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ABSTRACT: Little is known about the mechanism of HCV polymerase-catalyzed nucleotide incorporation
and the individual steps employed by this enzyme during a catalytic cycle. In this paper, we applied
various biochemical tools and examined the mechanism of polymerase catalysis. We found that formation
of a productive RNA-enzyme complex is the slowest step followed by RNA dissociation and initiation
of primer strand synthesis. Various groups have reported several classes of small molecule inhibitors of
hepatitis C virus NS5B polymerase; however, the mechanism of inhibition for many of these inhibitors
is not clear. We undertook a series of detailed mechanistic studies to characterize the mechanisms of
inhibition for these HCV polymerase inhibitors. We found that the diketoacid derivatives competitively
bind to the elongation NTP pocket in the active site and inhibit both the initiation and elongation steps
of polymerization. While both benzimidazoles and benzothiadiazines are noncompetitive with respect to
the active site elongation NTP pocket, benzothiadiazine compounds competitively bind to the initiation
pocket in the active site and inhibit only the initiation step of de novo RNA polymerization. The
benzimidazoles bind to the thumb allosteric pocket and inhibit the conformational changes during RNA
synthesis. We also observed a cross interaction between the thumb allosteric pocket and the initiation
pocket using inhibitor-inhibitor cross competition studies. This information will be very important in
designing combination therapies using two small molecule drugs to treat hepatitis C virus.

Hepatitis C virus (HCV)1 is a positive-sense single-
stranded RNA virus. The HCV genomic RNA is 9.5 kb in
length and consists of a long open reading frame, which is
flanked by highly conserved untranslated regions at both the
5′ and 3′ ends. The HCV NS5B gene encodes a RNA-
dependent RNA polymerase whose enzymatic activity is
critical to the replication of the viral RNA genome. The
replication of the plus-strand RNA viral genome consists of
two steps: synthesis of the complementary minus-strand
RNA with the plus-strand RNA as a template and the
subsequent synthesis of the plus-strand RNA genome using
the minus-strand RNA as a template. Template-dependent
RNA synthesis can be divided into at least four consecutive
steps: binding of the enzyme to the template, initiation of
RNA synthesis, elongation, and termination. Although it has
been demonstrated that HCV NS5B alone can direct RNA
replication through a copy-back primer at the 3′ end, de novo
initiation of RNA synthesis is likely to be the mode of RNA
replication in the infected cells (1-3). HCV NS5B can accept
heterologous viral RNA templates as well as a homogeneous
polymeric C template in a primer-independent manner. It

can also accept a homogeneous polymeric A template paired
with oligo(U) and a homogeneous polymeric C template
paired with oligo(G) in a primer-dependent manner (4, 5).
In a polymerase reaction, multiple substrates, including a
template-primer or a template-initiation nucleotide com-
plex, and an elongation nucleotide are involved. Presumably,
reaction at each step follows a sequential order: the
polymerase binds to the template-primer first to form a
binary complex which then takes up a nucleotide triphosphate
to form a ternary complex. The geometry of the priming
nucleotide and the elongation nucleotide observed in the
catalytic center of HCV NS5B is similar to that observed in
the initiation complex of the RNA phageφ6 RdRp and
suggests that both enzymes might initiate replication by
similar mechanisms (6-8). A high concentration of GTP but
not of ATP, CTP, or UTP has been found to stimulate RNA
synthesis by up to 2 orders of magnitude. It appears that the
high concentration of GTP accelerates a rate-limiting step
at the level of initiation of RNA synthesis (9).

A significant advance in the understanding of the HCV
NS5B polymerase is provided by the crystallographic studies
of several truncated forms of the polymerase and its
complexes with nucleotides or the RNA template (10-12).
The crystal structure of HCV NS5B reveals a classical “right-
hand” shape with the characteristic fingers, palm, and thumb
subdomains. The “closed conformation” is formed by a
â-hairpin protruding into the active site and a C-terminal
region folding from the surface of the thumb toward the
active site. These structural elements are likely involved in
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selecting template and de novo initiation. More importantly,
they control the protein dynamics during the polymerization
reaction. While a significant knowledge of polymerase
structure is available, little is known about the mechanism
of HCV polymerase-catalyzed nucleotide incorporation and
the individual steps employed by this enzyme during a
catalytic cycle. This is primarily due to the inability to estab-
lish stoichiometric complexes of the enzyme, template-
primer, and nucleotide. Processivity, measured under a single
processive cycle, is reported to be 700 nucleotides/min on a
poly(A)/oligo(U) template and 200 nucleotides/min on a
HCV RNA template (13, 14). The HCV polymerase turnover
rate is 6000-fold slower than that of Polio Pol3D (15) and
10-fold slower than that of HIV RT (16). Potential explana-
tions for the discrepancy inkcat and processivity include the
following. The active protein concentration is much lower
than the total protein concentration. There may be a
significant amount of nonproductive RNA binding. Initiation
may be rate-limiting. Dissociation may be rate-limiting.
Critical viral or cellular cofactors may be missing. In this
work, we applied various biochemical tools and examined
the polymerase mechanism of catalysis (Scheme 1). We
developed a gel-based assay that permitted the separate

examination of the initiation and elongation steps. We found
that formation of a productive RNA enzyme complex is the
slowest step, followed by RNA dissociation and re-initiation.

