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ABSTRACT

The interaction of the hepatitis C virus (HCV) RNA-
dependent RNA polymerase with RNA substrate is
incompletely de®ned. We have characterized the
activities of the HCV NS5B polymerase, modi®ed by
different deletions and af®nity tags, with a routinely
used homopolymeric substrate, and established
apparent af®nities of the various NS5B constructs
both for the NTP and the template/primer sub-
strates. We identi®ed a uniquely tagged HCV NS5B
RNA polymerase construct with a lower af®nity
(higher Km) than mature HCV NS5B for template/
primer substrate and highlighted the use of such a
polymerase for the identi®cation of inhibitors of
NS5B activity, particularly inhibitors of productive
RNA binding. The characterization of speci®c benzi-
midazole-5-carboxamide-based inhibitors, identi®ed
in a screening campaign, revealed that this class of
compounds was non-competitive with regard to
NTP incorporation and had no effect on processive
elongation, but inhibited an initiation phase of the
HCV polymerase activity. The potency of these com-
pounds versus a panel of different NS5B polymer-
ase constructs was inversely proportional to the
enzymes' af®nities for template/primer substrate.
The benzimidazole-5-carboxamide compounds also
inhibited the full-length, untagged NS5B de novo ini-
tiation reaction using HCV 3¢-UTR substrate RNA
and expand the diversifying pool of potential HCV
replication inhibitors.

INTRODUCTION

Discovered more than a decade ago, hepatitis C virus (HCV)
prevalence is now estimated at approximately 170 million
people worldwide (1,2). The plus-strand HCV RNA genome is
~9600 nt in length and encodes at least one open-reading
frame with approximately 3010 amino acids. In infected cells,
this polyprotein is cleaved at multiple sites by cellular and

viral proteases to produce structural and non-structural (NS)
proteins (3,4). One of the NS proteins, NS5B, is an
RNA-dependent RNA polymerase (RdRp) that catalyzes the
replication of HCV (5). The enzyme is a prime target in the
search for inhibitors of HCV replication and a variety of
in vitro assays for HCV NS5B polymerase activity have been
developed. Though primer-independent de novo initiation of
complementary strand RNA polymerization can be reconsti-
tuted in vitro with templates that represent the 3¢ end of either
the plus- or minus-strand genome (6±12), many screening
assays utilize synthetic homopolymeric templates/primers
(5,7,13±22). Speci®c inhibitors of the HCV polymerase
recently identi®ed from such screening campaigns can be
broadly classi®ed as either non-nucleoside compounds that
may affect an initiation step (23±26) or nucleoside analogs
that inhibit polymerase elongation (27,28).

The recombinant HCV NS5B polymerase enzymes com-
monly used in in vitro assays are produced and isolated from
either Escherichia coli or baculovirus-infected insect cells.
Expression of the full-length HCV NS5B, either untagged or
tagged (such as a hexa-histidine tag or GST tag), results in
insoluble protein requiring extraction with detergents, salt and
glycerol (5,7,14,15,18±20,22,29). The HCV NS5B protein has
a highly conserved C-terminal hydrophobic segment and
truncation of this portion in recombinant clones results in the
expression of a soluble form of the enzyme that retains in vitro
activity (16,17,19). In addition to their use in screening
campaigns, these soluble forms of the enzyme have been
particularly effective in crystallizing the NS5B to reveal an
X-ray derived structure similar to other polymerases, but with
an encircled active site (30±32). Recent X-ray derived
structures of compounds bound to NS5B reveal a variety of
potentially distinct inhibitor pockets, many of which localize
to the thumb domain (26,33,34).

The activity of NS5B in in vitro polymerase reactions with
homopolymeric RNA requires interaction with multiple
substrates that include a template/primer and ribonucleotide
triphosphate. Steady-state kinetic parameters, such as Km, can
be determined for both the ribonucleotide triphosphate
(6,14,17,19,20) and the template/primer (17) substrates. The
C-terminally truncated, soluble forms of recombinant HCV
polymerases have high af®nity (a low Km value in the
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nanomolar range) for homopolymeric template/primer (17). In
order to identify compounds that interfere with template/
primer binding, compound concentration and/or af®nity must
surpass the Km of the substrate in a competitive inhibition
assay. In this report we describe a modi®ed HCV polymerase
enzyme, distinct from the commonly used truncated forms,
that has lower af®nity for primer/template substrate. The
characteristics of this modi®ed enzyme in an in vitro assay
facilitated the identi®cation of a class of benzimidazole-5-
carboxamide-based compounds that speci®cally inhibit HCV
NS5B productive RNA binding. The compounds' mode of
inhibition is con®rmed by steady state kinetics and order of
addition experiments wherein we demonstrate that they
interfere with the initiation process of RNA replication, rather
than processive elongation. This distinct class of inhibitors
would not only complement inhibitors of other HCV targets,
but may also complement nucleoside analogs and other non-
nucleoside NS5B inhibitors to expand the repository of
potential HCV therapeutics.

