium phosphate (pH 7.0), and analyzed by Western blotting as described
above or used to prepare total RNA for quantitative RT-PCR.

Polyprotein processing was assessed using the vaccinia virus-T7 hybrid system.
Briefly, subconfluent Huh-7.5 cells were infected for 1 h at room temperature
with vTF7-3, a vaccinia virus expressing the T7 RNA polymerase. Subsequently,
cell monolayers were washed once with DMEM–10% FBS and subjected to
transfection with 1 �g of plasmid DNA using LT1 transfection reagent. Twenty-
four hours later, cells were incubated for 1 h in methionine- and cysteine-
deficient MEM containing 5% dialyzed FBS (dMEM); that medium was then
replaced with dMEM supplemented with 200 �Ci/ml Express 35S protein label-
ing mix (Perkin-Elmer). Cells were labeled for 1 h, washed once with ice-cold
PBS, and harvested in 1% SDS lysis buffer as described above. Sixty micrograms
of protein lysate was mixed with 0.5 ml TNA (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 0.67% bovine serum albumin, 1 mM EDTA, 0.33% Triton X-100, 80 �g/ml
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PMSF, 1� Complete inhibitor cocktail) and 1 �l of HCV-positive patient serum
(kindly provided by Charles Rice, The Rockefeller University, New York, NY)
and incubated overnight at 4°C with rocking. Fifty microliters of prewashed
Pansorbin cells (Calbiochem) were added and incubated for 2 h at 4°C with
rocking, and immune complexes were collected by centrifugation. Immunopre-
cipitates were washed three times in TNA containing 0.125% SDS and once with
50 mM Tris-HCl (pH 7.5)–150 mM NaCl–1 mM EDTA–80 �g/ml of PMSF–1�
Complete inhibitor cocktail before being heated at 80°C for 20 min in protein
sample buffer. Metabolically labeled proteins were separated on an SDS–9%
polyacrylamide gel and visualized either by fluorography and autoradiography or
by phosphorimaging with a FLA-5000 scanner.

RESULTS

The Con1 NS4B sequence enhances H77 replication. Previ-
ously, experiments with the Huh-7.5 cell line showed that the
replication ability of H77 replicons carrying adaptive mutations
P1496L in NS3 and S2204I in NS5A was significantly lower
than that of S2204I-containing Con1 replicons (6); however,
the genetic determinants responsible for this replication dif-
ference have not been defined. In this study, the relative con-
tribution of the NS4B sequence to H77 replication efficiency in
Huh-7.5 cells was addressed by replacing the H77 NS4B gene
in the H77 replicon with its counterpart from the Con1 strain.
The replicative ability of this chimeric replicon (H/C4B) (Fig.
1) was compared to those of the parental (H/WT) (Fig. 1),
Con1 (C1/WT) (Fig. 1), and replication-defective (H/pol�)
replicons by quantifying HCV RNA levels at 24-h intervals
after RNA transfection of Huh-7.5 cells and by examining
HCV protein expression after 96 h in culture. As shown in Fig.
2A, HCV RNA levels for the chimeric H/C4B replicon were
�10-fold higher than that of the parental H77 replicon and
were similar to that of the Con1 replicon. Additionally, the
amount of NS3 and NS5A protein expression was significantly
higher in H/C4B-transfected cells than in cells electroporated
with the H/WT replicon (Fig. 2B). Enhanced replication was
not restricted to H77 subgenomic replicons; genome-length
H77 RNA containing Con1 NS4B also replicated at a �10-
fold-higher level than the full-length H77 parent (data not
shown). Thus, the NS4B sequence influences the HCV repli-

FIG. 3. Replication efficiencies of H77 replicons encoding chimeric
NS4Bs. (A) Amino acid sequence alignment of Con1 (C1) and H77
(H) NS4Bs. Amino acid differences are boldfaced, and amino acid posi-
tions 1, 33, 47, and 261 in the NS4B sequence are indicated. (B) HCV
RNA levels in 1 �g of total Huh-7.5 cellular RNA were quantified 24, 48,
72, and 96 h after transfection by real-time RT-PCR. (C) At 96 h post-
electroporation, the relative levels of NS5A were measured by Western
blotting using a polyclonal antiserum. The results are representative of
three independent repetitions of the experiment.

FIG. 2. Con1 NS4B enhances H77 replication. (A) Huh-7.5 cells were electroporated with 0.5 �g of replicon RNA. At the indicated times
posttransfection, total cellular RNA was harvested, and HCV RNA in 1 �g of total RNA was quantified by real-time RT-PCR. (B) Ninety-six hours
after RNA transfection, Huh-7.5 cell monolayers were lysed, and NS3 (top) and NS5A (bottom) expression was analyzed by immunoblotting. The
migration of NS3 and NS5A is shown on the right. The differences in mobility between Con1- and H77-derived NS3 and between Con1- and
H77-derived NS5A reflect differences in specific amino acid composition between these two strains. Due to slight differences in antibody reactivity,
the relative expression levels of Con1 and H77 NS3 or NS5A cannot be directly compared. Similar results were obtained in four independent
repetitions of the experiment.
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cation rate and is a major determinant for the lower-replica-
tion phenotype of H77 replicons.