Various groups have reported several classes of small
molecule inhibitors of hepatitis C virus NS5B polymerase.
Among the numerous non-nucleoside inhibitors, compounds
with either thiophene or phenylalanine scaffolds have been
shown to bind to HCV polymerase in the thumb allosteric
pocket by X-ray crystal structures (17, 18). A series of
compounds based on a benzimidazole scaffold (19-22) have
been reported. Recently, the X-ray crystal structures of
benzimidazole scaffold have also been determined and
revealed these inhibitors bind to a site on the surface of the
thumb domain that is 14 Å from the thumb allosteric pocket
that is occupied by compounds of either thiophene or
phenylalanine scaffolds (23). A series of benzothiadiazine
derivatives have also been reported as initiation specific
inhibitors (24-27). The diketoacid derivatives have been
reported as product mimics that possibly interact with the
catalytic metal ions in the enzyme active site (28, 29).
Structures of representative classes of HCV polymerase
inhibitors are illustrated in Scheme 2. Despite the extensive
biochemical and resistance selection studies for these com-
pounds, it is still not clear whether the mechanism and the
site(s) where these three classes of compounds bind on the
enzyme are similar. We undertook a series of detailed
mechanistic studies to characterize the mechanisms of
inhibition for these three classes of polymerase inhibitors.
Our studies include kinetic competition of inhibitors with
respect to the binding pockets of the initiation nucleotide,
elongation nucleotide, and RNA template and kinetic cross
competition of inhibitors with respect to the binding pockets
of inhibitors with known binding sites. The gel-based assay
we developed not only allowed for the separate examination
of the initiation and elongation steps but also enabled
differentiation of inhibitors targeting the individual chemical
steps of the polymerization reaction.

MATERIALS AND METHODS

Materials. Reagents were purchased from the following
sources: [3H]UTP, [R-33P]ATP, poly(rA), poly(rC), and
nucleotides from Amersham Biosciences, oligonucleotides
from MWG Biotech, and T7 Megascript In Vitro Transcrip-
tion Kit from Ambion. Inhibitors were synthesized by Abbott
scientists.

Expression and Purification of HCV NS5B. Recombinant
NS5B proteins derived from the NS5B J4 1b strain, the 1a
H77 strain, and the patient isolate 1b strain were purified
from Escherichia colistrain DH5R. The J4 1b strain was
obtained from J. Ja¨ger at the University of Leeds (Leeds,

Scheme 1: Mechanism of HCV NS5B
Polymerase-Catalyzed RNA Synthesis

Scheme 2: Chemical Structures of Three Classes of HCV NS5B Polymerase Inhibitors
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United Kingdom). Patient isolates 1b and 1a H77 were
cloned by RT-PCR of HCV RNA isolated from patient
serum. The C21-truncated and C55-truncated NS5B proteins
contained 570 and 536 native amino acids, respectively, and
a tag of six histidines at the N-terminus of the protein for
the purpose of affinity chromatographic purification. One
liter of TB Broth (Terrific Broth) was inoculated with 10
mL of a starter culture that was at midlog phase (OD600 )
0.4-0.6). The inoculated culture was grown at 37°C until
it reached an OD600 of 0.6. IPTG was then added to a final
concentration of 1 mM, and the culture was grown at room
temperature for an additional 4 h. The cell paste isolated
from a low-speed spin was resuspended in 20 mL of lysis
buffer [50 mM HEPES (pH 8.0), 0.5 M NaCl, 10% glycerol,
2 mM â-mercaptoethanol, and 0.02% sodium azide] that also
contained protease inhibitor cocktail tablets from Roche. The
cell suspension was passed through a French pressure cell
three times at 10 000 psi to lyse the cells. Additional lysis
buffer was added to yield a final volume of 40 mL, and then
this lysate was centrifuged for 20 min at 10000g at 4 °C.
The supernatant was dialyzed against 1 L of Ni column buffer
(50 mM HEPES, 20 mM imidazole, 0.5 M NaCl, 27.5%
glycerol, 2 mM â-mercaptoethanol, 0.2 mM PMSF, and
0.02% sodium azide) at 4°C for 2 h and then overnight
after buffer exchange. The dialyzed supernant was loaded
onto a 10 mL Ni column (Talon). The flow-through was
collected, and the column was washed with 10 column
volumes of Ni column buffer. The bound protein was eluted
with Ni column buffer containing 0.35 M imidazole. All
polymerase preparations are free of nuclease contamination
as assayed from the commercial RNase assay kit.

Preparation of RNA Templates.Large quantities of RNA
templates were made from runoff transcription reaction
mixtures using the corresponding T7 promoter containing
PCR DNA templates and the Ambion T7 Megascript In Vitro
Transcription Kit. These RNA templates were further purified
using an RNeasy kit. The specific activity of labeled RNA
was determined to be 1000 cpm/100 ng of RNA from a
standard curve of RNA dose.

