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The hepatitis C virus (HCV) RNA-dependent RNA polymerase
(RdRp), encodedbynonstructural protein 5B (NS5B), is absolutely
essential for the viral replication. Here we describe the develop-
ment, characterization, and functional properties of the panel of
monoclonal antibodies (mAbs) and specifically describe themech-
anism of action of two mAbs inhibiting the NS5B RdRp activity.
These mAbs recognize and bind to distinct linear epitopes in the
fingers subdomain of NS5B. The mAb 8B2 binds the N-terminal
epitope of the NS5B and inhibits both primer-dependent and de
novo RNA synthesis. mAb 8B2 selectively inhibits elongation of
RNA chains and enhances the RNA template binding by NS5B. In
contrast, mAb 7G8 binds the epitope that contains motif G con-
served in viral RdRps and inhibits only primer-dependent RNA
synthesis by specifically targeting the initiation of RNA synthesis,
while not interfering with the binding of template RNA by NS5B.
To reveal the importance of the residues of mAb 7G8 epitope for
the initiation of RNA synthesis, we performed site-directed
mutagenesis and extensively characterized the functionality of the
HCVRdRpmotifG.Comparison of themutation effects in both in
vitro primer-dependent RdRp assay and cellular transient replica-
tionassay suggested thatmAb7G8epitopeaminoacid residues are
involved in the interaction of template-primer or template with
HCV RdRp. The data presented here allowed us to describe the
functionality of the epitopes of mAbs 8B2 and 7G8 in the HCV
RdRp activity and suggest that the epitopes recognized by these
mAbsmay be useful targets for antiviral drugs.

Hepatitis C virus (HCV)2 is a small positive strand RNA
virus of the Flaviviridae family that is associated specifically

with non-A and non-B hepatitis post-transfusion blood
infections in humans (1). HCV, a noncytopathic hepato-
tropic virus, is a major causative agent of acute and chronic
hepatitis, liver cirrhosis, and hepatocellular carcinoma (2).
Recently, the World Health Organization estimated the
prevalence of HCV antibodies approximating 2%, indicating
that 123 million persons worldwide are affected by this virus
(3). In infected cells, HCV genomic single-stranded �9600-
nucleotide RNA messenger directs the synthesis of the
�3000-amino acid polyprotein precursor (4), which is co-
and post-translationally cleaved by cellular and viral pro-
teases producing mature structural and nonstructural pro-
teins (5–7). The same genomic ssRNA serves as a template
for the synthesis of the full-length minus strand, which is
used for the overproduction of the virus-specific genomic
ssRNA. The RNA-dependent RNA polymerase (RdRp), rep-
resented by nonstructural protein 5B (NS5B), is a single sub-
unit catalytic component of the viral replication machinery
responsible for both of these steps.
The catalytic domain of HCV RdRp has the “right-hand”

configuration closely resembling those of HIV-1 reverse tran-
scriptase (RT) (8) and the RdRps of poliovirus (9), reovirus (10),
and phage �6 (11). Similarly to these polymerases, HCV NS5B
is divided into fingers, palm, and thumb functional subdo-
mains. The fingers and thumb subdomains of the HCV RdRp
interact extensively with each other. This interaction is medi-
ated by two loops (�1 and �2) emanating from the fingers sub-
domain (12–14). The channel at the surface of HCV RdRp,
bordered by fingers subdomain and �1 loop, is a putative RNA
entry channel (14). The�1 loop ofHCVRdRp has no structural
counterparts in either reovirus polymerase or HIV-1 RT (13).
Similarly to reovirus and �6 polymerases, HCV RdRp has been
crystallized in the “closed” form with the fingers conformation
resembling that seen in HIV-1 RT (8, 10–14). The fingers sub-
domains of HCV, �6, and reovirus polymerases are highly sim-
ilar (10, 11). Remarkably, crystalline reovirus �3 polymerase is
able to catalyze phosphodiester bond formation, indicating that
template and substrate binding occurs only with localized rear-
rangements of the closed polymerase form (10). Indeed, open-
ing of the HCV RdRp closed form by indirect displacement of
the �1 loop triggers inactivation of the polymerase (15). Thus,
the fingers subdomain of NS5B is a central component for the
overall HCV polymerase foldmaintenance and is not amenable
to large conformational changes.
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Various small molecule HCV RdRp inhibitors such as nucle-
oside analogues (16, 17) and non-nucleoside inhibitors (NNI)
(15, 18–22) were synthesized and reported to be efficient NS5B
inhibitors. After conversion to nucleoside triphosphate by cell
host machinery, nucleoside analogue competes with natural
NTP at the catalytic site of RdRp and terminates the elongation
on incorporation. TheNNI class of compounds represents allo-
steric inhibitors that interfere with initiation of RNA synthesis.
At least four binding sites for NNI on the HCVRdRp have been
reported (23, 24). Surprisingly, all these binding sites are
located exclusively in palm and thumb subdomains of HCV
polymerase. Therefore, better understanding of the fingers sub-
domain role in the HCV RdRp function may provide new
insights into viral RNA synthesis regulation and open new pos-
sibilities for antiviral drug design.
This study describes the isolation and characterization of the

HCV RdRp fingers subdomain-specific monoclonal antibodies
(mAbs). We used these mAbs as molecular probes for identify-
ing functional determinants of the polymerase surface and to
define new potential drug targets for the therapeutic
intervention.

EXPERIMENTAL PROCEDURES

Materials—[�-32P]GTP, [�-32P]CTP, and poly(rC), were from
Amersham Biosciences; [�-32P]ATP was from PerkinElmer Life
Sciences; nucleoside 5�-triphosphates, RNase inhibitor,
phage T7 RNA polymerase, and RQ1 DNase were from Pro-
mega; (rG)12 oligonucleotide was from Proligo; heparin was
from Sigma; and peptides were from JPT Peptide Technolo-
gies. All other reagents were of highest grade available from
Sigma.
DNA and Site-directed Mutagenesis—DNA plasmids pFK-

I389/neo/NS3-3�/5.1 (Con1/neo) (25), pFK-I341PI-Luc/NS3-3�/
Con1/ET, and pFK-I341PI-Luc/NS3-3�/Con1/GND (26, 27)
were described previously. The plasmid pET19b-NS5B/Con1
was constructed by inserting PCR-amplified HCV NS5B gene
(GenBankTM accession number AJ242654) into the polylinker
region of pET19b (Novagen and Merck) between NdeI and
Bpu1102I sites. This plasmid was used for the Escherichia coli
overexpression of fusion protein that contained N-terminal
enterokinase-cleavable His10 tag and full-length HCV NS5B
protein.
The PstI/ApaI NS5B DNA fragment, containing the DNA

sequence encoding mAb 7G8 binding site, was derived from
pET19b-NS5B/Con1 and cloned into the pBluescript II KS(�)
(MBI Fermentas) polylinker region. PCR-based mutagenesis
was carried out using this plasmid according to Mikaelian and
Sergeant (28). Mutations were then transferred into pFK-
I341PI-Luc/NS3-3�/Con1/ET (Con1/luc) and pET19b-NS5B/
Con1 plasmids. All mutations were verified by DNA sequenc-
ing. For epitope mapping studies, corresponding NS5B gene
fragments were PCR-amplified and inserted into the multiple
cloning site of eukaryotic expression plasmid pQM-CMV-
E2Tag-N (Quattromed, Estonia).
RNA Isolation, Synthesis, and Purification—Total cellular

RNA was extracted with TRIzol reagent (Invitrogen). The 32P-
labeled RNA probe, containing 681-nucleotide Bsp120I/KpnI
fragment, complementary to NS5B coding sequence, was syn-

thesized by runoff in vitro transcription in the presence of 50
�Ci of [�-32P]GTP, purified as described below, and used for
Northern hybridization. The specific activity of the 32P-labeled
RNA was �2.0 � 109 cpm/�g.
HCV subgenomic RNA for RdRp assays and transient repli-

cation assays was produced from ScaI-linearized pFK-I341PI-
Luc/NS3-3�/Con1/ET plasmids, containing different muta-
tions by runoff in vitro transcription with phage T7 RNA
polymerase and purified according to Lohmann et al. (29) with
minormodifications. In brief, the 200-�l transcription reaction
contained 5–10 �g of linearized DNA, 1 unit/�l T7 RNA poly-
merase, 2.5 mM NTPs, and 0.4 unit/�l RNase inhibitor in opti-
mized transcription buffer (Promega) complemented by dithi-
othreitol. After 4 h of incubation at 37 °C, 1 unit of RQ1 DNase
per 1 �g of DNA was added for 30 min. The samples were
phenol/chloroform-extracted, RNA-precipitated with isopro-
pyl alcohol, and pellet-washed several times with 70% ethanol.
RNA pellet was dried and suspended in 10 mM Tris, pH 7.5, 1
mM EDTA. To remove contaminating NTPs, RNA templates
were additionally purified on Sephadex G-25 columns (Amer-
shamBiosciences). ResultingA260/A280 andA260/A230 ratios for
HCV subgenomic RNA exceeded 2.1 as determined by
ND-1000 spectrophotometer (NanoDrop Technologies, Inc.).
Integrity of RNA was confirmed by denaturing formaldehyde
gel electrophoresis.
To produce the 32P-labeled RNA for nitrocellulose filter

binding assays 5�-phosphates of poly(rC) andHCV subgenomic
RNA were removed with calf intestine alkaline phosphatase
(Roche Applied Science) according to the manufacturer’s pro-
tocol. The reaction was carried out for 3 h at 50 °C. The phage
T4 polynucleotide kinase (Fermentas MBI) was used to label
the dephosphorylated RNA in a forward reaction using 50 �Ci
of [�-32P]ATP as a substrate at 37 °C for 20 min. The RNA was
purified as described above. The specific activity of the 32P-
labeled RNA was �1.8�106 cpm/�g for poly(rC) and �0.5 �
106 cpm/�g for HCV subgenomic RNA.
HCV RdRp and mAb Production and Purification—The