This clear effect of Con1 NS4B on H77 replication levels led
to a closer comparison of the NS4B genes of Con1 and H77.
Amino acid alignments of the Con1 and H77 NS4B proteins
revealed considerable variation in the N-terminal 47 residues
(68% identity), while the C-terminal 214 amino acids shared
90.7% identity (residues 48 to 261) (Fig. 3A). To determine
which region of Con1 NS4B might be responsible for replica-
tion enhancement, two replicons containing chimeric NS4Bs,
one with the N-terminal 47 residues of Con1 NS4B fused to the
H77 NS4B C terminus (designated H/CN47) (Fig. 1) and the
other containing the H77 N terminus followed by the C-termi-
nal 214 amino acids of Con1 NS4B (designated H/CC214) (Fig.
1), were tested. By 96 h posttransfection, the levels of H/CN47

and H/CC214 RNAs in Huh-7.5 cells were about three- to
fourfold higher than those of the parental H/WT replicon but
remained lower than that of the H77 chimera containing the
entire Con1 NS4B sequence (H/C4B) (Fig. 3B). Furthermore,
the relative amounts of NS5A expressed at 96 h after electro-
poration paralleled the HCV RNA levels (Fig. 3C). Hence,
both the N- and C-terminal domains of Con1 NS4B enhance

H77 replication, but both together are required to achieve the
replication levels of the H/C4B chimera.

Identification of two divergent N-terminal residues required
for efficient RNA replication. Although the N- and C-terminal
domains are both required for optimal NS4B function, initial
experimentation focused on defining the replication-enhancing
residues within the N terminus of NS4B, since this region is
short and poorly conserved and is predicted to reside in the
cytoplasm. In order to locate the responsible residue(s), the
N-terminal 47 amino acids were first subdivided into two
smaller regions based on the degree of amino acid variability
between Con1 and H77 NS4B (Fig. 3A). In the H77 replicon,
either the first 33 amino acids (H/CN33) or residues 34 to 47
(H/CN34-47) of H77 NS4B were replaced with the correspond-
ing sequence from Con1 NS4B (Fig. 1), and the ability of these
chimeras to replicate was measured in Huh-7.5 cells as de-
scribed above. The levels of HCV RNA and NS5A for
H/CN34-47 were equivalent to those for the parental H/WT
replicon (Fig. 4A, compare lanes 7 and 9), indicating that
residues 34 to 47 of Con1 NS4B were not responsible for
increasing H77 replication. In contrast, levels of H/CN33 RNA
were three- to fourfold higher than RNA levels for H/WT and

FIG. 4. Enhancing residues map to the N-terminal 33 amino acids of Con1 NS4B. (A) Replicative abilities of H77 replicons expressing hybrid
or mutant NS4B proteins. (Top) Schematic representation of H77 NS4B, with the first 33 amino acids of H77 and Con1 NS4B aligned below.
Divergent residues are boldfaced, and arrows indicate the amino acid substitutions tested. (Center) Huh-7.5 cells were electroporated with the
parental H/WT replicon, H77 chimeric RNAs (H/CN47, H/CN33, and H/CN34–47) (Fig. 1), and H77 replicons containing the S1A and Q2S
(SQ3AS), M12Q, L22I, M12Q and L22I (ML3QI), or S29T and R30K (SR3TK) mutations. At the indicated times postelectroporation, HCV
RNA levels were measured as described above. At the 96-h time point, 9 � 104 RNA copies per �g of total cellular RNA were detected in
H/pol�-transfected cells. (Bottom) Western blot analysis of NS5A expression levels at 96 h posttransfection. Similar results were obtained in four
independent experiments. (B) HCV RNA and NS5A levels of the H77 chimeric replicon H/CN33 (Fig. 1), containing the Q12M or the I22L
mutation or both (QI3ML). (Top) Diagram of the hybrid NS4B protein containing the first 33 amino acids of Con1 NS4B fused to the remaining
H77 NS4B sequence. Shown below is the alignment of the N-terminal 33 residues of Con1 and H77 NS4B, with the divergent residues boldfaced;
the amino acid replacements analyzed are indicated by arrows. (Center) HCV RNA levels quantified at 24 to 96 h after transfection of Huh-7.5
cells. (Bottom) NS5A expression at 96 h after RNA transfection. These results are representative of two repetitions of the experiment.
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similar to those of the H77 chimera carrying the N-terminal 47
amino acids from Con1 NS4B (H/CN47) (Fig. 4A). Similarly,
the amounts of NS5A expression in cells supporting H/CN33

and H/CN47 replication were comparable at 96 h after electro-
poration and were significantly greater than the levels of NS5A
in H/WT-transfected cells (Fig. 4A, compare lanes 6, 8, and 9).
These results indicate that one or more of the six amino acid
differences within the first 33 residues are responsible for the
enhanced replication phenotype of the H77 chimera contain-
ing the N terminus of Con1 NS4B.