Polymerase Assays.The enzymatic activity of HCV
polymerase was measured by detecting the incorporation of
[3H]UTP into RNA transcripts. The binding of HCV poly-
merase to RNA was assessed by detecting the bound
radiolabeled HCV RNA template. Polymerase (50 nM) was
preincubated with 20 nM HCV RNA template containing
the 651 nucleotides from the HCV 3′-NTR RNA template,
in 50 µL of 20 mM Tris-HCl (pH 7.4), 50 mM NaCl, 1 mM
EDTA, 5 mM MgCl2, ATP, CTP, and GTP (40µM each),
0.61µM (0.5 µCi) [3H]UTP, and 20 units of RNase inhibitor
from Promega. Binding assays were conducted in a similar
fashion except that the RNA was labeled with tritium, and
the reaction mixture did not contain NTPs. Reaction mixtures
were incubated for 2 h at 25°C in the activity assay or for
1 h at room temperature for the binding assay. Polymerase
assays were then stopped with 50µL of 500 mM EDTA,
and then 90µL of the reaction mixture was transferred onto
a DEAE filter plate (Millipore), washed three times with 200
µL of 0.3 M CHOONH4, washed three times with 100µL
of ethanol, and then air-dried for 30 min. For the binding
assay, 45µL of the binding reaction mixture was transferred
onto a nitrocellulose filter plate (Millipore) and then washed
three times with 50µL of assay buffer. The amount of

incorporated [3H]UTP or bound labeled RNA was measured
by scintillation counting on a Wallac 1450 MicroBeta counter
after adding 30µL of Supermix scintillant.

Gel-Based Initiation and Elongation Assays.A 23-mer
RNA template (21 nucleotides from the 3′-NTR with
additional two Cs added to the 3′ end, 5′-UGGCCUCU-
CUGCAGAUCAUGUCC-3′) was employed for the gel-
based assay. This shorter RNA substrate allows a better
separation of various lengths of RNA products. The assay
was carried out in 20 mM Tris, 50 mM NaCl, 1 mM EDTA,
2 mM MnCl2 (pH 7.4), 5 mM DTT, 0.4 unit/µL RNase
inhibitor, 2 µM 23-mer RNA template, 1.13µM J4 ∆21
polymerase, 1 mM GTP, 40µM ATP, 40 µM CTP, 40µM
UTP, and 0.8µL of [R-33P]ATP (10 µCi/µL). When the
effects of inhibitors on the elongation phase of the reaction
which is completed in seconds are examined, a preincubation
of inhibitor with the enzyme over 30 min was included before
addition of the other nucleotide substrates. The inhibition
of the initiation step was examined by the synthesis of a
3-mer RNA product using two of the four nucleotides in the
presence of various concentrations of inhibitor for 30 min.
The inhibition of the elongation step was examined by
assessing the synthesis of equal to and greater than template-
sized RNA products in the presence of all four nucleotides
with or without inhibitor for 5 min after a half-hour pre-
initiation period using cold GTP and ATP in the absence of
inhibitor. The reactions were quenched with 2µL of SDS
(50 mM) and 8µL of sample loading buffer. Samples were
denatured at 70°C for 5 min before being loaded onto a
25% acrylamide-7 M urea-TBE gel. The gel was run at a
constant power of 80 W for 2.75 h and then was exposed
overnight in a PhosphorImager from Molecular Dynamics.
Bands were quantitated using ImageQuant version 5.2 from
Molecular Dynamics.

UTP Competition Assay.Reaction mixtures consisted of
a total volume of 50µL in 20 mM Tris (pH 7.4), 50 mM
NaCl, 1 mM EDTA, 5 mM MgCl2, 1 mM DTT, 0.1 unit/µL
RNase inhibitor, 8 ng/mL HCV RNA 651 nucleotides from
the 3′-NTR, 20 µM ATP and CTP, 300µM GTP, 200 nM
21 NS5B from the 1b J4 strain or 50 nM∆55 NS5B from
a 1b patient isolate, various [3H]UTP and inhibitor concen-
trations, and 10% DMSO.

GTP Competition Assay. Reaction mixtures consisted of
a total volume of 50µL in 50 mM Tris (pH 8.0), 5 mM
MgCl2, 5 mM DTT, 0.1 unit/µL RNase inhibitor, 11 ng/mL
poly(C) template, 50 nM∆55 NS5B from a 1b patient
isolate, various [3H]GTP and inhibitor concentrations, and
5% DMSO.

Inhibitor-Inhibitor Competition Assay.Tris-HCl (20 mM,
pH 7.4), 50 mM NaCl, 1 mM EDTA, 2 mM MnCl2, 1 mM
DTT, 0.1 mg/mL BSA, 0.1 unit/µL RNase inhibitor, 20µM
ATP and CTP, 60µM GTP, 0.284µM (0.5 µCi) 5,6-[3H]-
UTP, 0.716µM UTP, 5 nM HCV 2.1 kb RNA, 10% DMSO,
20 nM HCV genotype 1b J4∆21 polymerase, and various
concentrations of inhibitors at room temperature were used
for J4 1b. The same was used for H77 1a except that 80
mM potassium glutamate substituted for NaCl, the GTP
concentration was increased to 125µM, a HCV genotype
1a ∆21 polymerase was used, and the reactions were
conducted at 30°C.

IC50 Calculation. The percent inhibition was calculated
from the initial rates of the inhibited reactions relative to
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the uninhibited control. IC50 values were calculated by fitting
percent inhibition at six to eight inhibitor concentrations to
eq 1 for weak inhibitors. For potent inhibitors, the initial
rates were fit to the tight binding equation (eq 2) to obtain
Ki

app, whereKi
app ) Ki(1 + [S]/Km).

Determination of Kd and Bmax for HCV RNA with HCV
Polymerase.The radiolabeled HCV RNA bound to HCV
polymerase was captured with a nitrocellulose plate and fit
to eq 3 to obtain theKd andBmax.