MATERIALS AND METHODS

Production and puri®cation of the different polymerase
constructs

HT-NS5B. Brie¯y, the entire HCV NS5B region was ampli®ed
by PCR from a full-length HCV 1b genotype clone (HCV1b-
40) and cloned into a pFastBacHTa vector (Invitrogen). The
resulting vector, encoding the NS5B sequence with a hexa-
histidine N-terminal fusion under the control of the polyhedrin
promoter, was used as a donor to introduce the NS5B into a
recombinant baculovirus. Sf21 insect cells were grown to
a density of 1 3 106 cells/ml and infected with
BacHTaNS5B16-3 recombinant baculovirus expressing the
HCV polymerase. Cells expressing the HCV polymerase were
harvested by centrifugation, washed with PBS and resus-
pended in lysis buffer (25 mM Tris±HCl pH 7.5, 2 mM
2-mercaptoethanol, 5 mM MgCl2, 1 mM EDTA, 500 mM
NaCl, 50% glycerol, 2% Triton X-100, protease inhibitor
cocktail). Cells were homogenized and treated with bovine
pancreas DNaseI. The homogenate was sonicated and
centrifuged at 105 000 g for 45 min. Supernatants were
pooled and subjected to metal af®nity chromatography using a
Qiagen Ni-NTA column. The polymerase was eluted with an
85±400 mM imidazole linear gradient. The material was then
applied onto a DEAE±Sepharose column. The ¯ow-through
and washes were pooled for subsequent puri®cation using
heparin±Sepharose chromatography. Bound protein was
eluted using a linear gradient of 200±1000 mM NaCl. In
order to maintain solubility of the HT-NS5B, all of the
chromatography buffers contained 0.05% Triton X-100 and
0.1% NP-40. Fractions enriched (>90% purity) in NS5B
(according to Coomassie-stained SDS±PAGE) were pooled.
The protein concentration of this pool was determined by the
micro-Bradford method (Bio-Rad) using BSA as standard.
This pool was aliquoted and stored at ±80°C (in 20 mM
Tris±HCl pH 7.5, 1 mM EDTA, 800 mM NaCl, 20% glycerol,
0.05% Triton X-100 and 0.1% NP-40) without any signi®cant
loss of activity during 3 years of storage. The yield of puri®ed
protein was 1 mg/l of cultured Sf21 cells and it was used in the
standard HCV RdRp assay at a ®nal concentration of 10 nM.

HT-NS5BD21 and NS5BD21-HT. The recombinant HCV
NS5B polymerase can be produced in soluble form by
expression of a variant that lacks the C-terminal 21 amino
acids (16,17,19). We expressed this NS5BD21 with an
N-terminal hexa-histidine (termed HT-NS5BD21) and with a
C-terminal hexa-histidine tag (termed NS5BD21-HT).
Expression of these genes from pET vectors in E.coli strain
JM109 (DE3) was induced with 0.4 mM IPTG for 3 h at 24°C.
Cells were harvested and lysed in a micro¯uidizer. The lysate,
after centrifugation, was puri®ed according to the HT-NS5B
protocol: Ni-NTA, DEAE±Sepharose and heparin±Sepharose
chromatography, in buffers lacking detergent. The proteins
were thereafter concentrated on a Resource S column, and
applied to a Superdex 200 column where peak fractions
containing highly pure (>98%) and monomeric histidine tag
NS5BD21 were pooled and stored at ±80°C in (20 mM Tris
pH 7.5, 10% glycerol, 5 mM DTT and 300 mM NaCl) for
more than 3 years without signi®cant loss in activity. The yield
of both enzymes was ~2 mg/l of E.coli culture and they were
used in the standard HCV RdRp assay at ®nal concentration of
2±3 nM.

NS5BD57-HT. This polymerase variant that lacks the C-
terminal 57 amino acids was expressed with a C-terminal
hexa-histidine tag (termed NS5BD57-HT). Expression of this
NS5B gene construct from a pET vector in E.coli strain JM109
(DE3) was induced with 0.4 mM IPTG for 3 h at 24°C. Cells
were harvested and lysed in a micro¯uidizer. The lysate, after
centrifugation, was ®rst puri®ed according to the HT-
NS5BD21 protocol: Ni-NTA, DEAE±Sepharose and heparin±
Sepharose chromatography and then loaded onto a Q-
Sepharose column. The ¯ow-through from this last step was
collected and concentrated with centrifugal concentrators.
Analytical gel ®ltration revealed highly pure (>95%), mono-
meric protein with an overall yield of 1 mg/l of culture. This
enzyme was used at a concentration of 2 nM in the HCV RdRp
assay.