E. coli) strain BL21(DE3) (Stratagene) was used for the expres-
sion of recombinant NS5B mutant proteins. Bacteria were
grown at 37 °C in LB medium supplemented with 100 mg/ml
ampicillin. When cultures reached A600 � 0.6, protein expres-
sion was induced by 0.6 mM isopropyl thiogalactoside and fur-
ther incubated at 17 °C for 16–18 h. N-terminal His10-tagged
fusion mutant proteins were affinity-purified to near homoge-
neity by immobilized metal-affinity chromatography on Ni2�-
Sepharose (Qiagen) according to Binder et al. (30) with minor
modifications. The NS5Bwas eluted with 1ml of storage buffer
containing 20mMTris, pH 7.5, 500mMNaCl, 2% Triton X-100,
250 mM imidazole, pH 7.5, 30% glycerol, and 10 mM 2-mercap-
toethanol. Protein concentrations were determined using
Bradford assay (Bio-Rad) with bovine serum albumin standard
(31). The protein was divided into smaller aliquots (NS5B con-
centrations were between 7.5 and 17.5 �M), frozen in liquid
nitrogen, and stored at �70 °C.
The HCV RdRp-specific mAbs were purified from ascitic

fluid by ammonium sulfate precipitation and protein G affin-
ity chromatography on a standard fast protein liquid chro-
matography system (GE Healthcare) according to Juronen et
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al. (32). The IgG concentration was estimated at 280 nm
using an extinction coefficient of 1.4 and using a Bradford
protein assay (Bio-Rad) with IgG antibody standard. The
purified mAbs were stored either as ammonium sulfate pre-
cipitates in phosphate-buffered saline at 4 °C or in phos-
phate-buffered saline containing 50% glycerol at �20 °C. For
all functional assays, mAb buffer was exchanged to TN
buffer (10 mM Tris, pH 7.5, 100 mM NaCl) by consecutive
diluting and concentrating the samples using Amicon ultra-
centrifugal (Millipore) filter unit devices.
Primer-dependent and de Novo RdRp Assays—For primer-

dependent RdRp assay poly(rC) was mixed with (rG)12 primer,
denatured at 95 °C for 2 min, and incubated 5 min at 4 °C prior
to use. For primer-independent (de novo) RdRp assay, HCV
subgenomic RNA was denatured similarly.
Primer-dependent RdRp assays containing 0.12 �M HCV

NS5B, 0.4 �g of poly(rC) pre-annealed with 4 pmol of (rG)12
primer, and variousmAbs concentrations (0.048–1.2�M) were
performed in RP buffer (10 mM Tris, pH 7.5, 12.5 mM KCl, 2.5
mM MgCl2, 0.5 mM dithiothreitol, 0.5 mM EGTA, pH 7.5, 10
units of RNasin (Promega)) in a total volume of 25 �l. Because
of the addition of HCV RdRp and mAb, the reactions also con-
tained 40 mMNaCl, 0.04% Triton X-100, 5 mM imidazole, 0.6%
glycerol, and 0.2 mM 2-mercaptoethanol. If not otherwise indi-
cated, in primer-dependent RdRp reactions the NS5B and
mAbs were preincubated at 4 °C for 10min, after that RNAwas
added and incubation was extended for another 10 min at 4 °C.
The RdRp reactions were initiated by the addition of NTPs
CTP,UTP, andATP at a final concentration of 0.5mM each and
1 �Ci of [�-32P]GTP per reaction. The reactions were incu-
bated at 25 °C for 1 h. For the single cycle RdRp assays, heparin
(at 5�g/ml final concentration) was added simultaneously with
NTPs. The primer-dependent RdRp assays for different HCV
NS5B mutant enzymes were performed similarly but without
preincubations and in the absence of mAbs and heparin. Reac-
tions were quenched by the addition of 1 ml of 10% trichloro-
acetic acid, 0.5% tetrasodium pyrophosphate (Na4PPi), and 100
�g of herring sperm DNA. After incubation at 4 °C for 30 min,
the samples were filtered through glass microfiber GF/C filters
(Whatman and Schleicher & Schuell), washed with 1% trichlo-
roacetic acid, containing 0.1% Na4PPi, and dried for 15 min at
56 °C. The bound radioactivity was then measured by liquid
scintillation counting of [32P]GMP incorporated into synthe-
sized RNA.
Primer-independent (de novo) RdRp assays were performed

exactly as primer-dependent assays with the following excep-
tions. HCVNS5B concentration was adjusted to 0.36 �M; HCV
subgenomic RNA was used at a concentration 0.012 �M, and
mAbs concentrations were between 0.144 and 3.6 �M. After
NS5B,mAb, andRNApreincubations, the RdRp reactionswere
initiated by the addition of NTPs GTP, UTP, and ATP at a final
concentration of 0.5 mM each and 10 �Ci of [�-32P]CTP com-
plemented with unlabeled 10 �M CTP per reaction. The reac-
tions were incubated at 25 °C for 2 h. After addition of 20 �g of
glycogen and 0.3 M sodium acetate, the samples were extracted
with acidic phenol and chloroform mixture; RNA was precipi-
tated with isopropyl alcohol, and the pellet was washed once
with 70% ethanol. The RNA pellets were dissolved at 70 °C for

15min in a 50% formamide, 0.25mMEDTA, SDS, and 0.012%of
bromphenol blue, xylene cyanol FF, ethidium bromide each.
The samples were cooled at 4 °C prior to loading onto denatur-
ing 6% formaldehyde agarose gel containing 40 mM MOPS, pH
7.0, 10 mM sodium acetate, and 1 mM EDTA. Electrophoresis
was performed at 5 V/cm. Gels were dried, exposed, scanned
with Typhoon Trio Variable Mode Imager (Amersham Bio-
sciences), and analyzed using ImageQuant TL software (Amer-
sham Biosciences) or SuperRX x-ray films (Fuji).
Inhibitory Concentration 50% (IC50) Determination—Be-

causemAbs only partially blocked theHCVRdRp activity, both
a residual activity and IC50 values were determined. IC50 (half-
maximal effect) is expressed as themeanwith a 95% confidence
interval (CI). IC50 was estimated from the normalized HCV
RdRp activity values plotted as a function of logarithmic mAb
concentration fitted with a following four-parameter logistic
Equation 1,

y � B � �T � B	/�1 � 10�logIC50 � logX	 � n	 (Eq. 1)

where y is the response variable (cpm); X is the mAb concen-
tration; IC50 is the concentration of mAb that provokes a
response halfway between the residual activity response (B) and
response in the absence of mAb (T), and n is the Hill slope
factor.When then valuewas set to 1, the three-parameter logis-
tic equation was obtained. Both equations describe the sigmoi-
dal dose-response curve, and the equation selection was based
on the Akaike’s Information Criteria (33) using the GraphPad
4.0 (GraphPad Software, SanDiego). For statistical analyses, the
equality and normality of the standard deviations and goodness
of curve fit were tested.
Nitrocellulose Filter Binding Assays—RNA binding assays

were performed identically to RdRp assays in 25 �l of RP buffer
omitting the NTP addition. The concentration of HCV NS5B
was set to 0.36 �M (600 ng), and mAbs concentrations were
between 0.144 and 3.6 �M. After NS5B and mAb, a 10-min
incubation at 4 °C, 100,000 cpm of 32P-labeled poly(rC)�(rG)12,
or HCV subgenomic replicon RNAs were added, and incuba-
tion was extended for another 10 min at 4 °C. Then the reac-
tionswere supplementedwith 75�l of RP buffer containing 200
ng of respective analogous unlabeled RNA, yielding a 100-�l
total reaction volume. Under these conditions �10% of the
input RNAwas bound. After a 1-h incubation at 25 °C, samples
were filtered through 0.45-�m pore size nitrocellulose mem-
brane filters (BA 85; Schleicher and Schuell), which had been