Determination of Ki and Ki′ for the Inhibitor. Initial rates
of polymerization reactions were obtained by end point
assays. ApparentKm and Vmax values at each inhibitor
concentration were obtained from nonlinear regression fitting
using the Michaelis-Menten equation.Ki and Ki′ were
obtained from theX-axis intercepts of plots of measuredKm/
Vmax and 1/Vmax versus inhibitor concentration, respectively,
whereKi represents the binding affinity of the inhibitor for
the free enzyme andKi′ reflects the binding affinity of the
inhibitor for the enzyme and substrate complexes.

RESULTS

ProductiVe RNA Binding.The HCV NS5B polymerase can
bind to many heterogeneous RNA templates; the sequences
can be related or unrelated to HCV (3). This nonspecific
RNA binding is believed to be due to missing viral or cellular
factors. It has been shown that HCV NS5B binds to RNA
homopolymers with the following order of specificity: poly-
(U) > poly(G) > poly(A) > poly(C). Interestingly, there is
an inverse correlation between RNA binding and polymerase
activity that suggests that strong binding interferes with
processivity (30). Since productive RNA binding is the first
step in the polymerase-catalyzed RNA synthesis (Scheme
1), it was important to investigate how much of the
polymerase is able to bind to HCV RNA and how much of
the total RNA binding is in the productive binding mode.
To answer the first question, an experiment in which various
amounts of HCV NS5B were titrated against 20 nM
radiolabeled HCV RNA was conducted. An apparentKd of
47.4 nM for HCV polymerase was obtained. At 47.4 nM
HCV polymerase, 10 nM HCV RNA was bound to the
polymerase, which corresponded to 21% of the total input
polymerase (Figure 1A). In a separate experiment in which
50 nM HCV polymerase was titrated with various amounts
of radiolabeled HCV RNA, the titration curve indicated a
total of 10.8 nM HCV RNA could be bound by HCV
polymerase, which also corresponded to 22% of input
polymerase (Figure 1B). Therefore, on average, both experi-
ments indicated that∼20% of a 50 nM solution of HCV
polymerase is able to bind to HCV RNA productively and
nonproductively. The second question is then how much of

this 20% complex is in the productive binding mode. To
answer the second question, the polymerase activity was
followed after it had been preincubated with HCV RNA
substrate over different periods of time in the presence of a
RNase inhibitor. The polymerase activity was found to
increase as the preincubation time with its HCV RNA
substrate increased. Indeed, an overall 20-fold increase in
the polymerase activity was observed (Figure 1C,D). More
importantly, the total RNA binding over the same period of
preincubation time as judged from the radiolabeled RNA
binding remained constant. This seems to suggest that
nonproductive binding of HCV RNA to the HCV polymerase
is a predominant process in the beginning but transitions to
a more productively bound form over time. It also seems
clear that under these in vitro assay conditions, the productive
binding is the slowest step and may take days to accomplish.

Template Switching Is Responsible for Longer-Than-
Template-Sized RNA Product Synthesis.A gel-based assay
was developed to examine the initiation, elongation, and
termination or dissociation steps of the HCV polymerase
polymerization reaction. Time courses for the formation of
a 3-mer RNA product synthesis using a 23-mer RNA
template were obtained, in the presence of either two
nucleotides (GTP and ATP) or all four nucleotides. Under
both conditions, the 3-mer RNA syntheses displayed a
biphasic reaction progress curve. The burst phases likely
represent the initiation reaction, and the linear phases may
represent the re-initiation reaction that is rate-limited by the
dissociation of the RNA products. That the initiation phases
under the GTP and ATP and four-nucleotide conditions are
superimposable suggests the same rate of initiation under
these conditions. The fact that the linear parts of the two
curves are different probably reflects the fact that the 3-mer
RNA is consumed to make longer products under conditions
where all four nucleotides are present, whereas the 3-mer
RNA accumulates under the GTP and ATP condition (Figure
2). The time courses with varying concentrations of enzyme,
template, and NTPs have confirmed the biphasic progress
curve (data not shown). The elongation rate was examined
by first allowing initiation of 3-mer RNA products to
accumulate using cold GTP and ATP only for a half-hour
period and then allowing elongation to proceed in the
presence of heparin and all four nucleotides (Figure 3, left
panel). The time course of 23-mer and>23-mer product
formation also displayed a biphasic progress curve as shown
in Figure 3E. The burst phase likely represents the elongation
of the cold GGA primer synthesized in the half-hour of the
ATP and GTP condition. The linear phase may represent
the elongation of the re-initiated 3-mer GGA. Similar to what
was found before, the elongation reaction reached completion
within seconds, and therefore, it was the fastest step in the
polymerization reaction. As described previously (31), the
polymerase aborts frequently by releasing GGA product
before the transition to elongation. The transition from
initiation to elongation could be rate-limiting for the elonga-
tion reaction but not for the total RNA synthesis, which
incorporates more steps, including template switching, more
elongation, and dissociation. Therefore, the hot 3-mer GGA
that accumulated under four-nucleotide conditions was a
result of abortive RNA synthesis from the re-initiation event.
In the absence of heparin, considerably longer-than-template-
sized RNA products were synthesized (Figure 3, right panel).

inhibition percent) 100[I]/([I] + IC50) (1)