NS5B. The mature, full-length NS5B polymerase was pro-
duced as a tagged precursor (HTaA5B) in Sf21 insect cells
infected with a recombinant baculovirus encoding the HCV
NS5B, with an N-terminal hexa-histidine tag linked by the C-
terminal portion of NS5A (BacHTaA5B) to the NS5B
segment. The N-terminal histidine tag was removed by
processing with the HCV NS3 protease and a NS4A peptide
cofactor, resulting in a mature, untagged form of the HCV
RdRp (12). Brie¯y, the precursor histidine-tagged polymerase
was puri®ed according to the standard protocol in buffers
containing 0.15% n-dodecyl-b-D-maltoside and then cleaved
with the NS3/4A protease using a 1:50:1.25 molar ratio of NS3
protease:NS4A cofactor:HTaA5B. The reaction was per-
formed at room temperature for 45 min followed by incuba-
tion at 4°C for 5 h. The mature NS5B RdRp was then isolated
by removing the cleaved histidine-tag leader and any
uncleaved HTaA5B protein with metal af®nity resin.
Unbound mature NS5B was subjected to heparin chromato-
graphy as described above in order to separate the NS3
protease from NS5B RdRp. The NS5B fraction obtained from
heparin chromatography underwent a ®nal step of gel ®ltration
from which mature monomeric NS5B enzyme was recovered.
The enzyme (®nal yield ~0.1mg/l of Sf21 cells) was stored at
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±80°C for more than 3 years without loss in activity, and was
used at 1±2 nM in the standard HCV RdRp assay.

Poliovirus RNA polymerase. The enzyme was produced in
E.coli BL21(DE3) harboring a T7 expression plasmid encod-
ing the poliovirus RNA polymerase (a kind gift from K.
Kirkegaard, Stanford University). The protein was puri®ed by
precipitation with ammonium sulfate at 40% of saturation,
followed by S-Sepharose and Q-Sepharose chromatographies.
After a ®nal gel-®ltration step, the preparation was homo-
geneous as revealed by protein gel-electrophoresis. The
enzyme was stored at ±20°C in storage buffer [25 mM Tris±
HCl pH 7.5, 300 mM NaCl, 5 mM DTT, 1 mM EDTA, 0.1%
(v/v) Igepal CA-630 and 30% (v/v)glycerol].

Calf thymus RNA polymerase II. RNA polymerase II was
puri®ed from fresh calf thymus tissue extracts by poly-
ethyleneimine and ammonium sulfate precipitation followed
by standard chromatography techniques according to the
method of Kim and Dahmus (35). The enzyme stock solution
was stored in 50 mM Tris±HCl pH 7.9, 10 mM EDTA, 10 mM
EGTA, 400 mM ammonium sulfate, 0.25 mM DTT and 20%
glycerol (v/v).

HCV RNA-dependent RNA polymerase assay

The standard HCV RdRp assay was performed in 96-well
plates using 2±10 nM of enzyme (as indicated), 0.5 mCi of
[3H]UTP, 1 mM UTP, 250 nM 5¢-biotinylated oligo(rU12),
10 mg/ml poly(rA) in 20 mM Tris±HCl pH 7.5, 5 mM MgCl2,
1 mM EDTA, 1 mM DTT, 0.2 U/ml of RNasin, 5% DMSO, 3%
glycerol, 30 mM NaCl, 0.33% dodecyl-b-D-maltoside, 0.01%
IGEPAL. The 60 ml reaction was terminated after 90 min at
22°C by the addition of 20 ml of stop solution (150 mg/ml of
tRNA in 0.5 M EDTA) and 30 ml of streptavidin-coated beads
[8 mg/ml in 20 mM Tris±HCl pH 7.5, 25 mM KCl, 0.025%
(w/v) sodium azide] for a Scintillation Proximity Assay
(Perkin Elmer-Amersham). After 30 min at room temperature,
75 ml of 5 M cesium chloride were added to the wells and the
plate was left at room temperature for 1 h before quantifying
the radioactive UMP incorporated onto the biotinylated primer
by counting for 60 s on a TopCount (Packard).

Poliovirus RNA-dependent RNA polymerase assay

The protocol was identical to the standard HCV RdRp assay,
except that the poliovirus RNA polymerase enzyme was used
at a ®nal concentration of 20 nM.

Calf thymus RNA polymerase II assay

This assay measures the incorporation of 33P-UTP during the
transcription of the calf thymus DNA by calf thymus RNA
polymerase II (35). The assay was performed in 96-well plates
using 4 mg/ml of calf thymus polymerase enzyme, 100 mg/ml
of calf thymus DNA, 250 mM each of GTP, CTP and ATP,
1 mM UTP, 2.5 mCi/ml of 33P-UTP in 80 mM Tris±HCl pH 7.9,
80 mM (NH4)2SO4, 1 mM MnSO4, 2.25 mM MgCl2,
0.035 mM EDTA, 1 mM DTT, 0.1 U/ml of RNasin, 5%
DMSO, 6% glycerol. The 60 ml reaction was terminated after
120 min at 37°C by TCA precipitation and ®ltration of the
RNA transcripts. The retained RNA products were quanti®ed
using a TopCount instrument (Packard).

Enzymatic characterization of the different NS5B
polymerase constructs

In order to determine the Km for the template/primer [poly(rA)/
oligo(U12)], a saturating amount of UTP (25±50 mM;
0.08±0.2 mCi/ml of 33P-UTP) was used in the assay in the
presence of increasing concentrations of poly(rA)/oligo(U12)
(with a template/primer ratio maintained at 10). Similarly, for
the determination of the Km for UTP, a saturating amount of
template/primer was used (250±1000 nM, depending on the
enzyme) in the presence of increasing concentrations of UTP
(0.1±200 mM; 0.03±0.07 mCi/ml). Conditions of other reagents
in the reaction were identical to the biochemical RdRp assay.
Depending on the speci®c activity of the different enzyme
constructs, their concentration used in enzymatic characteriza-
tion varied between 0.5 and 10 nM. Aliquots of 8 ml were
removed at speci®c times, spotted onto DE81 ®lter paper discs,
washed in phosphate buffer to remove unincorporated UTP,
rinsed and counted to quantify the amount of UMP incorpor-
ated into bound product RNA. Velocities of the reactions with
each concentration of poly(rA)/oligo(U12) (or UTP) were
determined. The data were processed and analyzed with
kinetics software (GraFit Erithacus Software) to obtain the Km

for both template/primer and UTP.