TABLE 1
Properties of HCV NS5B-specific mAbs

mAb Isotype Epitope (aa)a WBb IPc Effect on
RdRp activity

10D6 IgG1 111–130 � � NE
10D7 IgG1 92–105 � � ND
9A2 IgG1 111–130 � � ND
7G8 IgG1 92–105 � � Inhibits
6B12 IgG1 92–105 � � NE
6G5 IgG1 77–86 � � NE
7F12 IgG1 77–86 � � ND
8G6 IgG1 77–86 � � ND
8B2 IgG2a 1–9 � � Inhibits

a Linear epitopes for mAbs are indicated; aa indicates amino acid region.
b WB indicates Western blot.
c IP indicates immunoprecipitation; NE indicates no effect; ND indicates not
determined.
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presoaked in RP buffer for 1 h at
25 °C. Membrane filters were
washed with 5 ml of RP buffer, and
bound radioactivity was then meas-
ured by liquid scintillation count-
ing. Background as determined by
analogous titrations with NS5B
omitted, and analogous titrations
with NS5B substituted for bovine
serum albumin were subtracted.
The nonspecific binding of bovine
serum albumin and RNA to the
nitrocellulose membrane filters was
below 0.1%.
ELISA—Indirect ELISAs with

proteins and peptides were per-
formed according to Pfaff et al. (34).
Direct ELISAs with hybridomas
were performed according to
Juronen et al. (35).
Immunoprecipitation—Immuno-

precipitation reactions were per-
formed as described by Moradpour
and colleagues (36).
Cell Lines and Transfection—

Huh7 and Huh7-Lunet (37) cells
were maintained in Dulbecco’s
modified Eagle’s medium (DMEM),
supplemented with penicillin,
streptomycin, 10% fetal calf serum,
2mM L-glutamine, and 10�g/liter of
Na2SeO3. The Huh7 cell lines har-
boring selectable HCV replicons
contained 0.5 mg/ml G418 (PAA).
RNA transfection experiments were
carried out using electroporation in
the GenePulser Xcell apparatus
(Bio-Rad). Electroporation of RNA
was performed as described previ-
ously (25–27), and capacitance was
adjusted to 950 microfarads and
voltage to 270 V. In brief, after addi-
tion of RNA to a 0.4-cm-wide
cuvette (Bio-Rad) containing the
0.4 � 107 cells in 400 �l of cytomix
buffer (38), the capacitor was dis-
charged exponentially. The cells
were immediately suspended, trans-
ferred to the DMEM containing
1.25% DMSO, and plated onto
60-mm dishes. After overnight
incubation, the medium was
changed to DMSO-free.
COS7 cells were maintained in

Iscove’s modified Dulbecco’s me-
dium, supplemented with 10% fetal
calf serum, penicillin, and streptomy-
cin. DNA was transfected into cells

Fingers Subdomain-specific mAb Inhibiting HCV RdRp

24092 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 35 • AUGUST 29, 2008



using electroporation in 250�l of cytomix buffer. The capacitance
was adjusted to 97 microfarads and voltage to 180 V. After dis-
charging the capacitor, the cellswere transferred to a fresh Iscove’s
modified Dulbecco’s medium and plated onto 100-mm dishes.
Transient Replication Assays—Huh7 or Huh7-Lunet cells

were transfected by electroporation with HCV subgenomic
luciferase replicons at 1.5 �g per each transfection. Cells were
harvested at different time points and lysed with a cell culture
lysis reagent (Promega) according to the manufacturer’s
instructions. Subsequently, the lysate wasmixedwith luciferase
assay reagent (Promega), and luminescence wasmeasured. The
values obtained with cells harvested 4 h post-electroporation
were used to determine transfection efficiency. Total protein
content in the lysate was measured in Bradford assay (Bio-Rad)
for normalization of the replication signals.

RESULTS

Antibody Production, Characterization, and Epitope Map-
ping—Recombinant HCV NS5B RdRp was expressed in E. coli
and purified to near homogeneity (Fig. 7A, laneWT) in its func-
tionally active conformation. BALB/c mice were immunized
with the functionally active nondenatured HCV NS5B protein,
and 960 hybridomas were generated. We identified nine hybri-
domas that producedmAbs, which reacted strongly with NS5B
protein in ELISA and immunoblot assays, suggesting that these
mAbs recognize linear epitopes. Properties of these mAbs are
summarized in Table 1. Importantly, all mAbs, except 10D7,
were able to immunoprecipitate the HCV NS5B expressed in
the context of the functional replication complex present in
Huh7 human hepatocarcinoma cell line, carrying subgenomic
HCV Con1/neo replicon (29) (Fig. 1, A–C). This suggests the
utility of isolated mAbs for studying both HCV RdRp and its
replication complex under native conditions.
However, mAbs 8B2, 6B12, and 8G6 reacted inefficiently in

these immunoprecipitation experiments. For example, the
mAb 8B2 performed strongly in ELISA when bacterially
expressed and purifiedNS5B protein was used, but inefficiently
in immunoprecipitation assays when crude cell extract from
the Huh7 cells carrying HCV subgenomic replicon was used
(Fig. 1C). Because of this we used the lysates of African green
monkey COS7 cells transfected with expression constructs
encoding tagged full-size and truncated NS5B proteins for fol-
lowing immunoprecipitation studies. ThemAb 8B2 was able to
immunoprecipitate all tagged proteins except N-terminally
truncated NS5B (Fig. 1, D–F). However, the full-length NS5B

was still immunoprecipitated inefficiently suggesting that in cells
the mAb 8B2 epitope might be masked by protein/protein inter-
actions. The C-terminally truncated NS5B mutants (
191, 
348,

448, and 
495) were at the same time immunoprecipitated effi-
ciently from the COS7 cell lysates, which suggests that such dele-
tions somehow expose the mAb 8B2 epitope by eliminating the
interactions with other proteins. One of the reasons for the ineffi-
cient immunoprecipitation of the NS5Bmay also be the ability of
the NS5B protein to oligomerize. Glu18 and His502 residues are
critical for the oligomerization process of HCV RdRp (39).
In subsequent immunoblot experiments with tagged trun-

cated NS5B proteins, the binding sites for mAbs were mapped
to two nonoverlapping regions (amino acids 1–19 (Fig. 1G) and
77–139 (data not shown)), located within RdRp fingers subdo-
main. These regions were further divided into overlapping pep-
tides that were used in ELISA to map the epitopes for mAbs
more precisely (Fig. 1H andTable 1). Five peptides (amino acids
1–14, 77–86, 92–105, 101–115, and 111–130) reacted with
mAbs in ELISA. Monoclonal antibodies, designated 8B2, 6G5,
6B12, 7G8, and 10D6, were further examined. The epitopes for
mAbs 8B2 and 7G8 were of particular interest. The 8B2 mAb
recognized and bound the N terminus of the HCV NS5B
(amino acids 1–9). It has been shown that the activity of viral
RdRps is highly sensitive to N-terminal truncations. By con-
trast, the mAb 7G8 recognized the C-terminal part of peptide
consisting of amino acids 92–105, which contains the G motif
sequence conserved in RdRps (40). The epitopes for mAbs 8B2
and 7G8 are interleaved with the�1 and�2 loops and depicted
on the molecular model of the HCV RdRp (Fig. 2).
mAbs 8B2 and 7G8 Inhibit the Primer-dependent HCV RdRp

Activity—The standard primer-dependent RdRp assay is a con-
tinuous polymerization reaction with multiple initiation and
elongation cycles. RNA oligonucleotides composed of
guanosine residues (12-mers) are annealed randomly to poly-
cytidylic acid. The HCV RdRp binds this template-primer and
initiates the elongation polymerization reaction. When RdRp
dissociates from the template-primer, a new initiation and
elongation cycle can take place. The potential of mAbs to
inhibit the initiation or subsequent elongation activity of HCV
RdRp was examined in primer-dependent RdRp assay with
constant amounts ofNS5Bpreincubatedwith different concen-
trations of mAbs. The template-primer RNAwas subsequently
added, and after preincubation the reaction was initiated by the
addition of NTP. RNA synthesis was in a concentration-de-