V ) kcat[S]/2(Km + [S]) ×
x(Ki

app+ [I] - [E])2 + 4Ki
app[E] - (Ki

app+ [I] - [E])
(2)

bound RNA) (Bmax + [L] + Kd) -

x(Bmax + [L] + Kd)
2 - 4Bmax[L]/2 (3)
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These products were mostly formed from a template switch-
ing mechanism. Examination of the time course of the

template-sized RNA product indicated a loss of 23-mer RNA
product over time rather than accumulation of 23-mer

FIGURE 1: Characterization of HCV NS5B polymerase productive RNA binding. (A) Titration curve of 20 nM3H-labeled HCV RNA by
various amounts of HCV NS5B polymerase to provide aKd value of 47.4 nM. (B) Titration curve of 50 nM HCV NS5B polymerase by
various amounts of3H-labeled HCV RNA to provide aBmax (maximum bound) value of 10.8 nM. (C) HCV NS5B polymerase activities
assayed after various preincubation times with 20 nM HCV RNA template. (D) Total activity increase of HCV NS5B polymerase upon
preincubation with 20 nM HCV RNA template.

FIGURE 2: Characterization of the initiation step of the polymerization reaction. (A) Gel image of the time courses of 3-mer RNA product
GGA syntheses under conditions where GTP and ATP only were present (left side of gel) or when all four nucleotides were present (right
side of gel). (B) Graph representation of the time course of 3-mer RNA formation in the presence of GTP and ATP only. (C) Graph
representation of the time course of 3-mer RNA formation in the presence of all four NTPs.
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product. The rate of loss of 23-mer was a sum of the rate of
23-mer formation from the re-initiation step and the rate of
23-mer consumption from a template switching step. There-
fore, the loss of 23-mer RNA product suggested that the
template switching step was faster than re-initiation, which
was rate-limited by the RNA product dissociation. On the
other hand, one would expect to see an increase in the amount
of 23-mer RNA over time if the re-initiation step is faster
than template switching.

Differentiation of Initiation and Elongation Inhibitors by
a Gel-Based Assay.Most biochemical assays for inhibitor
testing involve measurement of the total RNA that was
synthesized and do not separate the initiation reaction from
the elongation reaction. Therefore, it is unclear whether
inhibitors from various classes inhibit the initiation step or
the elongation step of polymerization. To address this need,
a gel-based assay that allows one to differentiate those two
types of inhibitors was developed. It was found that the
benzothiadiazine inhibited only the initiation step of the
polymerization but not the elongation step, whereas the
diketoacid compound inhibited both steps of RNA polym-
erization (Figure 4A). The 3-mer RNA product synthesized
with either benzothiadiazine or diketoacid present gave dose-
dependent inhibition curves for the initiation reactions (Figure
4B,C). Interestingly, the intensities of species equal to and
longer than the template-sized RNA product in the presence
of various concentrations of benzothiadiazine remain un-
changed and suggested that the benzothiadiazine did not
inhibit the elongation step. On the other hand, the diketoacid
not only reduced the total RNA synthesized but also

shortened the length of the RNA product and clearly
indicated the inhibition of the elongation step (Figure 4D,E).
The benzimidazole behaved differently than the diketoacid
and the benzothiadiazine. Unlike the benzothiadiazine, it
could inhibit RNA synthesis of both 3-mer and longer-than-
template-sized RNA. Unlike the diketoacid, it did not slow
the elongation step and generated shorter-than-template-sized
RNA products (data not shown).

Kinetic Competition with Substrates.The saturation bind-
ing curve of elongation UTP nucleotide to the HCV
polymerase yielded aKm of 0.32 µM when assayed with a
651-nucleotide HCV specific RNA template (Figure 5A).
Unlike the UTP saturating titration curve, a biphasic response
was observed for GTP incorporation, which resulted in two
Km values (Figure 5B,C). The lower value is similar to the
Km values for other nucleotides, which may reflect the
binding of nucleotides during elongation. The higherKm

value for GTP may be the result of de novo initiation of
RNA synthesis. Both the elongation UTP and initiation GTP
substrates were used as competitor ligands for inhibitor
characterization studies. We found that the benzothiadiazine
was noncompetitive with respect to the elongation NTP with
a Ki of 0.14 M but competitive with respect to the initiation
GTP (Figure 5D,E). Since the GTP competition assay
suffered from a low signal problem and was only feasible
with the patient∆55 C-terminal deletion form of HCV
polymerase, we obtained aKi of 11 µM benzothiadiazine
toward the patient∆55 C-terminal deletion form of HCV
polymerase. The difference in binding affinities of ben-
zothiadiazine toward∆21 and∆55 C-terminal deletion forms