Determination of the Ki and mode of compound 1
inhibition

Two series of reactions were performed to determine the mode
of inhibition of compound 1. In the ®rst series of experiments,
velocities of reactions were determined at different template/
primer and inhibitor concentrations. The concentration of
template/primer ranged from 25 to 1000 nM with a ®xed
concentration of UTP at 25 mM (reactions contained up to
0.2 mCi/ml of 33P-UTP). The concentration of enzyme used in
the assay was 5 nM and the concentration of inhibitor ranged
from 0.25- to 4-fold the IC50 value. For each of these
reactions, velocities were determined by withdrawing aliquots
at de®ned times, transferring them on DE81 ®lter discs and
measuring bound radioactivity on a DE81 ®lter as described
above.

In the second series of experiments, velocities were
monitored at different UTP and inhibitor concentrations.
The template/primer concentration was ®xed (at 250 nM), the
UTP concentration ranged from 0.25 to 50 or 100 mM (with
0.02±0.2 mCi/ml of 33P-UTP), and the concentration of the
inhibitor ranged from 0.25- to 4-fold the IC50 value. The NS5B
polymerase used in this series of experiments ranged in
concentration from 10 to 25 nM. Kinetic results were then
plotted according to the method of Cornish-Bowden (36),
allowing for determination of the mode of inhibition as well as
the constant(s) of inhibition (Ki as the competitive part of
inhibition and Ki¢ as the uncompetitive part of inhibition).

Determination of IC50 values with different NS5B
polymerase constructs

The IC50 values for a series of compounds were determined
with the ®ve different constructs of the NS5B polymerase. All
of the RdRp assays were performed in SPA format precisely as
described in the standard protocol with the indicated enzyme
construct. From serial dilution of the test compound, the
percentage inhibition was plotted against the compound

424 Nucleic Acids Research, 2004, Vol. 32, No. 2



concentration and a non-linear curve was ®tted (Hill model) to
the percentage inhibition±concentration data. The calculated
percentage inhibition values were then used to determine the
median inhibitory concentration IC50, slope factor (n) and
maximum inhibition (Imax) by the non-linear regression
procedure of SAS (Statistical Software System, SAS
Institute Inc., Cary, NC, USA) using the following equation:

% inhibition � Imax � �inhibitor�n
�inhibitor�n � IC50

n

The speci®city of compounds as inhibitors of HCV poly-
merase was evaluated through a poliovirus RNA polymerase
counter screen in an SPA assay format that utilizes the
identical substrates and conditions previously optimized for
the standard HCV polymerase assay. The compounds were
further pro®led for inhibition of DNA-dependent RNA
polymerase II (puri®ed from calf thymus).

Modi®ed order of addition single cycle HCV NS5B
RdRp assay

A single-cycle of HCV RdRp initiation and elongation was
assayed by modifying the order of addition, followed by the
addition of heparin. The template/primer (250 nM) was ®rst
pre-incubated with the enzyme (10 nM) for 20 min at
room temperature, after which heparin (®nal concentration of
1.2 mg/ml), the inhibitor and 0.5 mM [3H]UTP (0.013 mCi/ml)
were successively added to the reaction. Following a period of
90 min incubation at room temperature, stop solution and
streptavidin beads were added as in the standard HCV RdRp
assay. Radioactivity in the wells was quanti®ed on a TopCount
and the inhibitory potential of a series of compounds was
evaluated.

HCV NS5B de novo initiation reaction

The primer-independent de novo initiation activity of the
mature full-length NS5B construct was reconstituted with
substrates and conditions as previously described (12).
Products were analyzed on denaturing PAGE gels or quanti-
®ed on DE81 ®lters after washing and removal of
unincorporated nucleotides.

Compound synthesis

Compounds 1, 1a±1e inclusively, and compound 2 were
prepared using published procedures (37±39). All compounds
had 1H-NMR and mass spectral data consistent with their
assigned structures. Compound formulas are as indicated:
compound 1, C37H47N5O5; compound 1a, C28H29N3O6;
compound 1b, C27H27N3O5; compound 1c, C29H29N3O7;
compound 1d, C29H28N4O5; compound 1e, C31H30N4O7;
and compound 2, C16H10Cl3NO6S.