To identify which residue(s) in the N-terminal 33 amino
acids of Con1 NS4B enhanced H77 replication, the six non-
conserved amino acids in the H77 parental replicon were re-
placed either individually or in pairs with the Con1-specific
amino acids (Fig. 4A, top), and the replicative ability of mutant
replicons was measured in Huh-7.5 cells. Changing the first two
residues in H77 NS4B from Ser-Gln to the Con1 sequence
(Ala-Ser) led to a slight reduction in HCV RNA (�1.5-fold)
and NS5A levels compared to those for the parental H/WT
sequence (Fig. 4A, compare lanes 1 and 9), while the replicon
carrying the S29T plus R30K double mutation (SR3TK) rep-
licated in a manner similar to that of H/WT (Fig. 4A, compare
lanes 5 and 9). Conversely, both the M12Q and L22I substitu-
tions independently increased RNA (�3-fold) and NS5A pro-
tein levels relative to those for H/WT (Fig. 4A, compare lanes
2, 3, and 9), and when both substitutions were combined
(ML3QI), replication levels were slightly higher than those
for the H77 chimeric replicon, H/CN47 (Fig. 4A, compare lanes
4 and 8). Thus, Gln-12 and Ile-22 are the only residues within
the N terminus of Con1 NS4B that are responsible for the
enhanced replication phenotype of the H77 chimera H/CN47.

To confirm the importance of the amino acid sequence at
positions 12 and 22, Q12M, I22L, and the Q12M plus I22L
double mutation (QI3ML), were introduced into the Con1-
specific NS4B sequence present in the H77 chimera H/CN33

(Fig. 4B, top). As anticipated, each of the amino acid substi-
tutions independently decreased H/CN33 replication, and in
combination they further reduced replication to levels close to
that of the unmodified H/WT replicon (Fig. 4B). Hence, Met
at position 12 and Leu at position 22 of NS4B are suboptimal
for Con1 NS4B-enhanced H77 RNA replication in Huh-7.5
cells.

H77 replication is enhanced on a per cell basis. In order to
determine whether elevated replication of the H77-Con1
NS4B chimeras occurred via an increase in replication per cell
or was the result of replication establishment in a greater
frequency of cells, the entire Con1 NS4B gene (HNeo/C4B) or
the first 47 amino acids of Con1 NS4B (HNeo/CN47) were
introduced into the G418-selectable replicon HNeo/WT (Fig.
5A) (6). HCV RNA levels were quantified for the first 96 h
after transfection of Huh-7.5 cells (Fig. 5B), and the number of
Huh-7.5 cells transduced to G418 resistance was measured 3
weeks posttransfection (Fig. 5C). As observed for the mono-
cistronic replicon (Fig. 3), HCV RNA levels for the G418-
selectable replicons HNeo/C4B and HNeo/CN47 were �11- and
3-fold greater, respectively, than that for HNeo/WT (Fig. 5B).
However, only slight differences in the number of G418-resis-
tant colonies were observed between these replicons (	2-fold)
(Fig. 5C). Furthermore, the levels of HCV RNA in three
isolated independent G418-resistant cell clones supporting

HNeo/C4B replication were significantly higher than the levels
detected in three HNeo/WT-containing cell clones isolated in
parallel (3.5- to 24-fold [data not shown]). Taken together,
these results suggest that Con1 NS4B primarily enhances H77
RNA replication within individual Huh-7.5 cells.

Replication of H77 RNA is not enhanced by expressing Con1
NS4B in trans. To determine if the Con1 NS4B protein en-
hanced viral replication in trans, HCV RNA levels in Huh-7.5
cells supporting parental H/WT replication were measured
following transfection of NS4B-expressing plasmids. The trans-
fected plasmids expressed either Con1 NS4B (pC4B), N-ter-
minally hemagglutinin (HA) tagged Con1 NS4B (data not
shown), the H77 NS3-5B polyprotein containing Con1 NS4B
instead of H77 NS4B (pH/C4B), the H77 NS3-5B polyprotein
(pH3-5B), or the NS3-5B polyprotein from Con1 (data not
shown). First, conditions were established such that 
80% of
cells received the DNA expression construct (data not shown)
and HCV protein levels expressed from the transfected DNA
plasmids were comparable to the levels observed in Huh-7.5