FIGURE 1. Features of mAbs directed against HCV NS5B RdRp. A, schematic representation of HCV genomic RNA and subgenomic replicon Con1/neo
construct (25, 29) used for stable cell line selection (5�, HCV 5�-UTR; neo, neomycin phosphotransferase gene; E-I, encephalomyocarditis virus IRES; 3�, HCV
3�-UTR). Reported secondary structures for 5�-UTR (60), 3�-UTR (61), and encephalomyocarditis virus IRES (62) were used in the illustration. B, detection of
Con1/neo subgenomic replicon in G418 selected Huh7 cells. Northern blot analysis was performed using total cellular RNA and antisense ns5b-specific probe.
32P-Labeled Con1/neo RNA was used as a marker. C, immunoprecipitation (IP)/Western blot (WB) analysis. Various mAbs were used to immunoprecipitate the
NS5B either from the lysate of the Huh7 cell line containing selectable subgenomic HCV RNA replicon depicted in A (Huh7 � HCV) or from the Huh7 cell line
lysate (Huh7). NS5B polyclonal antibodies (�-NS5B) and �-Bcl2 mAb, directed against cellular protein, were used as positive and negative controls, respectively.
*, immunoglobulin heavy chain; protein blots were probed with NS5B-specific mAb 10D6, and reactivity was detected with secondary horseradish peroxidase-
conjugated antibody of a murine origin. D, Western blot analysis of bovine papilloma virus E2 protein 3F12 epitope-tagged (63) NS5B truncated construct
expression in COS7 cells. Molecular mass standards are indicated on the right. E, immunoprecipitation of the proteins shown in D using mAb 8B2. **,
immunoglobulin light chain; protein blots were probed with bovine papilloma virus E2-specific mAb 3F12, and reactivity was detected as in C. F, schematic
diagram of wild-type HCV NS5B (shown on top) and deletion constructs used for immunoprecipitation. Polymerase subdomains are indicated. Numbers refer
to the first residue in a given subdomain. G, Western blot analysis of mAb 8B2 binding to N-terminal truncations of the NS5B protein. H, results of the epitope
mapping for NS5B mAbs. Wells of MaxiSorpTM plate (Nunc) were coated with 5 �g of peptide and blocked with bovine serum albumin. HCV NS5B-specific mAbs
were incubated with the peptides, and ELISA reactivity was detected by horseradish peroxidase-conjugated antibody; aa, amino acid residues.
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pendent manner inhibited by mAbs 8B2 and 7G8 (Fig. 3A). As
could be determined from Fig. 3B, the half-maximal inhibitory
concentrations for 8B2 and 7G8 were 0.111 �M (CI, 0.098 to
0.126 �M) and 0.268 �M (CI, 0.231 to 0.310 �M), respectively.
The residual HCV RdRp activity was also different, 3832 � 330
and 8599 � 412 cpm for mAb 8B2 and 7G8, respectively. The

action of mAbs 8B2 and 7G8 in combination was additive
(IC50� 0.096�M;CI, 0.094 to 0.099�M; Fig. 3B), indicating that
there is no interference in binding to NS5B, which is in agree-
ment with the different spatial location of the epitopes for these
mAbs. The corresponding residual HCV RdRp activity value
was 1756 � 60 cpm. The effect of mAbs 8B2 and 7G8 was

specific because of several reasons.
First, as shown on Fig. 3A, other
HCV RdRp-specific monoclonal
antibodies 6G5, 6B12, and 10D6had
no effect on the RdRp activity, dem-
onstrating that targeting a random
peptide sequence in the fingers sub-
domain of HCV RdRp does not
result in inhibition of the RdRp
activity. Second, mAb �-(His)6,
directed against histidine tag, had
no effect on the RNA synthesis,
indicating that targeting a heterolo-
gous peptide sequenceN-terminally
fused with NS5B does not alter
RdRp activity.
Next we evaluated the potential

of mAbs 8B2 and 7G8 to inhibit the
RNA synthesis from pre-formed
RdRp-template-primer RNA com-
plexes by modifying the order of
reagent addition. First, HCV RdRp
was preincubated with template-
primer RNA. Second, different
amounts ofmAbs were added; incu-
bation time was extended, and the
reactions were initiated by supply-
ing the NTP. In this assay format,
the half-maximal inhibitory con-
centration of mAb 8B2 (IC50 �
0.029 �M; CI, 0.016 to 0.051 �M)
decreased almost 4-fold compared
with the standard RdRp assay. In
contrast, the mAb 7G8 IC50 value
remained virtually unchanged
(0.258 �M; CI, 0.201 to 0.332 �M).

FIGURE 2. mAbs 8B2 and 7G8 epitopes. The localization of mAbs 8B2 and 7G8 epitopes is shown on the
three-dimensional x-ray structure of HCV RdRp complex with oligonucleotide RNA (Protein Data Bank acces-
sion code 1nb7, HCV J4 strain (45)). A and B, ribbon representations of the back view are shown. Solid molecular
surface representations of back and top views are shown in C and D. The spatial orientation of HCV RdRp is
identical for A–C. The epitopes of mAbs 8B2 (amino acids Ser1–Ala9) and 7G8 (amino acids Thr92–Ala105) are
colored red-orange and magenta, respectively. Catalytic aspartate residues are represented as spheres, and
their oxygen atoms are displayed as red. Manganese atoms are shown as spheres and depicted in purple.
B, Fingers, Palm, and Thumb are depicted in cyan, gold, and green, respectively. Two loops emanating from
Fingers subdomain and making extensive contacts with Thumb are designated �1 (amino acids Ile11–Ala45)
and �2 (Met139–Ile160) and depicted in dark cyan. The RNA, colored blue, is represented as sticks embedded in
transparent mesh molecular surface. Figures were prepared with UCSF, Chimera package (64, 65).

FIGURE 3. mAbs 8B2 and 7G8 inhibit the primer-dependent NS5B RdRp activity. RdRp assays were performed as specified under “Experimental Proce-
dures” using poly(rC)/(rG)12 template-primer RNA. The order of reagent addition is indicated at the top of the graphs. The x axis displays mAb molar excess over
NS5B, and the y axis shows the total amount of synthesized 32P-labeled RNA product in counts/min. The means of replicate (at least three) independent
experiments with standard deviation values are indicated. A, selection of the mAbs inhibiting RdRp activity of HCV NS5B. B, NS5B RdRp activity inhibition by
mAbs 8B2 and 7G8 separately and in combination. When applied in combination, mAbs 8B2 and 7G8 were used at the same concentration as for the individual
mAb experiments. C, effect of NS5B and template-primer RNA preincubation on the inhibition of NS5B RdRp activity by mAbs 7G8 and 8B2. D, RdRp assay was
initiated by the addition of NTP and incubated for 15 min prior to the addition of mAbs.
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Remarkably, the residualHCVRdRp activity increased formAb
7G8 (13130 � 410 cpm) and remained virtually unchanged for
mAb 8B2 (4054 � 1160 cpm) (Fig. 3C), compared with the
standard RdRp assay (Fig. 3B). These data indicate that primer,
template, or template-primer RNAcan interferewithmAb7G8
binding to HCV RdRp, but the binding is not blocked in this
assay format.
To determine whether mAbs 8B2 and 7G8 are capable of

interfering with the NTP-initiated RNA synthesis in a primer-
dependent RdRp assay, we incubated the pre-bound RdRp-
template-primer RNA complex with NTP prior to addition of
different amounts of mAbs. Neither 8B2 nor 7G8 mAbs was
able to inhibit the RdRp activity in this assay format (Fig. 3D).
Consequently, when the RdRp-template-primer complex is
formed and the elongative RNA synthesis reaction is triggered
by NTP, themAbs are unable to inhibit the RdRp activity. First,
these data suggest that NS5B-mediated primer-dependent
RNA synthesis is productive. Second, the NS5B epitopes in the
synthesizing enzymes are not accessible to the mAbs in the
RdRp working cycle.
Inhibition of HCV NS5B in a Single Cycle Primer-dependent