RESULTS

Enzymatic characterization of the different NS5B
polymerase constructs

We examined a panel of puri®ed HCV NS5B polymerase
constructs that had different terminal modi®cations and
placements of af®nity tags, as depicted in Figure 1. Kinetic
parameters, such as the Km, were determined for both the

template/primer and the UTP. Determination of a Km for
template/primer RNA with the HT-NS5B construct is exem-
pli®ed in Figure 2, where the reaction velocity, as measured by
UMP incorporation onto the extending RNA primer, is plotted
against a range of template/primer concentrations and
performed with saturating (50 mM) amounts of UTP.
Similarly, the Km for UTP was determined for this and other
NS5B constructs by varying the UTP concentration in the
presence of saturating amounts of template/primer RNA. The
Km for UTP among the different NS5B constructs ranged from
1.8 to 12 mM (Table 1). The Km for the template/primer varied
<3-fold among four of the ®ve NS5B constructs
(HT-NS5BD21, NS5BD57-HT, NS5BD21-HT and NS5B)
and ranged from 0.025 to 0.058 mM (Table 1); however, the
HT-NS5B (full-length NS5B with an N-terminal
hexa-histidine tag) displayed a signi®cantly lower af®nity
(Km = 0.21 6 0.02 mM).

Identi®cation and characterization of a speci®c
HT-NS5B inhibitor

Screening of broad chemical compound collections for
speci®c inhibitors of HCV polymerase activity was performed
with the HT-NS5B construct. We postulated that the lower
af®nity of this construct for template/primer RNA may render
it more susceptible to competitive inhibitors of template/
primer binding. As a result, compound 1 (Fig. 3) a member
from a benzimidazole-5-carboxamide library, was identi®ed
as a speci®c inhibitor of the HT-NS5B polymerase with an
IC50 of 13.6 mM (Table 2). In order to determine its mode of
inhibition, two series of kinetic experiments quantifying
polymerase velocity were performed with HT-NS5B and
compound 1. First, the concentrations of UTP and inhibitor
were varied in the presence of a constant amount of template/
primer (Fig. 4), and secondly, the concentrations of template/
primer and inhibitor were varied in the presence of a constant
amount of UTP (Fig. 5). Compound 1 demonstrated non-
competitive inhibition of UTP incorporation (Ki competitive =
Ki uncompetitive = 20 mM), as both Dixon and Cornish-
Bowden plots intercept on the x-axis (Fig. 4). In contrast,
compound 1 displayed a mixed mode of inhibition towards the
template/primer, with a signi®cant competitive component (Ki

competitive = 26 mM and Ki uncompetitive = 105 mM); the
mode of inhibition is characterized by the Dixon and Cornish-
Bowden plots of the data in Figure 5, where the location of the
intercepts on the two plots are above and below the x-axis,
respectively.

Compound IC50s with different HCV polymerase
constructs

The IC50 values for a series of ®ve compounds related to
compound 1 (Fig. 3) were determined with the ®ve different
constructs of NS5B polymerase as illustrated in Table 2. HCV
RdRp assays that were performed with the HT-NS5B enzyme
used in our screening campaign and which displayed the
lowest af®nity for template/primer (Table 1), provided the
lowest relative IC50 values for this class of compounds.
Compounds (38) with modi®ed amino acid derived R1 groups
(1a±1e, Fig. 3) had improved potencies, such that compound
1e with a 5-indole-oxyacetic acid displayed an IC50 of 19 nM.
The IC50 values determined under the same conditions with
the other NS5B constructs were signi®cantly higher for all six
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of the benzimidazole-5-carboxamide derivatives (Table 2), yet
the ranking of the compound potencies among all of the
constructs was identical; i.e. IC50 for compound 1e <
compound 1d < compound 1c< compound 1b ~ compound
1a < compound 1. Hence, the structure±activity relationship
for this class of HCV polymerase inhibitor could be followed
with any one of these enzyme constructs.

Notably, the fold increase in IC50 values of the benzimi-
dazole-5-carboxamide class of compounds in assays per-
formed with the different HCV polymerase constructs was
inversely proportional to the Km of the respective NS5B
constructs. For example, assays using the construct with the

highest Km for template/primer (HT-NS5B) provided the
lowest relative IC50 values, whereas constructs with a low Km

(NS5B) provided the highest relative IC50 values. This shift in
IC50 values for a common inhibitor among the different HCV
polymerase constructs was unique to the benzimidazole-5-
carboxamide series, as compound 2, an unrelated pyropho-
sphate product-mimic inhibitor of HCV polymerase (39)
displayed less than a 4-fold difference in potency in
polymerase assays with the different NS5B enzyme
constructs.

Benzimidazole-5-carboxamide compounds do not inhibit
HCV polymerase initiation or elongation from pre-
bound RNA

The standard HCV RdRp assay is a continuous polymerization
reaction with multiple cycles of initiation and elongation
events. The assay can be modi®ed by pre-incubating the
enzyme with the RNA substrate and delaying the addition of
NTP and test compound after polyanionic heparin is added to
quench any dissociated polymerase; such a modi®cation
quanti®es only a single cycle of initiation and elongation from
pre-bound template/primer substrate (19,23). The potential of
compound 1 and its analogs to inhibit initiation or subsequent
elongation from pre-formed HCV polymerase±RNA com-
plexes was evaluated in this assay format. Sequential, ordered
addition of heparin, inhibitor and UTP to the pre-incubated
NS5B±RNA complex indicated that the benzimidazole-5-
carboxamide class of compounds did not inhibit HCV
polymerase initiation or elongation from pre-bound RNA
complexes (Table 3). Furthermore, simply pre-incubating
the NS5B with RNA substrate followed by the addition
of compound and UTP (without heparin) also alleviated