FIGURE 3: Characterization of the elongation step of the polymerization reaction. (A) Gel image of the time course of 23-mer RNA formation
in the presence of heparin. (B) Gel image of the time course of 23-mer RNA formation in the absence of heparin. (C) Graph representation
of the time course of 23-mer RNA formation in the presence of heparin. (D) Graph representation of the time course of 23-mer RNA
formation in the absence of heparin. (E) Graph representation of the time course of species greater than and equal to the template-sized
RNA formations in the absence of heparin.
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FIGURE 4: Testing of benzothiadiazine and diketoacid in the gel-based initiation and elongation assays. (A) Gel image of inhibition of initiation and
elongation steps of the polymerization reaction by diketoacid and benzothiadiazine. Note that in panel A the concentrations of diketoacid and benzothiadiazine
increase and decrease, respectively, from left to right. (B) Inhibition curve of the initiation step of the polymerization reaction by diketoacid. (C) Inhibition
curve of the initiation step of the polymerization reaction by benzothiadiazine. (D) Inhibition curve of the elongation step of the polymerization reaction by
diketoacid. (E) Inhibition curve of the elongation step of the polymerization reaction by benzothiadiazine.
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of HCV polymerase will be explored in future investigations.
The competitiveness of the benzothiadiazine with respect to
the initiation GTP agrees very well with the gel-based assay
result whereby the benzothiadiazine was found to inhibit only
the initiation step of the polymerization reaction. It was also
found that the diketoacid was competitive with respect to
the elongation NTP but noncompetitive with respect to the
initiation GTP (data not shown). This result again agrees
with the diketoacid’s ability to inhibit both the initiation and
the elongation steps of polymerization, presumably by
occupying the elongation NTP site. Interestingly, we found
that the benzimidazole compound was noncompetitive with
respect to both the elongation NTP and the initiation GTP
(data not shown). To determine if the benzimidazole
compound inhibited the polymerase activity by disrupting
the binding of RNA to the polymerase, we examined the
benzimidazole’s properties with regard to the inhibition of
RNA binding and the inhibition of RNA synthesis. The assay
for examining the inhibition of binding of RNA to the HCV
polymerase was conducted at the exact RNA template and
HCV polymerase concentrations as they were in the poly-
merase activity assay except that no NTPs were added and
a radiolabeled RNA template was used. We found that the
benzimidazole inhibited polymerase activity with an IC50 of
0.12µM but did not appear to interfere with RNA binding
(IC50 > 5 µM). Therefore, the benzimidazole is not likely

inhibiting HCV polymerase by binding to the RNA template-
binding site. Neither the benzothiadiazine nor the diketoacid
was shown to inhibit the HCV polymerase by binding to
the RNA-template binding site (data not shown).

Inhibitors Display Different Binding Affinities toward
C-Terminally Truncated Forms of HCV Polymerase.These
three classes of inhibitors were evaluated against forms of
1b HCV polymerase of both amino acids 1-570 and 1-536
isolated from a patient strain (Table 1). Interestingly, the
benzothiadiazine displayed a much-reduced binding affinity
toward the∆55 C-terminal deletion form of HCV polymerase
relative to the ∆21 C-terminal deletion form of HCV
polymerase as previously observed (27). Since the benzothia-
diazine binds to the initiation nucleotide pocket and this
pocket is at least partially formed from the C-terminal
residues looping back toward the active site (10-12), it
seems that the initiation pocket is less well defined in the

FIGURE 5: Kinetic characterizations of substrates and inhibitors. (A) UTP titration curve that yields aKm value of 0.32µM for elongation
UTP. (B) GTP titration curve that yields aKm value of 0.93 M for elongation GTP. (C) GTP titration curve that yields aKm value of 995
µM for initiation GTP. (D) Benzothiadiazine competition study with respect to elongation NTP using a C-terminal 21-amino acid deletion
form of the HCV polymerase. (E) Benzothiadiazine competition study with respect to initiation GTP using a C-terminal 55-amino acid
deletion form of the HCV polymerase: (b) Km/Vmax values and (9) 1/Vmax values.

Table 1: Comparison of Kinetic Constants of Three Classes of
Polymerase Inhibitors with∆21 and∆55 Forms of HCV NS5B
Polymerases

class of compound
Ki with ∆21

polymerase (µM)
Ki with ∆55

polymerase (µM)

Ki

difference
(∆55/∆21)

benzothiadiazine 0.15 5.5 37-fold
diketoacid 0.33 0.42 1.3-fold
benzimidazole 0.12 0.02 0.17-fold
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∆55 C-terminal deletion form of HCV polymerase than it is
in the ∆21 C-terminal deletion form of HCV polymerase.
Resistance studies also revealed the M414 residue confers a
high resistance to the thiadiazine compound (32). On the
other hand, the benzimidazole compound was 5-fold more
potent against the∆55 C-terminal deletion form of HCV
polymerase relative to the∆21 C-terminal deletion form of
HCV polymerase. The diketoacid that binds to the elongation
NTP pocket was equally active against both forms of the
polymerase. A ribbon diagram of the backbone of HCV
polymerase (green) from protein X-ray crystallographic
studies is shown in Figure 6 (PDB entry 1C2P) with
C-terminal residues 530-564 colored pink and the benz-
imidazole ligand (from PDB entry 2BRK) colored red. An
energy-minimized model of the thiadiazine ligand is colored
black and was manually docked to be in surface contact with
the known resistance mutation, Met414.