FIG. 5. HCV RNA accumulation and G418-resistant colony-form-
ing abilities of H77-derived subgenomic replicons. (A) Structure of the
G418-selectable replicon. The 5� and 3� NTR structures are shown,
and the H77 NS3-5B ORF is depicted as an open box; the polyprotein
cleavage products are indicated, along with the positions of the two cell
culture-adaptive mutations, P1496L and S2204I. The neomycin phos-
photransferase gene (Neo) and the encephalomyocarditis virus (EMCV)
IRES are shown. Chimeric NS4B proteins are diagramed below, with the
shaded regions representing Con1-derived NS4B sequences and the
adopted nomenclature given on the left. (B) Total cellular RNA was
harvested at the indicated times postelectroporation, and HCV RNA in 1
�g of total RNA was quantified by real-time RT-PCR. (C) G418 trans-
duction efficiencies of H77 replicons. Immediately after electroporation,
1,250, 2,500, 5,000, 104, or 2.5 � 104 transfected Huh-7.5 cells were
coplated with cells transfected with HNeo/pol� RNA as described in Ma-
terials and Methods. Following 3 weeks of G418 selection, the resulting
colonies were stained with crystal violet and counted for at least three cell
densities. The calculated transduction efficiencies (expressed in CFU per
�g of transfected RNA) are given to the right of representative dishes that
were initially plated with 2.5 � 104 transfected cells. Similar results were
obtained in three independent repetitions of the experiment.
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cells supporting productive H77-Con1 NS4B chimera replica-
tion (Fig. 6A). For example, the amount of NS5A expressed
upon transfection of 1 �g of pH3-5B or pH/C4B into cells
containing H/pol� RNA was similar to the level of NS5A
detected at 96 h after electroporation of the H/C4B chimera
(Fig. 6A). When Con1 NS4B was expressed either alone
(pC4B) or in the context of the chimeric H77 (pH/C4B) or

Con1 polyprotein, H77 RNA levels were similar to those for
cells transfected with either the empty expression vector
(pcDNA) or a plasmid containing the H77 NS3-5B ORF (pH3-
5B) (Fig. 6B; also data not shown). Similarly, plasmid-driven
expression of Con1 NS4B (pC4B and pH/C4B) in a stable cell
line supporting persistent HNeo/WT replication (Fig. 5A) did
not increase RNA replication (data not shown). Thus, under
these experimental conditions, Con1 NS4B was not able to
enhance the replication of the H77 parental replicon in trans.

Con1 NS4B enhances H77 RNA synthesis. To determine if
Con1 NS4B preferentially enhanced the synthesis of positive-
strand RNA, negative-strand RNA, or both, HCV RNA levels
in transiently transfected Huh-7.5 cells were analyzed by
Northern blot hybridization. At 96 h postelectroporation, a
significant increase in positive-strand RNA levels was observed
for the chimeric replicons H/C4B (�8-fold), H/CN47 (�3.0-
fold), and H/CN33 (�3.0-fold) relative to the level for the
parental H/WT replicon (Fig. 7A, lanes 5 to 8). Likewise,
negative-strand RNA synthesis was greater for the chimeric
replicons (Fig. 7A, lanes 14 to 17). However, the level of
negative-strand RNA synthesized in cells supporting transient
H/WT replication was at the limit of detection (Fig. 7A, lane
14), making it difficult to quantify the differences in negative-
strand synthesis between the H77-Con1 NS4B chimeras and
the H77 parental sequence.

To better assess relative increases in negative-strand synthe-
sis, Northern blot analysis was performed on G418-selected
Huh-7.5 cells supporting persistent H77 replication. For this
purpose, G418-selected cell populations were used in order to
avoid studying potentially nonrepresentative clonal pheno-
types of individual G418-resistant colonies. As observed in
transient replication, synthesis of both positive- and negative-
strand RNA increased for the H77 chimeras containing the
entire Con1 NS4B sequence (HNeo/C4B) or its N-terminal 47
residues (HNeo/CN47) relative to that for the parental replicon
(HNeo/WT) (Fig. 7B, lanes 23 to 25 and 31 to 33). The ability
to detect HNeo/WT negative-strand RNA revealed that all rep-
licons in G418-selected cell lines maintained a �22:1 positive-
to negative-strand ratio regardless of total HCV RNA produc-

FIG. 6. Effect of NS4B expression in trans on H77 replication in
Huh-7.5 cells. Approximately 36 h following electroporation of Huh-
7.5 cells with RNA of the H/pol�, H/WT, or H/C4B replicon, cell
monolayers were transfected either with 0.5 or 1 �g of the indicated
DNA expressing NS4B under the control of the cytomegalovirus pro-
moter (pC4B, pH/C4B, or pH3-5B) or with 1 �g of the empty vector
(pcDNA). After an additional 60 h in culture, cells were lysed, and
NS5A (A) and H77 RNA (B) levels were determined as described in
Materials and Methods. For reasons that remain unclear, H77 RNA
levels in cells transfected with any plasmid DNA were typically higher
than RNA levels in cells that were never subjected to DNA transfec-
tion. These data are representative of two independent experiments.