Figure 1. Schematic representation of the ®ve NS5B constructs cloned and produced from an HCV 1b genome. The full-length N-terminal hexa-histidine
HT-NS5B fusion and the full-length untagged NS5B were produced and puri®ed from recombinant baculovirus-infected insect cells. Three NS5B clones were
expressed in E.coli: the HT-NS5BD21, harboring an N-terminal hexa-histidine tag and C-terminal 21 amino acid deletion; the NS5BD57-HT encoding a
C-terminal 57 amino acid deletion fused to hexa-histidine tag; and the NS5BD21-HT encoding a C-terminal 21 amino acid deletion fused to a hexa-histidine
tag.

Figure 2. Determination of the Km for the template/primer poly(rA)/
oligo(U) with the HT-NS5B enzyme. Reaction velocity, measured as 33P-
UMP incorporated into product, was plotted versus increasing concentra-
tions (ranging from 25 to 2000 nM) of poly(rA)/oligo(U) substrate. The
curve was ®t with Gra®t Software (GraFit Erithacus Software) to obtain a
Km of 214 nM.

Table 1. Kinetic analyses of different constructs of NS5B polymerases

HT-NS5B HT-NS5BD21 NS5BD57-HT NS5BD21-HT NS5B

Km (P/T)a (mM) 0.21 6 0.02 0.058 6 0.01 0.034 6 0.01 0.025 6 0.005 0.025 6 0.004
Km (UTP)b (mM) 6.2 6 0.63 12 6 2.3 1.8 6 0.3 5.2 6 1.3 3.3 6 1.3

aValues are the mean of two (n = 2) determinations except for HT-NS5B (n = 3).
bValues are the mean of two (n = 2) determinations except for NS5BD21-HT (n = 3).
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inhibition by compound 1 (data not shown). In contrast,
compound 2, the di-ketoacid derivative that speci®cally
interferes with NTP incorporation by HCV polymerase (39),
displayed similar potencies in both the standard HCV RdRp
and single cycle initiation and elongation assays. The mech-
anism of action of the benzimidazole-5-carboxamide com-
pounds inferred from these order of addition experiments, is
consistent with the kinetic experiments that this class of
compounds interferes with an early step in the polymerase
reaction such as productive RNA binding.

Inhibition of HCV polymerase de novo initiation

Though these compounds inhibited reactions with primer-
dependent homopolymeric substrates, the HCV polymerase is

proposed to commence complementary strand RNA synthesis
on genomic template RNA in a primer independent de novo
initiation reaction. Using a previously characterized HCV
plus-strand 3¢-UTR template RNA substrate (12), we exam-
ined the effect of compound 1e on product formation in a de
novo initiation reaction catalyzed by the full-length, untagged
NS5B construct. The major products of de novo initiation in
this reaction are the 246 and 227 nt products (12,40,41)
depicted in Figure 6A. Reactions reconstituted with increasing
amounts of compound 1e inhibited formation of the product of
de novo RNA synthesis with an IC50 of 2.3 mM (Fig. 6B). The
IC50s of compound 1e in this assay and the standard HCV
polymerase assay run with the mature NS5B (IC50 = 1.6 mM,
Table 2) are similar and re¯ect the similar Km of the NS5B

Figure 3. Structure of the compounds used in the study. Compound 1 and its analogs (1a±1e, inclusive) are a series of benzimidazole-5-carboxamide
derivatives identi®ed as speci®c inhibitors of HCV polymerase. Compound 2 is an unrelated di-ketoacid inhibitor of the HCV polymerase (39,49).

Table 2. IC50 valuesa (mM) for a series of compounds with different polymerase constructs

Compound HT-NS5B HT-NS5BD21 NS5BD57-HT NS5BD21-HT NS5B Poliovirus polymerase CT RNA Pol II

1 13.6 29 >500 >500 >500 >500 >500
1a 0.59 2.7 13.2 20 20 >120 >200
1b 0.49 3.0 23 19 28 >100 >200
1c 0.14 1.2 4.5 7.3 11.2 100 >200
1d 0.054 0.44 2.2 3.0 5.7 79 >200
1e 0.019 0.16 0.73 1.1 1.6 100 >200
2 0.95 0.63 0.68 0.3 0.25 n.d. n.d.

aValues are the mean of three or four determinations for each compound with coef®cient of variation below 25%.
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construct both for the homopolymeric substrate RNA (Table 1)
and the 3¢-UTR template (data not shown).