Kinetic Competition with Inhibitors.Inhibitors of known
binding sites could be used as probes to study inhibitors of
unknown binding sites with regard to whether their binding

sites are overlapping or completely distinct from each other
by using a cross competition assay as described by Yonetani
and Theorell (33). Three outcomes are possible. A mutually
exclusive competitive inhibition pattern will emerge if two
inhibitors bind to the same site on the enzyme, thereby
excluding each other from the binding site. A mutually
exclusive competition inhibition pattern will also emerge if
one inhibitor binds to a site that alters the conformation of
the enzyme, thereby leading to reduced affinity for the second
inhibitor binding at the second site. A synergistic inhibition
scenario represents a second possible outcome whereby the
binding of one inhibitor results in improved binding affinity
for the second inhibitor. The third possible outcome is the
additive inhibition scenario whereby both inhibitors bind to
the enzyme independently and the binding of one inhibitor
has no effect on the binding affinity of the second. Yonetani-
Theorell cross competition studies were conducted using the
benzothiadiazine and various classes of polymerase inhibi-
tors. A mutually exclusive pattern of inhibition was observed
when two benzothiadiazines were combined (data not shown)
and an additive pattern of inhibition when a benzothiadiazine
and a diketoacid were combined (Figure 7A). Surprisingly,
a mutually exclusive pattern of inhibition was also observed
when a benzothiadiazine and a benzimidazole were combined
(Figure 7B).

DISCUSSION

Although homogeneous active preparations of HCV poly-
merase have been available for several years (34-37), very
little is known about the mechanism of RNA template
binding, nucleotide initiation, and elongation catalyzed by
this enzyme during a catalytic cycle. This is primarily due
to the inability to establish stoichiometric complexes of the
enzyme, template-primer, and nucleotide. It was reported
that only less than 1% of the HCV NS5B polymerase is
catalytically competent (14). To account for their finding,
the authors speculated about several reasons such as (a) the
incorrect folding of the majority of the protein, (b) the
possible presence of a tightly bound inhibitor that arises
during either expression or purification, (c) significant
nonproductive binding to the RNA template, and (d) missing
viral or cellular cofactors. The initial goal of this study was
to systematically examine the HCV polymerase-catalyzed

FIGURE 6: Ribbon diagram of the backbone of HCV polymerase
(green) from protein X-ray crystallographic studies (PDB entry
1C2P). C-Terminal residues 530-564 are colored pink. The
benzimidazole ligand (from PDB entry 2BRK) is colored red. An
energy-minimized model of the thiadiazine ligand is colored black
and was manually docked to be in surface contact with the known
resistance mutation, Met414.

FIGURE 7: Yonetani-Theorell kinetic competition study of two inhibitors. (A) Combination of various concentrations of benzothiadiazine
with various concentrations of diketoacid. (B) Combination of various concentrations of benzothiadiazine with various concentrations of
benzimidazole.
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polymerization steps individually and to answer those ques-
tions. The investigations started from the very first step, RNA
template binding, and addressed questions such as what per-
centage of the HCV polymerase is able to bind to the tem-
plate RNA, how much of the binding is in the productive
RNA binding mode, and does the productive RNA binding
increase during the preincubation with the enzyme. Unlike
the previously reported result that less than 1% of purified
HCV polymerase is catalytically competent (14), we found
that 20% of the HCV polymerase is able to bind to HCV
RNA but that the level of productive RNA binding starts
from 1% and increases over time, eventually achieving a
20-fold increase in the rate of the polymerase-catalyzed RNA
synthesis. The differences in the enzyme preparations and
the RNA template might also be attributed to the difference
in the percent of active polymerase. We found the formation
of a productive RNA template polymerase complex appears
to be a very slow step in the in vitro enzyme assay as previ-
ously observed (14, 27). This is perhaps due to missing viral
or cellular factors that might stimulate formation of a produc-
tive polymerase-RNA complex. Recent studies have suggest-
ed that the cellular peptidyl prolyl cis-trans isomerase cyclo-
philin B might perform this function within cells. Cyclophilin
B has been demonstrated to be critical for the efficient
replication of the HCV genome within cells and directly
stimulates the ability of HCV polymerase to bind RNA (38).

The initiation reaction was then examined by monitoring
3-mer GGA RNA product formation using a 23-mer RNA
template under conditions where only two nucleotides were
present or conditions where all four nucleotides were present.
A biphasic product formation under both conditions was
found, with superimposable initial burst phases in the initial
60 s, and much slower phases later in the reaction time
course. The initial burst phase represented the initiation
reaction, while the latter slower phase represented the re-
initiation reaction that is presumably rate limited by the RNA
product dissociation. The elongation reaction was examined
in the presence and absence of heparin. In the presence of
heparin, the elongation reached completion within seconds.
Therefore, consistent with the literature information (13, 14),
the HCV polymerase is quite processive. A few longer-than-
template-sized RNA products were synthesized in the pres-
ence of heparin in Figure 3A due to the processive slippage
mechanism (30). In the absence of heparin, the majority of
the RNA synthesized was longer than the template size and
was a result of the template switching mechanism (30). The

decrease in the level of template-sized RNA over time would
suggest that the template switching step is faster than the
re-initiation given the fact that elongation is much faster than
these two steps. In summary, these studies demonstrated that
formation of a productive RNA complex is the slowest step
during in vitro HCV polymerase-catalyzed RNA synthesis,
followed by the re-initiation step, which is rate-limited by
the dissociation of the RNA product. A template switching
step is responsible for longer-than-template-sized RNA
product synthesis. Most of the HCV polymerase gel-based
biochemical assays are based on signals from the total RNA
synthesis (39-41). These assays are a combination of both
initiation reaction and elongation reactions. While many
classes of polymerase inhibitors have been disclosed in the
literature, few have been shown to inhibit specific steps of
polymerization. Therefore, it is important to understand
which steps of the polymerization reaction are blocked by
specific inhibitor classes. The gel-based assay allowed the
differentiation of initiation specific inhibitors from the
elongation specific inhibitors. While several lines of evidence
have been shown to suggest that the benzothiadiazine is an
initiation inhibitor (24, 27), our data provide direct evidence
that the benzothiadiazine is an initiation specific inhibitor
and does not inhibit the elongation step once the initiation
step starts. It is the first time that we can demonstrate that
the diketoacid not only inhibited the initiation step but also
inhibited the elongation step. The benzimidazole behaved
in a manner different from that of the diketoacid and the
benzothiadiazine and inhibited conformational changes dur-
ing RNA synthesis as suggested from the X-ray crystal
structure reported previously (19, 23).