FIG. 7. Northern blot analysis of positive- and negative-strand HCV RNA levels in Huh-7.5 cells supporting H77 parental and chimera
replication. A total of 10 �g of cellular RNA isolated 96 h after electroporation of H77 replicons (A) or 72 h after seeding of G418-resistant
Huh-7.5 cells supporting persistent H77 replication (B) was subjected to Northern blot hybridization with radiolabeled riboprobes specific for the
detection of H77 positive-strand (�) or negative-strand (�) RNA (top) or GAPDH mRNA (bottom). Signals were quantified by phosphorimaging,
compared with serially diluted in vitro-transcribed replicon RNAs of positive (109 to 107 [lanes 1 to 3] and 2 � 109 to 2 � 107 [lanes 19 to 21])
and negative (109 to 107 [lanes 10 to 12] and 2 � 109 to 2 � 107 [lanes 27 to 29]) polarity mixed with 10 �g of total cellular RNA from naı̈ve Huh-7.5
cells, and normalized to the GAPDH message (GAP) to account for variable loading. Note that the negative-strand replicon RNA standard
migrates faster due to the lack of the poly(U/UC) and 3� NTR sequences. Strand specificity for each riboprobe was demonstrated by using 109

(lanes 4 and 13) or 2 � 109 (lanes 22 and 30) molecules of the opposite polarity replicon RNA [(�) or (�)]. Huh in panel B represents RNA
isolated from naı̈ve Huh-7.5 cells.
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tion. However, unlike the transient assay, which showed an
eightfold increase in the level of positive-strand RNA for the
chimera containing Con1 NS4B relative to that for the parental
sequence (Fig. 7A, lanes 5 and 6), only a threefold increase was
detected in G418-resistant cell lines (Fig. 7B, lanes 23 and 24).
This was not an unexpected result, since the stringent G418
selection conditions used to derive the stable cell lines might
enrich for cells supporting efficient HNeo/WT replication, while
cells containing established but lower replication levels might
succumb to selection. Another possibility is that during the

3-week period of G418 selection, mutations that improve
H77 replication efficiency may arise. However, sequence anal-
ysis of uncloned RT-PCR products amplified from the G418-
selected cell populations supporting HNeo/WT, HNeo/C4B, and
HNeo/CN47 replication did not identify additional mutations
within the NS3-5B coding region. Nevertheless, the data ob-
tained from both transient and stable replication assays sup-
port the conclusion that expression of Con1 NS4B from the
H77 replicon increases the synthesis of both positive- and neg-
ative-strand H77 RNA.

Con1 NS4B does not affect H77 IRES-directed translation.
Given that viral RNA synthesis is dependent on polyprotein
production and NS4B has been suggested to modulate the
translational activity of the HCV IRES (22, 26), amplification
of H77 chimeric RNA levels could be explained by an increase
in RNA translation efficiency. To assess the effect of Con1
NS4B on HCV IRES-mediated translation independent of
RNA replication, NS5A expression was analyzed 10 to 20 h
after electroporation of polymerase-defective H77 replicons
expressing either H77 NS4B (H/pol�), the complete Con1
NS4B (H/C4B/pol�), or a hybrid protein containing the N-
terminal 47 amino acids of Con1 NS4B (H/CN47/pol�). To
achieve HCV protein levels similar to those observed for rep-

licating H77-Con1 NS4B chimeras (Fig. 8A, lanes 1 and 2),
Huh-7.5 cells were electroporated with 8 �g of the pol� rep-
licon RNA. At 10 h (Fig. 8A, lanes 3 to 5) and 20 h (data not
shown) following transfection, similar amounts of NS5A were
translated from the parental and chimeric replicons, indicating
that the Con1 NS4B sequence does not appear to stimulate
translation from the HCV IRES and that enhanced RNA
replication of chimeric H77 replicons is not due to an increased
rate of viral protein synthesis.

Chimeric polyproteins are processed in a manner similar to
the parental sequence. Replacing H77 NS4B with the corre-
sponding Con1 sequence could alter the recognition of the
NS4A/4B and NS4B/5A cleavage sites by the H77 NS3-4A
serine protease complex. It is therefore possible that alter-
ations in processing at the modified polyprotein junctions ac-
count for the increased replication of the H/C4B and H/CN47

chimeras (Fig. 1). Given that chimeric and parental H77 rep-
licons replicate at different rates (Fig. 3), polyprotein process-
ing was examined independently of HCV replication by using
a transient vaccinia virus expression system. Small differences
in the levels of NS4B expressed from the chimeric and mutant
replicon DNAs compared to the parental NS4B sequence (H/
WT) were observed (Fig. 8B), but these differences did not
correlate with replication efficiency. Given that no uncleaved
NS4A-4B precursor was detected and the patient serum used
for immunoprecipitation has a greater reactivity to H77 NS4B
than to Con1 NS4B (Fig. 8B, compare the percentages of
NS4B expressed by H/WT [100%] and C1/WT [61%]), it was
concluded that the observed variation in NS4B expression re-
sulted from differences in antibody recognition rather than
from slower processing at the NS4A/4B junction. Furthermore,
no obvious changes in polyprotein processing were seen for the
H77 replicon containing Con1-specific residues in the first two