RdRp Assay—The multiple initiation and elongation cycles of
primer-dependent RdRp assay can be restricted to a single cycle
RNA synthesis in the presence of heparin. Polyanion heparin
functions as an analogue of the nucleic acid associatingwith the
free RdRpmolecules, including RdRpmolecules that dissociate
from RNA template during or after completion of elongation.
Consequently, RNA synthesis reinitiation events should be
blocked in the presence of heparin. Therefore RNA synthesis
from the already initiated complexes and the complexes in
elongation phase could be detected in the presence of heparin.
We first determined the heparin-response curve in our pri-

mer-dependent RdRp assays. Total amount of synthesized
RNA decreased 5–10 times in the presence of heparin at con-
centrations equal to or greater than 5 �g/ml (Fig. 4A). This
result implies that multiple initiation and elongation cycles
contribute 80–90% of the total RNA synthesized in standard
primer-dependent RdRp assays. Second, we used the heparin at
a concentration of 5 �g/ml in primer-dependent RdRp assays
with both 8B2 and 7G8mAbs. A constant amount of NS5B was

preincubated with different con-
centrations of mAbs. The template-
primer RNA was subsequently
added, and after preincubation the
reaction was initiated by the addi-
tion of NTP in the presence of hep-
arin. As a result, the mAb 8B2 IC50
value (0.015 �M; CI, 0.010 to 0.023
�M) decreased almost 8-fold com-
pared with standard RdRp assay. As
seen on Fig. 4B, the overall shape of
dose-effect inhibition curve for
mAb 8B2 was virtually unaffected
compared with the standard RdRp
assay results (Fig. 3B and Fig. 4C),
whereas the dose-dependent inhib-
itory effect ofmAb 7G8 disappeared
in the presence of heparin. Our data

suggest that mAb 8B2 inhibits the elongation of RNA chains,
which is not blocked by heparin. In contrast, the disappearance
of dose-dependent inhibitory effect for mAb 7G8 in the single
cycle assay suggests that mAb 7G8 inhibitory effect is achieved
through inhibition of multiple RNA synthesis initiations.
Inhibition of HCV NS5B in Primer-independent (de Novo)

RdRp Assay—It was previously demonstrated that HCV NS5B
can initiate the RNA synthesis utilizing the de novomechanism
(41–43). Using the full-length �9500-nucleotide HCV sub-
genomic replicon RNA template, we examined the effect of
mAbs in de novo RdRp assays. After NS5B and mAb preincu-
bation, the HCV replicon RNA was added, and reaction was
initiated byNTP.HCVRdRp synthesized a single RNAproduct
that was equivalent in length to the HCV subgenomic replicon
RNA (Fig. 5A, lane 13). This product was absent in the reaction
with inactivated HCV NS5B containing the RdRp catalytic site
mutation D318N (Fig. 5A, lane 14). The mAb 8B2 efficiently
inhibited the HCV RdRp activity in a dose-dependent manner
(Fig. 5A, lanes 7–12), whereasmAb 7G8 inhibited the polymer-
ase activity very inefficiently (lanes 1–6). These results suggest
that the inhibitory effect of mAb 7G8 depends strongly on the
RNA template used.
Interestingly, residual HCV RdRp activity (1222 � 47 cpm;

see Fig. 5B) in the presence of mAb 8B2 in de novo RdRp assay
was reducedmore than3-fold,whencomparedwith theprimer-
dependent assay results. In addition, the dose-response curve
for 8B2 effect in de novoRdRp assay format is very similar to the
response curve for the combination of 8B2 and 7G8 mAbs in
primer-dependent assay (Fig. 3B) but is steeper for the first
quarter of the curve (IC50� 0.062�M;CI, 0.059�M to 0.066�M;
Fig. 5B). Thus, the inhibitory effect of mAb 8B2 is unchanged
regardless of the RNA template used.
The Binding of HCV Subgenomic RNA by NS5B Is Enhanced

in the Presence of mAb 8B2—To analyze whethermAbs have an
effect on the ability of NS5B to bind RNA, a radiolabeled RNA
corresponding either to poly(rC)/(rG)12 or HCV subgenomic
RNA was incubated with pre-formed RdRp-mAb complexes at
different mAb concentrations as described under “Experimen-
tal Procedures.” The NS5B was immobilized onto nitrocellu-
lose filters, and bound RNA was measured by liquid scintilla-

FIGURE 4. In primer-dependent RdRp assay, RNA elongation and RNA synthesis initiation are inhibited
by mAbs 8B2 and 7G8, respectively. A, determination of heparin concentration required for a single cycle
primer-dependent RNA synthesis by HCV RdRp in vitro (representative dose-effect curve). After NS5B preincu-
bation with template-primer RNA, RdRp assay was initiated by the simultaneous addition of NTP and various
heparin concentrations (x axis). After NS5B preincubation with mAbs, the RNA template-primer was added,
and RdRp assays were initiated by addition of NTP either in the presence (B) or in the absence (C) of a constant
amount of heparin. The NTP and heparin were added simultaneously. The molar ratio of mAb to NS5B RdRp is
plotted versus the total amount of synthesized 32P-labeled RNA product (counts/min). Note the scale of the y
axis in B and C differs 10-fold.

Fingers Subdomain-specific mAb Inhibiting HCV RdRp

AUGUST 29, 2008 • VOLUME 283 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 24095



tion counting. When the primer-dependent RdRp assay RNA
template [poly(rC)/(rG)12] was used, no difference in RNA
binding was noticed (Fig. 6A). However, there was an evident
and reproducible difference in RNA binding curve profiles for
mAbs 8B2 and 7G8 when the HCV subgenomic RNA template
was used. Therefore, in the presence ofmAb 8B2 the binding of
RNA by NS5B was increased �1.5-fold (Fig. 6B), whereas mAb
7G8 had virtually no effect on RNA binding.
The lack of the RNA binding increase for template-primer

RNA in the presence of mAb 8B2 suggests different RNA bind-
ing mechanisms for various RNA templates. It has been shown
that HCV RdRp initiates the RNA synthesis preferentially from
the 3� terminus of the template RNA (41–43). The binding of

template-primer RNA by NS5B RdRp seems to be a stochastic
process. After binding of template-primer RNA. the polymer-
ase, most likely, searches for the RNA 3�-hydroxyl group to
initiate the RNA synthesis. Once the RNA is elongated, the
RdRp dissociates and utilizes another substrate. This is corrob-
orated by our primer-dependent RdRp assays in the absence
and presence of heparin. Because there ismore than one primer
per template, the number of possible “replication initiation-
competent” access sites for NS5B should be equal to the num-
ber of primers annealed plus the 3�-end of RNA template. Thus,
there ismore than oneNS5Bmolecule per one template-primer
RNA, and the effect ofmAb in the RNAbinding assay ismasked
by the out-titration of polymerase molecules. Alternatively,
when theHCV subgenomic replicon RNA is used as a template,
there is only one replication initiation-competent access site,
the 3�-end of the RNA template. This is evident from the
absence of prematurely terminated RNA in our de novo RdRp
assays. Consequently, there should be one NS5B molecule per
one template stably and productively associated at the replica-
tion initiation-competent site, allowing the effect of 8B2 mAb
on RNA binding to be revealed.
Construction of Site-directed Mutants at the mAb 7G8

Epitope of HCV RdRp—BecausemAb 7G8 inhibitory effect was
demonstrated to be dependent on the RNA template used, but
RNA binding was not affected, we decided to characterize the
epitope of this mAb inmore detail by carrying out site-directed
mutagenesis. The objective of the mutagenesis was to reveal
whether any of the mAb 7G8 epitope amino acid residues are
important either for primer-dependent NS5B RdRp activity or
the replication of HCV subgenomic replicons in the human
hepatocellular carcinoma cell line (Huh7). Considering general
suggestions for conservative substitutions (44), single changes
of mAb 7G8 epitope residues were performed. Sixteenmutants
were obtained (Table 2). Nonconservative changes of His95 to
Ser and Phe101 to Ala were designed to remove respective aro-
matic ring structures. To remove the positive charge, Arg98 and
Lys100 were changed to Ile. The remaining amino acid residue
changes were conservative. Site-directed mutagenesis, over-
production, and purification of the mutant proteins were
performed as described under “Experimental Procedures.” It
should be pointed out that S99T expression level was signif-

FIGURE 5. mAb 8B2 blocks primer-independent (de novo) RdRp activity of
HCV NS5B in vitro. A, standard de novo RdRp assay was performed using an in
vitro transcribed Con1/luc RNA template and increasing concentrations of
mAbs 7G8 (lanes 1– 6) and 8B2 (lanes 7–12). After a 2-h incubation at 25 °C,
RNA was precipitated and analyzed on denaturing formaldehyde-agarose
gel. Shown are ethidium bromide staining and the autoradiogram of the
same gel. The critical additives and ssRNA yield normalized to the RdRp reac-
tion without mAbs (lane 13) are indicated below the panels. The position of
the Con1/luc RNA template is indicated on the right. M is the marker lane with
transcribed and purified Con1/luc ssRNA (9510 nucleotides) used for the
RdRp assay. D318N (lane 14) is an inactive form of the NS5B. The mAb:RdRp
molar ratio value of 1 corresponds to 0.36 �M mAb concentration. B, quanti-
tative PhosphorImager analysis of the reactions shown in A. The analysis of a
single gel is presented. The curves show the efficiency of the ssRNA synthesis
on Con1/luc RNA template by NS5B in the presence of mAbs 7G8 and 8B2.