GTP was observed to bind to HCV polymerase with high
affinity as well as low affinity. TheKm of high-binding
affinity GTP is 0.94µM, which is similar to theKm of 0.32
µM for UTP. Since the same elongation NTP pocket is used
during the elongation phase of RNA synthesis, the high
binding affinity of GTP likely represents the binding affinity
of GTP in the elongation NTP pocket. Interestingly, at a
higher GTP concentration, a significant amount of stimulation
of RNA synthesis was observed and yielded a low binding
affinity for GTP with aKm of 1 mM. This stimulation is not
seen with any other nucleotides. There have also been several
other studies reported in the literature about the GTP as the
initiation nucleotide of RNA synthesis by HCV NS5B
polymerase and swine fever virus NS5B polymerase (9),
BVDV polymerase, and GB virus B (42-44). It has been

Scheme 3: Chemical Steps of HCV Polymerase-Catalyzed RNA Synthesis in the Absence of Heparin
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shown that the stimulation of RNA synthesis by polymerases
is not due to an enhancement of RNA binding or an increase
of the elongation rate at higher GTP concentrations (9).
Instead, the low binding affinity of GTP likely represents
the low-affinity binding of GTP to the initiation nucleotide
pocket. It is also interesting to note that the low-affinity
surface GTP binding site, while specific and with a binding
affinity approximately similar to our observed initiation GTP
nucleotide binding affinity, appears to have no consequence
on polymerase activity (8, 19). When both high- and low-
affinity nucleotide substrate conditions are used as probes
for inhibitor binding, we found that the diketoacid derivatives
competitively bind to the high-affinity elongation NTP pocket
in the active site and that while both benzimidazole
compounds and benzothiadiazine compounds bind noncom-
petitively to the high-affinity elongation NTP pocket, the
benzothiadiazine compounds competitively bind to the low-
affinity initiation GTP pocket in the active site. These results
are consistent with the gel-based assay data which show that
the benzothiadiazine is an initiation specific inhibitor and
that the diketoacid can inhibit both the initiation and
elongation steps with equal effectiveness.

The difference in affinities for binding of these three
classes of inhibitors to the C-terminal 21-amino acid deletion
form and the C-terminal 55-amino acid deletion form of the
polymerase is significant. The benzothiadiazine was a much
weaker inhibitor toward the C-terminal 55-amino acid dele-
tion form of the HCV polymerase. This is likely due to an
incompletely formed initiation pocket in this form of the
enzyme due to the absence of the C-terminal tail, which nor-
mally protrudes into the active site (10-12, 27) (Figure 6).
The benzimidazole, on the other hand, exhibited slightly
more potent binding toward the C-terminal 55-amino acid
deletion form of the HCV polymerase. This surprising result
can now be rationalized on the basis of the recently determin-
ed X-ray crystal structure of a benzimidazole compound
bound to HCV polymerase (23). The benzimidazole was
shown to bind to a site on the surface of the thumb domain.
The thumb pocket is formed from C-terminal residues 371-
528 and is affected by the C-terminal truncations. Indeed,
the tighter binding for the benzimidazole compound to the
C-terminally truncated form suggests that this is the case.
In addition, the inhibitor cross competition study of ben-
zothiadiazine and benzimidazole indicated a mutually exclu-
sive pattern suggesting a cross interaction between the thumb
allosteric pocket and the initiation pocket. This cross inter-
action between the thumb allosteric pocket and the initiation
pocket is supported by the structure feature of the C-terminal
region folding from the surface of the thumb toward the ac-
tive site and controlling the protein dynamics during the poly-
merization reaction (45). We know from both X-ray crystal
structure and resistant selection studies that the benzimidazole
binds to the thumb allosteric pocket and the benzothiadiazine
binds to the initiation platform. Although further work will
be required to establish the exact mechanism for the
benzimidazole carboxylate, these studies provide the first
direct evidence for an allosteric effect between the benzimi-
dazole carboxylate binding site and the initiation platform.

The high HCV copy number, the significant diversity of
the quasi-species that are present in HCV-infected patients,
and the high potential for the development of resistance
suggest that multiple drugs will likely be required to

effectively treat this disease. Therefore, it becomes important
to understand the mechanisms of inhibition for each drug
individually as well as to identify any adverse or synergistic
effects that certain drug combinations might exhibit. For
example, the additive inhibitory effects of combining a
benzothiadaizine and a diketoacid would likely predict a
favorable clinical outcome in treating HCV disease, whereas
the mutually exclusive effect of combining a benzothiadi-
azine and a benzimidazole may be less desirable. These
biochemical kinetic studies will be useful for characterizing
new HCV polymerase inhibitors and for choosing the best
inhibitor combinations for further drug discovery efforts.
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