DISCUSSION

The viral nucleic acid polymerase inhibitors constitute the
majority of currently approved antiviral drugs (42) and portray

polymerases as prime therapeutic targets for emerging viral
infections. Consequently, the NS5B enzyme has become a
primary target in the search for novel inhibitors of HCV
replication and a variety of in vitro assays for NS5B
polymerase activity have been developed for such a purpose.
In this study, we have characterized steady-state kinetic
parameters of both nucleotide triphosphate and template/
primer RNA substrates for NS5B constructs encoding a
variety of common truncations and af®nity tag fusions. The
Km for UTP varied from 1.8 to 12 mM, depending on the
polymerase construct, which is a range consistent with
previously published values using the full-length or truncated
enzyme, produced in insect cells or in E.coli, with or without a
histidine tag (14,19,20,43). The Km for the template/primer
with our panel of NS5B constructs ranged from 25 to 214 nM.
Most of the NS5B constructs have low nanomolar af®nity for
the homopolymeric substrate, which is in agreement with a
report by Ferrari et al. (17) of a Km for a template/primer of
30 nM with the common C-terminal D21 truncation of the
HCV polymerase using a poly(C)/oligo(G) substrate.
However, the full-length N-terminally tagged polymerase,
HT-NS5B, displayed a markedly lower af®nity for the RNA
substrate and offered a potential advantage in a screen for
inhibitors.

A competitive inhibitor of enzyme activity must have
af®nities comparable with (or greater than) the substrate. For
viral polymerases such as the NS5B, the triphosphate form of
nucleoside analogs represent classic competitive inhibitors of
NTP incorporation whose IC50 value is directly proportional to
the substrate concentration and inversely proportional to the
Km value (44). The widely established in vitro NS5B assays
that use low micromolar NTP concentration are therefore
sensitive to a broad range of inhibition by nucleotide mimics
(27,28). Towards this end, and before the development of cell-
based HCV RNA replication assays (45), nucleoside analogs
(reviewed in 46) were originally identi®ed by screening their
triphosphorylated derivatives in in vitro assays with NTP
concentrations at or below the Km value. The HCV RdRp
assay that we used in a broad screening campaign, was
optimized to detect competitive inhibitors of both NTP and
template/primer RNA substrates, by using the HT-NS5B
enzyme construct under conditions that reconstituted in vitro
activity with the concentration of both substrates at or below
their Km value. Hence, the low af®nity that the HT-NS5B
construct had for the poly(rA)/oligo(U) homopolymeric
substrate, supported the design of a screening assay with a
relatively high RNA substrate concentration [i.e. 250 nM of
oligo(U) primer and a 10-fold molar-nucleotide excess of
poly(rA) template] that was within the Km value. In contrast,
the optimized standard assay that used the other NS5B
polymerases constructs (Fig. 1 and Table 1) had template/
primer concentrations that were 4±10-fold higher than the Km

values, and accounted (44) for the signi®cantly higher IC50

(Table 2) values displayed by inhibitors of RNA binding.
Using the HT-NS5B-based assay, compound 1 was iden-

ti®ed in a broad screen of the Boehringer Ingelheim propri-
etary compound collection, as a non-nucleoside inhibitor (IC50

= 13.6 mM) originating from a benzimidazole-5-carboxamide
combinatorial chemistry library. Compound 1 and derivatives
displayed speci®c and reversible inhibition of the HCV
polymerase and failed to inhibit poliovirus RdRp and a

Figure 4. Ki determination of compound 1 and mode of inhibition with
regard to UTP substrate. Reaction velocities were measured at different
UTP concentrations (0.25, 0.50, 1.0, 2.5, 5.0, 10, 25 and 50 mM, plotted as
open diamonds, closed diamonds, open circles, closed circles, open squares,
closed squares, open triangles and closed triangles, respectively) with the
template/primer ®xed at 0.25 mM. Dixon and Cornish-Bowden plots of the
reciprocal velocity with compound 1 at concentrations of 0, 2.5, 5, 10, 20
and 40 mM. Both plots display intersects on the x-axis and re¯ect non-com-
petitive inhibition with regard to UTP (Ki competitive = Ki uncompetitive =
20 mM).

Figure 5. Ki determination of compound 1 and mode of inhibition with
regard to template/primer substrate. Reaction velocities were measured at
different template/primer concentrations (0.05, 0.075, 0.15 and 0.2 mM
plotted as closed diamonds, open diamonds, closed squares and open
squares, respectively) with the UTP ®xed at 25 mM. Dixon and Cornish-
Bowden plots of the reciprocal velocity with compound 1 at concentrations
of 0, 15, 30 and 60 mM. Compound 1 displayed a mixed mode of inhibition
towards template/primer, with a major competitive component (Ki competi-
tive = 26 mM; intercept on the Dixon plot above the x-axis) and a minor
uncompetitive component (Ki uncompetitive = 105 mM; intercept extra-
polated from the Cornish-Bowden plot below the x-axis).

Table 3. IC50 valuesa (mM) for a series of compounds in a single-cycle
HT-NS5B elongation assay

Compound HT-NS5B (elongation)

1 >250
1a >100
1b >100
1c >100
1d >100
1e >100
2 1.52 6 0.37

aValues are the mean of two or three determinations.
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DNA-dependent RNA polymerase II activity (Table 2).
Moreover, inhibition by compound 1 was only observed
with the N-terminally tagged NS5B and not with the other
NS5B constructs (Table 2). In order to determine the mode of
HT-NS5B inhibition by compound 1, reaction velocities were
measured over a range of template/primer, NTP and inhibitor
concentrations. Reciprocal plots of velocity (36) revealed a
mixed mode of inhibition for compound 1 towards the
template/primer with a signi®cant competitive component,
and non-competitive inhibition with UTP. HIV-1 RT non-
nucleoside inhibitors, such as nevirapine, are non-competitive
inhibitors with UTP, but in contrast to compound 1, are also
non-competitive with template/primer substrate (47,48).