FIGURE 6. The binding of HCV subgenomic RNA by NS5B is enhanced in
the presence of mAb 8B2. RNA binding assays were performed with a 32P-
labeled poly(rC)/(rG)12 template-primer RNA (A) or HCV Con1/luc replicon
RNA (B) in the presence of increasing concentrations of mAbs. The NS5B-RNA
complexes were immobilized onto nitrocellulose filters (BA85, Schleicher &
Schuell), and bound radioactivity was measured by liquid scintillation count-
ing. The means of replicate (three) independent experiments with standard
deviation values are indicated.
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icantly lower compared with other mutants, which is seen in
Fig. 7A.
Next, different NS5B-specific mAbs were used to test the

structural integrity of mutated HCV polymerases in ELISA for-
mat. We assumed that if the protein fold was perturbed either
locally or globally, then there should be a substantial shift in
the ELISA signal intensity. As could be seen on Fig. 7B, only the
mAbs 7G8, 6B12, and 10D7 (that bind the same NS5B peptide,
Fig. 1H) demonstrate the fluctuation of signal intensity. These
fluctuations were due to mutations in the amino acid residues
important for bindingmAbs. The results obtained indicate that
mAbs 6B12 and 10D7 have very similar properties, whereas
mAb 7G8 is different. The remaining mAbs, which had no
binding sites in the mutated peptide (Fig. 1H), showed no fluc-
tuation in ELISA signal intensity. This indicates that there were
no global structural changes in the mutated enzymes, which
justifies the selected mutagenesis strategy.
According to HCV NS5B RdRp x-ray crystal structures (13,

14, 45), the amino acid residues 93–105 ofmAb7G8 epitope are
solvent-accessible. This mAb epitope contains a loop structure
(residues 92–103) and a part of the helix structure (residues
104–105) (Fig. 8E).
Mutations in the mAb 7G8 Epitope Exert Differential Effect

on the Primer-dependent HCV NS5B RdRp Activity—We eval-
uated the efficiency of purified mutant RdRps in our in vitro
replication assays. Four groups could be distinguished, based
on the performance of NS5B mutant enzymes in primer-de-
pendent RdRp assay format. (i) Threemutant polymeraseswere
able to synthesize RNA better than the wild-type polymerase
and were termed up mutations. These RdRps contained R98K,
F101Y, and G104Amutations with a relative value of 	134% in

comparison with the wild-type RdRp activity (Table 2). (ii)
Three mutant polymerases containing G102A, K100I, and
T92S are termed down mutations and displayed reduced RNA
synthesis capacity (32, 20, and 18% respectively). (iii) Mutant
polymerases containing P94A, H95S, P93A, F101A, Y103F,
A97S, S96T, R98I, and A105S changes displayed wild-type-like
activity (115, 104, 90, 89, 89, 88, 82, 68, and 62% respectively).
(iv) Single S99T mutation abolished the RdRp primer-depend-
ent in vitro activity of HCV NS5B and was termed null
mutation.
The epitope of mAb 7G8 contains three amino acid residues

(Ser96, Ser99, and Gly102) that are conserved in all HCV geno-
types and subtypes available from European HCV data base
euHCVdb� (46). On the other hand, residues Ser99 and Gly102
compose the G motif ((T/S)X1–2G) of HCV RdRp, a conserved
motif in viral RdRps that is important for template-primer RNA
recognition (40, 47). The null polymerization of the S99T
mutant and the reduced activity of NS5B with G102A down
mutation in our primer-dependent RdRp assays corroborate

FIGURE 7. Purification of recombinant HCV NS5B proteins with single
amino acid changes produced in E. coli and their conformational integ-
rity. A, SDS-polyacrylamide gels (12% polyacrylamide) stained with Coomas-
sie Brilliant Blue G-250. Consecutive lanes correspond to different mutant
enzymes. 1/100 of each mutant enzyme produced from 300 ml of corre-
sponding bacterial culture (the expression was induced with isopropyl thio-
galactoside under constant conditions) was analyzed. Marker proteins sizes
(in kDa) are indicated to the right from each gel. B, structural integrity of
recombinant HCV NS5B mutant proteins depicted in A. Wells of MaxiSorpTM

plate (Nunc) were coated with 200 ng of corresponding purified NS5B mutant
protein in phosphate-buffered saline and blocked with bovine serum albu-
min. Equal amounts of HCV NS5B-specific and control (�-His and �-Bcl2)
mAbs were incubated with the mutant proteins, and ELISA reactivity was
detected by horseradish peroxidase-conjugated antibody. The normalized
ELISA signal intensity was calculated as the logarithm of ELISA signals ratio
obtained for the reaction with and without corresponding primary mAb. The
experiment was performed in duplicate. Because of low variation, error bars
are not visible on the graph.

TABLE 2
Summary of replication assays results
Mean values from each set of replicate experiments are shown, normalized to the
median activity value of either wild-type HCVNS5B polymerase or adaptive Con1/
luc HCV replicon controls. In each case, the standard deviation value was less than
10% of the median activity value.

Mutation
in RdRp

RdRp
activitya

Mutation
effect

Con1/luc
activityb

Mutation
effect Phenotypec

%WT %WT
T92S 18 Down 4 Down I
P93A 90 WT-like 67 WT-like I
P94A 115 WT-like 0 Null II
H95S 104 WT-like 0 Null II
S96T 82 WT-like 0 Null II
A97S 88 WT-like 0 Null II
R98K 157 Up 0 Null II
R98I 68 WT-like 0 Null II
S99T 0 Null 0 Null I
K100I 20 Down 0 Null II
F101Y 134 Up 0 Null II
F101A 89 WT-like 0 Null II
G102A 32 Down 3 Down I
Y103F 89 WT-like 98 WT-like I
G104A 146 Up 125 WT-like NA
A105S 62 WT-like 60 WT-like I
WT 100 WT 100 WT I
D318N 0 Null 0 Null I

a The results of standard primer-dependent RdRp assays obtained with purified
mutated enzymes are shown.

b The results of transient replication assay obtained with mutated Con1/luc repli-
cons (144 h post-transfection).

c For phenotype I, the mutation results in the same effect in both assays (up/up,
WT-like/WT-like, down/down, or null/null mutations). For phenotype II, the
mutation is non-null in primer-dependent RdRp assay and null in transient repli-
cation assay; NA indicates not applicable.
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the importance of motif G for the template-primer recognition
and overall enzyme activity (Table 2).
Effect of mAb 7G8 Epitope Mutations on the HCV Sub-

genomic Replicon Transient Replication—Next we transferred
the polymerase mutations into the context of adaptive HCV
replicon Con1/luc (26, 27) and examined the replication effi-
ciency of the resulting replicons using the wild-type Con1/luc
replicon as a reference (Fig. 8 and Table 2). For the transient
replication assays we used Huh7 (data not shown) and Huh7-
Lunet (37) cells, an enhanced replication-permissive derivative
of Huh7 cells, which gave essentially the same results. The
mutantswere classified to three groups as follows. (i) Twodown
mutations were identified. The changes T92S and G102A
severely impaired replication yielding nearly 30 times less effi-
cient replicons. (ii) Wild-type-like activity was obtained with
G104A, Y103F, P93A, and A105S (125, 98, 67, and 60% respec-
tively). (iii) The majority (10 of 16) of mutant replicons exhib-
ited null replication as follows: P94A, H95S, S96T, A97S, R98K,
R98I, S99T, K100I, F101Y, and F101A.
Transient replication assay results demonstrate the presence

of a stretch of eight consecutive amino acid residues (Pro94–
Phe101) in themAb7G8 epitope, which is highly sensitive to any
modification either conservative or nonconservative (Fig. 8, B
andD, andTable 2). Interestingly, based on the structural align-
ment of HCV NS5B and HIV-1 reverse transcriptase catalytic
complex (8), Bressanelli et al. (13) predicted that this peptide
stretch would be involved in the primer and template strand
binding. Most important, in the HCV RdRp complex with oli-
gonucleotide RNA x-ray structure, three amino acids of mAb
7G8 epitope (residues 95, 97, and 98) were reported to contact
RNA directly (Fig. 8E) (45).
mAb 7G8 Epitope Amino Acid Residues Are Involved in the

Interaction of Template-Primer or Template with HCV RdRp—
During the HCV RNA replication, the NS5B RdRp utilizes the
virus-specific positive-sense RNA genome to produce the full-
length minus-strand RNA, which in turn is used for the over-
production of HCV genomic RNA. Because the copy-back or
self-priming RNA synthesis by itself is incapable of generating
the precise viral genome 5� and 3� termini, de novo initiation of
viral replication is the most likely mechanism for HCV in
infected cells (41, 48, 49). Moreover, in cells harboring HCV
subgenomic replicons (e.g. Huh7 or Huh7-Lunet), exclusively
negative and positive HCV replicon (Fig. 1B) unit size RNA can
be detected (50). Consequently, the comparison of singlemuta-
tion effects in primer-dependent RdRp assay and transient rep-
lication assay may illuminate the differences between two rep-
lication initiation mechanisms, mediated by HCV RdRp.
We compared the effects of every single mutation in both

primer-dependent RdRp assay and transient replication assay.