FIG. 8. Effect of NS4B on HCV IRES-driven translation and polyprotein processing. (A) Eight micrograms of the polymerase-defective
replicons (pol�) expressing H77 NS4B (H/pol�), Con1 NS4B (H/C4B/pol�), or a hybrid NS4B containing the first 47 amino acids from Con1
NS4B (H/CN47/pol�) was electroporated into Huh-7.5 cells. Lysates collected at 10 h postelectroporation were subjected to immunoblot
analysis with a polyclonal antiserum to NS5A (top). Relative NS5A levels measured by phosphorimaging were normalized to GAPDH
expression (bottom) and to HCV RNA quantified at the same time point (data not shown). Samples collected 96 h after transfection of the
replication-competent chimeric replicons, H/C4B and H/CN47, were separated in parallel (lanes 1 and 2). The negative control (Huh) (lane
6) represents Huh-7.5 cells transfected with 8 �g of cellular RNA isolated from naı̈ve Huh-7.5 cells. The migration of NS5A and GAPDH
is shown on the left. These results are representative of two independent experiments. (B) Huh-7.5 cells infected with a vaccinia virus
expressing T7 RNA polymerase were transfected with 1 �g of the indicated plasmid DNA and incubated for 1 h in the presence of
[35S]methionine-cysteine, as described in Materials and Methods. The labeled cells were lysed, and NS3, NS4B, and NS5A were analyzed
by immunoprecipitation using a patient serum, followed by SDS–9% polyacrylamide gel electrophoresis, autoradiography, and phospho-
rimaging. The 35S-labeled NS4B signal was corrected for DNA transfection efficiency by normalizing to NS3 expressed from the corre-
sponding replicon DNA. Values below the gel represent the percentage of normalized NS4B expressed relative to the level of NS4B encoded
by the H/WT replicon, which has been set at 100%. The negative control (Huh) represents vaccinia virus-infected Huh-7.5 cells transfected
with an unrelated plasmid DNA that was immunoprecipitated with the same antiserum as described above. The mobilities of the molecular
mass standards (in kilodaltons) are given on the left, and the migration of the HCV-specific proteins is indicated on the right. Con1 NS4B
migrated more slowly than H77 NS4B, presumably reflecting differences in amino acid composition between the proteins.

5732 BLIGHT J. VIROL.



positions of H77 NS4B (SQ3AS) (Fig. 8B). Thus, changing
the NS4A/4B and NS4B/5A junctions in H77-Con1 NS4B chi-
meric replicons does not appear to dramatically alter the bio-
genesis of the HCV polyprotein.

DISCUSSION

The primary goal of this study was to identify the genetic
determinants responsible for the replication difference previ-
ously observed between replicons derived from the HCV ge-
notype 1 strains Con1 and H77 (6) (Fig. 2). To determine
whether genetic variation within NS4B contributed to geno-
type 1 replication efficiency in Huh-7.5 cells, a chimeric H77
replicon expressing the entire Con1 NS4B protein, which is
�87% identical to the NS4B protein of H77, was generated.
This chimera had accelerated replication kinetics relative to
those of the parental H77 sequence and had essentially ac-
quired the replicative ability of the Con1-derived replicon. In
contrast, a lethal phenotype in transient replication assays was
observed for a Con1 chimeric replicon containing the NS4B
gene from H77 in place of the Con1 NS4B sequence (data not
shown). Thus, taken together, the specific sequence of the
NS4B protein is critical for robust RNA replication in cell
culture.

H77-Con1 NS4B chimeras containing either the N-terminal
47 amino acids (H/CN47) or the C-terminal 214 residues (H/
CC214) from Con1 NS4B also replicated with greater efficiency
than the parental H77 replicon (Fig. 3). However, compared to
the chimeric replicon expressing the entire Con1 NS4B pro-
tein, the H/CN47 and H/CC214 chimeras exhibited lower repli-
cation rates. The reason these hybrid NS4Bs are less effective
remains unclear. One possibility is that the N- and C-terminal
regions of NS4B carry out separate functions during RNA
replication, perhaps by mediating distinct contacts either with
the other HCV replication proteins or with specific host factors
essential for robust RNA replication in cell culture. A nucle-
otide binding motif mediating GTP binding and hydrolysis was
recently identified within the C-terminal domain of NS4B (12).
Although the exact role of the GTPase in RNA replication has
not been resolved, the sequence of the nucleotide binding
motif is critical for efficient HCV RNA replication. Within this
motif the amino acid at position 132 of NS4B differs between
H77 (Val) and Con1 (Ile); however, the impact of this conser-
vative substitution on the GTPase activity of NS4B and RNA
replication remains to be tested. Alternatively, optimal NS4B
function may depend on intramolecular interactions involving
specific sequences in both the N- and C-terminal domains of
NS4B. In support of the latter hypothesis, overexpressed NS4B
has been shown to form oligomers in cultured cells, and the
N-terminal half of NS4B (amino acids 1 to 135) harbors the
major determinants mediating NS4B oligomerization (55).
However, it is not yet known whether NS4B oligomerization is
essential for HCV RNA replication and whether the enhanc-
ing amino acids identified in this study are involved in oli-
gomerization.