At least three other chemically distinct series of non-
nucleoside inhibitors of the HCV polymerase have been
recently reported: (i) a benzothiadiazine series (23); (ii)
phenylalanine derivatives (26); and (iii) a cyclopentyl
dihydropyran-2-one inhibitor (34). The latter two bind to a
distinct allosteric site in the thumb domain distally removed
from the central active site (26,34). Representative com-
pounds of these three non-nucleoside inhibitors are all non-
competitive inhibitors of NTP incorporation, and their mode
of action with respect to template/primer are incompletely
characterized. Though the benzothiadiazine series binding site
has not been reported, an uncompetitive mode of inhibition
with respect to template/primer RNA is suggested from the
unproductive enzyme±substrate±inhibitor complex formed by
the NS5B, template RNA substrate and benzothiadiazine (24).
The benzimidazole-5-carboxamide compounds' mode of
action clearly differed from the benzothiadiazine inhibitor.
The latter series effectively inhibits NS5B initiation from pre-
bound RNA (24), whereas the benzimidazole-5-carboxamides
did not inhibit the activity of pre-bound NS5B±RNA com-
plexes (Table 3). Besides the modi®ed order of addition
experiments, the steady-state kinetic data revealed that
benzimidazole-5-carboxamides interfere with RNA binding.
Combination experiments with a benzothiadiazine and a
benzimidazole-5-carboxamide showed that the compounds
were not mutually exclusive and probably bind to separate
sites (McKercher,G., unpublished observations).

The distinct mode of inhibition by the benzimidazole-5-
carboxamide class of compounds was also manifested by the
dramatically different IC50 values obtained with the modi®ed
enzyme constructs. Though the potency ranking of the related
derivatives was identical between the different constructs,
increases in IC50s ranged from ~6-fold with the HT-NS5BD21
enzyme up to 72-fold with the untagged full-length NS5B.
Notably, the magnitude of the increases in IC50s was inversely
proportional to the Km of the respective enzyme constructs for
template/primer RNA [Km (P/T)] and is fully consistent with
inhibitors that are predicted to interfere with RNA binding. As
a result, compound screening with the higher af®nity NS5B
constructs would have greatly diminished the assay's sensi-
tivity to inhibitors of template/primer binding and failed to
detect weak to moderately potent compounds of this class.
Conversely, compounds that function by an alternative
mechanism, such as the di-ketoacid class (compound 2) that
mimic pyrophosphate product (39,49), would be unaffected by
an enzyme's Km (P/T) property and thereby displayed similar
potencies against this group of modi®ed enzymes.

The position of the hexa-histidine tag on the NS5B affected
the enzyme's af®nity for RNA substrate and, in turn, the IC50

of the benzimidazole-5-carboxamides. Lower IC50 values
were effectively obtained with the two polymerase constructs
that had the hexa-histidine tag at the N-terminus. The tagged,
full-length polymerase (HT-NS5B) had the lowest af®nity for
RNA substrate and we ensured that this was not an artifact of
reduced enzyme solubility by extracting, purifying and
maintaining the protein (without any signi®cant loss in
activity) in detergent. The truncated, soluble polymerase that
can be puri®ed without detergent also had slightly lower
af®nity for RNA substrate, relative to the untagged NS5B,
only when the tag was positioned at the N-terminus (HT-
NS5BD21); notably, inhibition by compound 1 was also
detected with this construct.

The optimized compound 1e inhibited the primer-
independent de novo initiation activity and demonstrated
ef®cacy and similar potencies in assays with homopolymeric
or heteropolymeric RNA template using the untagged, full-
length NS5B. Compound 1e was also tested for inhibition of

Figure 6. Compound 1e inhibits de novo initiation by HCV NS5B polymerase. (A) Lane 1 shows the major products of NS5B de novo initiation using a short
3¢-UTR plus strand template as 246 and 227 nt RNAs (12). Lanes 2±8 display the products of NS5B de novo initiation in the presence of 1.6, 3.13, 6.25, 12.5,
25, 50 and 100 mM of compound 1e. (B) Dose±response curve displaying the IC50 of compound 1e in a NS5B de novo initiation assay. The points on the
curve represent an average (with error bars) of three independent determinations.
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HCV RNA replication in a cell-based replicon assay (45,50)
and demonstrated marginal potency (i.e. 63% inhibition at
50 mM; data not shown). Current medicinal chemistry efforts
are directed towards improving the cell permeability of these
compounds (Beaulieu,P., manuscript in preparation).

A uniquely modi®ed NS5B enzyme construct facilitated the
identi®cation of the benzimidazole-5-carboxamide series of
compounds as a novel class of HCV RNA polymerase
inhibitors with a mode of action distinct from any previously
characterized viral polymerase inhibitors. Studies are on-
going to improve their potency and assess their bene®t as a
potential therapy in the treatment of chronic HCV infection.
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