FIGURE 8. mAb 7G8 epitope site-directed mutations and their effect on
HCV Con1/luc replicon transient replication. A, scheme of Con1/luc repli-
con (PV-I, poliovirus IRES; luc, firefly luciferase gene; E-I, encephalomyocarditis
virus IRES; *, adaptive mutations (26, 27)). Reported secondary structure of
poliovirus IRES (66) was used in the illustration. B, HCV NS5B peptide
sequence, corresponding to mAb 7G8 epitope, was aligned based on protein
secondary structure with the corresponding peptide sequences of HIV-1 RT
and RdRps from poliovirus (3Dpol), phage �6 (P2), and reovirus (�3). Highly
conserved residues of HCV NS5B and motif G are underlined and shown in
boldface, respectively. The Pro residues flanking motif G are boxed. The arrows
indicate NS5B amino acid residue changes that were made in Con1/luc repli-
con. The wt-like, down, and null refer to the resulting mutations features; wt-
like, wild-type-like. C, representative Con1/luc replication kinetic curves in
Huh7-Lunet cells characterizing wild-type (WT, WT-like), down (G102A), and
null (D318N) mutations. Relative light units (RLU) were measured 4, 24, 48, 72,
96, 120, and 144 h after transfection. Relative light units were normalized to
the input replication signal measured at 4 h post-transfection (logarithmic
scale) and total protein content in the lysate. Note that, because of low vari-
ation, error bars are in most cases invisible. D, transient replication assay of

mutant Con1/luc replicons in Huh7-Lunet cells. The HCV replication efficiency
is given as luciferase activity (logarithmic scale) 144 h after transfection nor-
malized to the input measured at 4 h and to the total protein content in the
lysate. E, shown is the ribbon representation of a close-up view for mAb 7G8
epitope on the three-dimensional structure of HCV RdRp complex with RNA
oligonucleotide (Protein Data Bank code 1nb7). The residues, which upon
change produce the null mutations in transient replication assay, are
depicted as sticks. The color codes are the same as in Fig. 2. The NS5B amino
acid residue 98 of genotype 1b is Arg and Lys in the Con1 (this study) and J4
isolates, respectively. E was prepared with UCSF Chimera package (64, 65).
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As a result of this analysis, all mutations except one were
assigned to two different phenotypes. Six mutations that
resulted in the same effect in both assays were classified as phe-
notype I. Other nine non-null mutations that had a differential
effect in primer-dependent RdRp assay, but were null muta-
tions in transient replication assay, were assigned as phenotype
II. The mutation G104A was clearly an up mutation in the
primer-dependent RdRp assay; however, the enhancement in the
replication efficiencywas too low to classify it as anupmutation in
transient replication assay. Consequently, wewere unable to asso-
ciate the G104Amutation with any of the phenotypes.
The mutations grouped in phenotype I demonstrate that the

catalytic activity of the HCV NS5B polymerase is the primary
determinant for the observed effects in both assays. For exam-
ple, the null mutation S99T produces catalytically inactive
enzyme and renders the respective HCV replicon replication-
deficient. On the other hand, mutations A105S and T92S are
wild-type-like and down mutations, respectively, in both
assays.
The phenotype II demonstrates the abruptness ofHCVputa-

tive de novo initiation replication, which takes place in Huh7-
Lunet cells, compared with the gradual modulation of replica-
tion signal in primer-dependent in vitro RdRp assay. The
removal of the positive charge (R98K, R98I, and K100I) or
enhancement of the side chain polarity by introducing a
hydroxyl group (A97S, H95S, and F101Y) leads to replicon null
replication. Such mutations may interfere with the binding of
negatively charged phosphate backbone of the HCV replicon
RNA. The remaining three mutations show that modification
of the loop (Fig. 2A and Fig. 8E), recognized by mAb 7G8, by
either removing bulky side chains (P94A and F101A) or intro-
ducing an extra methyl group (S96T) in the 94–101-residue
region also results in abolishment of HCV replicon replication.
In the primer-dependent RdRp assay, phenotype II muta-

tions produce either wild-type-like (P94A, H95S, S96T, and
A97S) or reduced (K100I) RdRp activity. Interestingly, opposite
effects can be obtained bymutating a single amino acid, as is the
casewith residuesArg98 andPhe101 (Table 2). This fact suggests
that alteration of the RdRp activity is not a direct effect on the
catalysis of polymerization reaction. On the contrary, it seems
to be a consequence of alterations in the stabilization of the
common substrate, the primer, and template RNA strands.
The whole spectrum of effects is revealed for phenotype II

mutations in the primer-dependent RdRp assay. This indicates
that comparedwith the fine-tuned transient replication system,
primer-dependent in vitro assay is essentially a surrogate purely
artificial system for measuring of the RdRp activity. In the
primer-dependent RdRp assay, the HCV polymerase is taken
out of the HCV replication complex context, which is the key
component of the transient replication system. However, taken
together both systems imply that the residues in mAb 7G8
epitope are important for the interaction of either template or
template-primer with HCV RdRp.

DISCUSSION

HCV RdRp, the central enzyme responsible for the replica-
tion of viral genome in infected cells, is a promising target for
antiviral drug development. Numerous small molecule inhibi-

tors were reported for the HCV RdRp. The rational design of
polymerase substrate analogues resulted in the identification of
different nucleoside analogue inhibitors competing for the cat-
alytic site and interfering with the elongation of nascent RNA
synthesized byNS5B.On the other hand, high throughput drug
screening studies identified a diversity of NNI, blocking the
initiation of the viral RNA synthesis. To our knowledge, the
binding sites for NNI molecules are dispersed in the palm and
thumb subdomains of the HCV polymerase. These circum-
stances validate the approach of using mAbs as molecular
probes for studies aimed at the elucidation of the HCV RdRp
fingers subdomain function. In this study, we have functionally
characterized HCV RdRp fingers subdomain-specific mAbs.
Specifically, we have demonstrated that mAbs 8B2 and 7G8
inhibit the elongation and initiation reactions, respectively, car-
ried out by HCV RdRp.
In our initial attempt to understand the molecular mecha-

nism of mAb 8B2 function, we have performed several experi-
ments. First, the variation of the order of addition of reagents in
the primer-dependent RdRp assay demonstrates virtually no
difference in the 8B2 inhibitory effect (Fig. 3, B and C). This is
an indication that RNA template-primer binding to NS5B does
not affect subsequent mAb 8B2 binding. Second, mAb 8B2
inhibits both standard and heparin single cycle primer-depend-
ent RdRp assay with equal efficiency (Fig. 4, B and C). This
demonstrates that 8B2 inhibits specifically the elongation of
RNA chains, carried out by NS5B. Third, the 8B2 inhibitory
effect inde novoRdRp assay is evenmore potent comparedwith
that in the primer-dependent assay (Fig. 5). This evidence sug-
gests that the inhibitory effect of 8B2 does not depend on the
RNA substrate used. Because RNA binding to NS5B had not
affected the inhibition efficiency of mAb 8B2, we wanted to
know whether mAb 8B2 itself is able to influence the RNA
binding by NS5B. The results of the filter binding assays sug-
gested that the RNA binding by NS5B is enhanced in the pres-
ence of mAb 8B2 (Fig. 6B). Taken together, these findings lead
us to suggest that mAb 8B2 inhibits the NS5B RdRp activity by
“freezing” the NS5B-RNA complex and impeding the efficient
RNA chain elongation.
In this context, it should be noted that the NS5B affinity to

the RNA template and the efficiency of RNA synthesis using
such a template are tightly linked, i.e. there is an inverse corre-
lation between the RNA template binding and RdRp activity.
Lohmann et al. (51) reported that strong RNA binding inter-
feres with enzyme processivity. This is essentially what we are
observing in our experiments with the mAb 8B2. In addition, it
was reported that the removal of 19 and 22 amino acids from
the N terminus of HCV RdRp and poliovirus 3Dpol RdRp,
respectively, produces virtually inactive polymerases in the in
vitro elongation assays (51, 52). Remarkably, the mAb 8B2 tar-
get epitope is located on the NS5B N terminus (amino acids
Ser1–Ala9). Thus, mAb binding to this epitope produces a sim-
ilar effect to that seen using N-terminally truncated NS5B.
Moreover, there is an �2-fold decrease in the RNA binding for
the 3Dpol lacking 22 N-terminal residues (52). This evidence,
obtained by Thompson et al. (52), suggests that the N-terminal
modification of the enzyme, triggering its inactivation, is linked
to its ability to bind the RNA. It seems that the change in the
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RNA binding state should not be profound enough to interfere
with the RdRp activity highlighting the unique properties of
mAb 8B2.
Next, we analyzed the mAb 7G8 in vitro properties. Analo-