The N-terminal 47 amino acids of H77 and Con1 NS4B
differ at 15 positions; however, only 2 of these residues signif-
icantly impact replication (Fig. 4). Specifically, the Con1-de-
rived amino acids, Gln-12 and Ile-22 in NS4B, act in concert to
enhance H77 replication to levels comparable to that of the

H/CN47 chimera and to achieve optimal replication of the
H/CN33 chimera containing the N-terminal 33 amino acids
from Con1 NS4B. These observations suggest that Gln at po-
sition 12 and Ile at position 22 enhance replication by directly
altering replication complex activity, possibly via membrane-
protein or protein-protein interactions. Consistent with this
hypothesis, these two amino acids reside in a putative amphi-
pathic helix that is important for membrane association and
RNA replication, and this domain has also been proposed to
have a direct function in replication complex assembly (13).
Interestingly, positions 12 and 22 in NS4B are the only residues
within this amphipathic helix domain that are not conserved
between Con1 and H77. Furthermore, both of these sites are
variable among different HCV genotypes: 1a and 3b (Met-12,
Leu-22), 1b and 6a (Gln-12, Leu-22), 2a and 2b (Arg-12, Gln-
22), 3a (Ala/Val-12, Leu-22), 4a (Gln-12, Leu/Ile/Val-22), and
5a (Ala-12, Leu-22). Although Leu was the most common
amino acid observed at position 22 in NS4B in most genotypes,
it was surprising to discover that Con1 was the only strain
among the genotype 1b sequences analyzed (
100 isolates)
that encoded Ile at position 22. It would be interesting to test
how other amino acid replacements at these two positions in
NS4B impact genotype 1 replication. Although further exper-
imentation is needed, this natural variation may govern strain-
specific interactions pivotal for HCV RNA replication.

The H77-Con1 NS4B chimeric replicons consistently pro-
duced positive- and negative-strand RNA levels greater than
those of the parental H77 replicon (Fig. 7). This suggests that
Con1 NS4B (and the N terminus of Con1 NS4B) directly
influences the rate of RNA synthesis. Since the steps of the
viral replication cycle are tightly coupled, enhanced RNA lev-
els could result from increased translation from the HCV
IRES. Previous studies yielded conflicting results: NS4B was
reported to stimulate (22) or to repress (26) HCV IRES-
directed translation. In the current study, genetic variation in
NS4B did not appear to influence viral protein expression (Fig.
8), although the contribution of subtle effects of NS4B on gene
expression cannot be entirely ruled out. Furthermore, no sig-
nificant differences between the cleavage profiles of the paren-
tal and chimeric polyproteins were observed (Fig. 8B), and the
stabilities of the chimeric NS4B proteins H/CN47, H/CN33, and
H/CN34-47 and the L22I mutant were similar to that of NS4B
expressed from the H/WT and H/C4B replicons (data not
shown). Taken together, it appears that the Con1 NS4B-me-
diated increase in H77 replication was not due to altered trans-
lation efficiency, polyprotein processing, or NS4B stability.

NS4B is postulated to play a central role in mediating the
formation of membranous structures that represent a site of
viral replication (11, 18). Sequence differences in NS4B have
the potential to influence the capacity of NS4B to associate
with membranes, induce membrane alterations more favorable
for replication complex assembly, or facilitate the formation of
productive replication complexes, any of which could signifi-
cantly impact the ability of HCV replicons to establish RNA
replication. In this study, enhanced replication of chimeric
replicons was predominantly associated with increased RNA
replication per cell, and only minor differences in the fre-
quency of cells able to support chimeric and parental replica-
tion were observed (Fig. 5). Thus, our working model is that
Con1 NS4B primarily enhances the processes involved in sus-
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taining efficient RNA replication. At this point, it is not clear
whether increased RNA synthesis arises from highly efficient
replication factories, a greater number of active replication
complexes, or both.

If NS4B-induced membrane remodeling was a major mech-
anism for increased HCV RNA replication, then Con1 NS4B
might have the capacity to act in trans to enhance H77 repli-
cation. Under the experimental conditions used in this study,
expression of Con1 NS4B in trans had no effect on H77 repli-
cation, and although this suggests that Con1 NS4B is required
in a cis configuration to increase H77 replication, it is still
possible that the timing and mode of NS4B expression are
critical in order to observe an effect. This observation is con-
sistent with previous reports that NS4B from HCV (1, 52) and
other members of the Flaviviridae, including Kunjin virus (28)
and bovine viral diarrhea virus (19), cannot trans-complement
replicons carrying lethal mutations, insertions, or deletions in
NS4B.

How does Con1 NS4B enhance H77 RNA synthesis in Huh-
7.5 cells? One possibility is that the Con1 NS4B protein func-
tions more efficiently in the context of the H77-encoded rep-
lication machinery than the native H77 NS4B. NS4B has been
reported to interact with virtually all the other HCV nonstruc-
tural proteins (10, 17, 36, 47), and so far a functional interac-
tion between NS3 and NS4B has implicated NS4B as a regu-
lator of the replication complex. Specifically, an interaction
between HCV genotype 1b NS4B and NS3 partially suppresses
the nucleoside triphosphatase activity of NS3 in vitro (47). In
the case of the flavivirus dengue virus, NS4B interacts with
NS3, resulting in the displacement of NS3 from single-stranded
RNA (53). However, these NS4B-mediated effects on NS3
were demonstrated in vitro and need to be confirmed in cell
cultures supporting RNA replication, where all the compo-
nents of the replication complex are operative. It should be
noted that the H77 replicons used in this study were derived
from an infectious molecular clone of the H77 strain that
replicates to high titers in chimpanzees (32). While Con1
NS4B may have the capacity to further increase H77 replica-
tion in chimpanzee liver, an alternative explanation is that
Con1 NS4B functions more efficiently in the Huh-7.5 cellular
environment via interactions with specific host components
that play a role in the assembly of the viral replication complex.
At this stage, very few interactions between NS4B and host cell
proteins have been identified (51). While it is not entirely clear
whether RNA replication in cell culture depends on NS4B-
mediated interactions with cellular proteins, identification of
host-interacting partners of NS4B may represent an important
step toward a better understanding of NS4B function.

Robust H77 replication in the Huh-7 cell line was previously
achieved by combining five cell culture-adaptive mutations in
the NS3-4A protease complex and the NS5A protein (54). In
Huh-7 cells, the replication efficiency of an H77 replicon car-
rying these mutations was significantly greater than that of a
replicon harboring the adaptive changes used in this study
(P1496L in NS3 and S2204I in NS5A) and slightly higher than
that of a replicon derived from the robustly replicating geno-
type 1b HCV-N strain. The mechanism by which these five
adaptive mutations promote efficient H77 RNA replication
remains unknown. Given the enhanced replication phenotype
of the H77-Con1 NS4B chimeras reported here, it is intriguing

to speculate that some of these mutations compensate for the
less efficient H77 NS4B protein by mediating critical interac-
tions with Huh-7 cell proteins, thereby permitting the assembly
of functional replication complexes. Interestingly, replication
of the H/C4B chimera reported here requires both P1496L in
NS3 and S2204I in NS5A, indicating that in Huh-7.5 cells,
Con1 NS4B cannot substitute for these specific adaptive mu-
tations.

Although the mechanism is not well understood, NS4B, to-
gether with NS3 and NS4A, appears to be involved in NS5A
hyperphosphorylation (31, 45). There is also a growing body of
evidence suggesting that disruption of NS5A hyperphosphory-
lation is important for efficient Con1 replication in Huh-7 cells.
For example, mutations in NS5A ablating or reducing Con1
NS5A hyperphosphorylation can dramatically enhance RNA
replication (2, 5); nonadapted Con1 RNA replicates efficiently
when Huh-7 cells are treated with inhibitors that selectively
block NS5A hyperphosphorylation (46); and highly adaptive
mutations in Con1 NS4B impair the hyperphosphorylation of
NS5A (2, 15). These observations are particularly interesting in
light of the fact that robustly replicating Con1 replicons carry-
ing S2204I in NS5A do not express hyperphosphorylated NS5A
(5), whereas NS5A hyperphosphorylation is detected during
H77 replication (6). Thus, it is conceivable that the lower
replication kinetics of H77 parental RNA are in part due to the
production of a hyperphosphorylated NS5A species and that
Con1 NS4B may improve H77 replication by inhibiting NS5A
hyperphosphorylation. However, preliminary data show that
during replication of the H77 chimera expressing Con1 NS4B,
H77 NS5A remains in a hyperphosphorylated state (data not
shown), suggesting that modulation of NS5A hyperphosphory-
lation is unlikely to be a major mechanism by which Con1
NS4B augments H77 replication.

While the favored hypothesis is that Con1 NS4B directly
affects the activity of the H77 replication complex via protein-
protein interactions, it is also conceivable that Con1 NS4B
influences replication by modulating the cellular environment.
This possibility is not without precedent, since HCV genotype
1b NS4B has been shown to inhibit host protein synthesis (16,
26), regulate the ER stress response (51, 56), alter the expres-
sion of HeLa cell genes involved in host defense, cell ho-
meostasis, and carcinogenesis (57), and induce interleukin-8
gene expression, possibly through activation of NF-�B (24, 27).
Given that ectopic expression of Con1 NS4B did not enhance
H77 parental replication (Fig. 6), Con1 NS4B is probably not
inducing a cellular environment more conducive to efficient
RNA replication.

In conclusion, a chimeric approach has identified NS4B as
a crucial player in HCV replication in cell culture and has
revealed an unexpected role for NS4B in maintaining RNA
synthesis once HCV replication has been established. Cur-
rently the exact molecular mechanism by which Con1 NS4B
amplifies H77 RNA transcription has not been resolved.
However, the NS4B chimeras, with enhanced replication
phenotypes compared to that of the parental sequence, rep-
resent valuable tools in ongoing efforts to further dissect
critical NS4B sequences and better define how NS4B func-
tions in RNA replication.
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