gous experimentswere performed. First, in the primer-depend-
ent RdRp assays, the variation of order of the addition of
reagents demonstrated that the inhibitory effect of 7G8 is max-
imal when the RdRp is preincubated with mAb (Fig. 3B). How-
ever, this effect is alleviated when the RdRp is preincubated
with template-primer RNA (Fig. 3C). This indicates that RNA
binding by NS5B interferes with the mAb 7G8 to some extent.
Second, in the single cycle primer-dependent RdRp assay, the
inhibitory effect ofmAb 7G8 is lost (Fig. 4B). Consequently, the
mAb 7G8 inhibitory effect is gained by the inhibition of multi-
ple RNA synthesis initiations, which are very frequent in the
primer-dependent RdRp assay (Fig. 4A). Third, in de novoRdRp
assay with HCV subgenomic RNA templates, the mAb 7G8
inhibitory effect is reduced nearly 3-fold compared with the
primer-dependent assay (Fig. 5). This evidence suggests that
the mAb 7G8 inhibitory effect directly depends on the RNA
substrate used. In addition, we performed filter binding studies
and found that RNA binding by NS5B is not affected in the
presence ofmAb 7G8 (Fig. 6B). On the basis of these results, we
concluded that mAb 7G8 is interfering with the initiation of
RNAsynthesis and depends largely on theRNA template.How-
ever, we could not rule out directly the precise mechanism of
mAb 7G8 action, and additional experiments had to be
performed.
One question that may arise from the experimental results

for mAb 7G8 is why the template-primer RNA synthesis is
inhibited regardless of RNA binding not affected. One of the
possible answers is certainly the numerous RNA contact points
on the HCV polymerase molecule that were deduced by mod-
eling and revealed experimentally (12–14, 45, 53, 54). To
address that issue in more detail, we performed the site-di-
rected mutagenesis of the mAb 7G8 epitope. Comparison of
singlemutation effects in both primer-dependent and transient
replication cellular assays (Table 2) suggested that the amino
acid residues of the mAb 7G8 epitope on NS5B surface are
involved in the interaction with template-primer or template
RNA. Interestingly, the mAb 7G8 epitope contains the newly
recognized motif G ((T/S)X1–2G) conserved in viral RdRps. It
has been proposed that this motif serves to enforce the recog-
nition and proper orientation of adjacent basic residues relative
to the primer (40, 55). Indeed, in our primer-dependent assays the
conservativemutations of the Ser99 andGly102 result in total inac-
tivationand reductionofHCVRdRpactivity, respectively.More-
over, the profile of adjacent residue mutations (Arg98 and
Phe101) suggested that these residues are involved in the stabi-
lization of the common substrate, viz. the primer strand. Con-
trary to the remaining mutations modulating the RdRp activity
in primer-dependent assay, corresponding mutations pro-
duced null replication in transient replication assay. In this way
we have identified the stretch of eight consecutive amino acid
residues (Pro94–Phe101) in the mAb 7G8 epitope, which is
highly sensitive to anymodification either conservative or non-
conservative (Fig. 8, B andD). Taken together, ourmutagenesis
results indicate that mAb 7G8 epitope contains an amino acid

stretch, which includes motif G, which is important for both
template-primer and template-proper interaction.
Another question that may arise is why the inhibitory effect

of the mAb 7G8 is not so pronounced as the mAb 8B2 effect. A
more careful examination of the epitope mapping studies (Fig.
1H) indicates that, in ELISA , mAb 7G8 reacts with two pep-
tides, which overlap at residues Phe101–Ala105. However, the
ELISA reactivity obtained with amino acids 92–105 was several
orders of magnitude higher (data not shown). Consequently,
the minimal epitope for mAb 7G8 includes the Phe101–Ala105
peptide and probably one or two residues upstream of this
sequence. Examination of the mAb 7G8 epitope in the context
of HCV RdRp complex with oligonucleotide RNA x-ray struc-
ture reveals that Phe101 is the last amino acid involved in the
interactionwith RNA, according to our data (Fig. 8E). Thus, the
epitope of mAb 7G8 is located downstream of this interaction
platform or has a minor overlap with it. This explains why the
efficiency of mAb 7G8 is not very pronounced. Interestingly, in
the structures of RT and 3Dpol, �6 and �3 RdRps the motif G is
flanked downstream by a Pro residue. However, in the HCV
RdRp, there are two consecutive Pro residues upstream of the
motif G (Fig. 8B). It has been proposed that proline in the pro-
tein loop structure controls the structural flexibility of the loop.
The proline is capable of intrinsic cis/trans isomerization and
could serve as amolecular switch for adopting different confor-
mations by the enzyme (56). The flexibility of the loop harbor-
ingmAb7G8 epitope (Fig. 2A and Fig. 8E) wouldmake it amore
difficult to target by the mAb. If the Pro residue of motif G is
indeed involved in loop conformation control, then it is possi-
ble that HCV NS5B, overproduced in E. coli, is a mixture of
both cis- and trans-enzyme forms, which are both replication-
competent, but only one form is recognized and inhibited by
mAb 7G8.
Interestingly, in the poliovirus 3Dpol, the change of G motif

Pro residue to Ala or Gly totally abolished the elongation RdRp
activity in primer-dependent assay (47). Thompson and
Peersen (47) hypothesized that the proline isomerization locks
the enzyme-substrate complex into an elongation-competent
state. In our primer-dependent RdRp assays, it seems that mAb
7G8 still allows the first round of initiation to occur, but subse-
quent RNA synthesis re-initiation reactions are inhibited (Fig.
4B). Thus, another interesting possibility for the mAb 7G8
action is the stabilization of the elongation-competent state of
the HCV RdRp after one round of RNA synthesis, which could
prevent the enzyme dissociation from template and subsequent
initiation. Even though mutations P93A and P94A produce
wild-type-like RdRp activity in the primer-dependent RdRp
assay, the latter mutation abolishes transient replication, indi-
cating the importance of Pro94 for Con1/luc replicon propaga-
tion in Huh7 cells (Table 2). Interestingly, it has been reported
that cyclophilin B, a peptidyl-prolyl isomerase, interacts with
the HCV NS5B via residues 521–591 (57). Further studies will
be required to clarify these issues.
It should be noted that one group produced a large set of

clustered mutants, with one mutant centering on Phe101 by
simultaneously substituting the amino acid residues 97–103
with a flexible linker sequence (AAASAAA). Qin et al. (58)
found that in the (rU)14-directed RNA synthesis on polyad-
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enylic acid, the RdRp activity is not compromised by this sub-
stitution. In contrast, the nonconservative site-directed
changes of the basic residues 98 and 100 to acidic Glu residues
resulted in 95% loss in activity (53). Our results are in accord-
ance with this latter study, namely R98I and K100I nonconser-
vative mutations reduced the HCV RdRp activity by 34 and
80%, respectively (Table 2). Milder effect of our mutations is
easily explained, namely our substitutions just removed the
basicity instead of making the environment more acidic as
reported by Deval et al. (53). According to Lohmann et al. (51),
the polyadenylic acid is bound �4-fold tighter than polycyti-
dylic acid by HCV RdRp, which also correlates with the effi-
ciency of RNA synthesis. The efficiency of RNA synthesis is
�4-fold higher for poly(rC)/(rG)12 (used in this study) com-
pared with poly(rA)/(rU)12 (51). Because peptide residues
97–103 of the polymerase contain motif G and are involved in
template-primer proper binding, the question of RNA affinity
can be a decisive issue. These discrepancies between studies
highlight the importance of testing themutation phenotypes in
different experimental systems.
Interestingly, recently two NS5B-specific mAbs were iso-

lated. These mAbs recognized a single epitope in the fingers
subdomain amino acid residues 67–88 and were capable of
inhibiting RdRp activity in vitro (59). However, the molecular
mechanism of RdRp inhibition was not explained. Because the
mAbs isolated in this study, recognizing the 77–86-amino acid
peptide, had no inhibitory effect on the RdRp activity, it is likely
that epitopes for the mAbs isolated by Kang et al. (59) are
located in the 67–76 NS5B peptide sequence.
In this study we have characterized the mechanism of action

of mAbs 8B2 and 7G8 on the HCV RdRp. mAbs 8B2 and 7G8
bind different epitopes in the fingers subdomain of NS5B and
interfere with the elongation of the RNA chain and initiation of
RNA synthesis, respectively. In addition, we have extensively
characterized motif G of HCV RdRp. The results presented
here illuminate the fingers subdomain function of the viral
RdRp during RNA synthesis. Our findings may have impor-
tance for the development of potent small molecule inhibitors
targeting HCV RdRp.
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