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A new pyranoindole class of small-molecule inhibitors was studied to understand viral resistance and
elucidate the mechanism of inhibition in hepatitis C virus (HCV) replication. HCV replicon variants less
susceptible to inhibition by the pyranoindoles were selected in Huh-7 hepatoma cells. Variant replicons
contained clusters of mutations in the NS5B polymerase gene corresponding to the drug-binding pocket on the
surface of the thumb domain identified by X-ray crystallography. An additional cluster of mutations present
in part of a unique (3-hairpin loop was also identified. The mutations were characterized by using recombinant
replicon variants engineered with the corresponding amino acid substitutions. A single mutation (L419M or
M423V), located at the pyranoindole-binding site, resulted in an 8- to 10-fold more resistant replicon, while a
combination mutant (T19P, M71V, A338V, M423V, A442T) showed a 17-fold increase in drug resistance. The
results of a competition experiment with purified NS5B enzyme with GTP showed that the inhibitory activity
of the pyranoindole inhibitor was not affected by GTP at concentrations up to 250 pwM. Following de novo
initiation, the presence of a pyranoindole inhibitor resulted in the accumulation of a five-nucleotide oligomer,
with a concomitant decrease in higher-molecular-weight products. The results of these studies have confirmed
that pyranoindoles target the NS5B polymerase through interactions at the thumb domain. This inhibition is
independent of GTP concentrations and is likely mediated by an allosteric blockade introduced by the inhibitor

during the transition to RNA elongation after the formation of an initiation complex.

A wealth of literature has documented that RNA viruses or
viruses that use RNA replicative intermediates have high de-
grees of genetic variability (5, 15). The high mutation rates
found in these organisms are largely due to the lack of proof-
reading mechanisms and/or a high recombination frequency
during cellular DNA replication. A DNA-dependent DNA
polymerase complex allows an error rate of 10~ mutations/
nucleotide, whereas the error rates for an RNA-dependent
DNA polymerase (reverse transcriptase) and RNA-dependent
RNA polymerase (RdRp), such as those in human immuno-
deficiency virus (HIV) and hepatitis C virus (HCV), respec-
tively, are on the order of 10~* to 10~° mutations/nucleotide
(35, 37). The robust viral replication that leads to a large
population size during viral infection in these RNA viruses and
retroviruses contributes to the generation of quasispecies in
infected patients (7, 12, 13).

During chemotherapy, the high rates of viral replication and
the high frequency of mutation lead to the rapid generation of
drug-resistant mutants. In the case of HIV, numerous muta-
tions have been identified in patients treated with protease
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inhibitors as well as nucleoside and nonnucleoside reverse
transcriptase inhibitors. The emergence of resistant viruses
becomes one of the biggest challenges in developing effective
antiviral therapies to eradicate these infections.

Hepatitis C virus is a positive-stranded RNA virus that pos-
sesses an RdRp, NS5B. Hitherto, a proofreading property has
not been identified in this RNA replicase. As a consequence,
quasispecies of viral variants have been found in HCV-infected
patients (8, 13, 16). Recent research efforts have led to the dis-
covery of many inhibitors that specifically target HCV protease
and polymerase (18, 47). Among the HCV polymerase inhibitors,
both nucleoside and nonnucleoside analogues have been re-
ported (9, 14, 20, 28, 40, 42, 48). The nonnucleoside analogues, in
general, bind to two regions of NS5B: near the catalytic site in the
palm domain (33, 45) and near the interface with the C-terminal
extension of the polymerase at the base thumb domain (3, 28, 48).
The resistance profile and mechanism of action for the palm
domain nonnucleoside RNA polymerase inhibitors (NNRPIs)
have been reported (33). The studies reported here describe
the generation of HCV replicon variants that showed reduced
susceptibilities to a thumb domain NNRPI after prolonged
passage of the cells containing an HCV replicon in the pres-
ence of a pyranoindole inhibitor.

HCV-570, a racemic mixture of pyranoindoles, has previ-
ously been shown to specifically inhibit HCV NS5B RdRp (17).
The inhibitory activity of this racemate appears to reside in the
R enantiomer (HCV-371) (20); no activity was found in the S
enantiomer. The chiral structure-dependent inhibitory activity
of HCV-371 is also consistent with the results of the cocrystal
structure (R. Chopra, S. Sukits, and K. Svenson, unpublished
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data). In an attempt to understand the molecular interactions
and the mechanisms of action of this series of inhibitors in a
biological environment, clone A cells that contain an HCV
genotype 1b replicon were used to select for replicon variants
that showed reduced susceptibilities to these inhibitors. The
HCV replicon is a subgenomic RNA that contains all essential
elements and genes required for replication in the absence of
structural genes (4, 26). The replicon also contains a foreign
gene that encodes a drug-selectable marker (neomycin phos-
photransferase) that allows the antibiotic (Geneticin, G418)
selection of cells that contain a functional replicon. Treatment
of cells with HCV polymerase inhibitors results in a dramatic
reduction in the amount of HCV RNA, which, consequently,
lowers the level of neomycin phosphotransferase production.
Under this condition, administration of G418 to these cells
facilitates the selection of replicon variants with reduced sus-
ceptibilities to the inhibitor. Key amino acids responsible for
the resistance were identified by nucleotide sequence mapping
and were characterized in replicon variants through the use of
reverse genetics. The mechanism of inhibition of these thumb
domain NNRPIs was studied in competition experiments with
increasing concentrations of GTP and a de novo initiation
experiment that examined the products of RNA synthesis. In-
sights into the mechanism of inhibition and HCV RNA initi-
ation process are discussed.

MATERIALS AND METHODS

Materials. All tissue culture reagents were purchased from Gibco/BRL and
HyClone. Clone A cells (licensed from Apath, LLC) were derived from Huh-7
cells, a human hepatoma cell line. The clone A cells contain approximately 500
to 1,000 genome copies of the HCV genotype 1b replicon per cell when they are
maintained in a subconfluent monolayer in the presence of 1 mg/ml G418. The
sequence of the replicon in the clone A cells is similar to that of the genotype 1b
Con 1 strain of HCV (GenBank accession no. AJ238799), with the exception of
two mutations at NS3 (Q1112R) and NS5A (S22041). Clone A cells were prop-
agated in Dulbecco’s minimal essential medium (Gibco/BRL) containing 10%
fetal calf serum (FCS; HyClone) supplemented with 1% penicillin-streptomycin
(GibcoBRL), 1% nonessential amino acids (Gibco/BRL), 1 mg/ml G418 sulfate
(Geneticin; GibcoBRL), and 0.66 mM HEPES buffer (pH 7.5).

Plasmid pBB7, which contains HCV genotype 1b BB7 replicon cDNA, was
also licensed from Apath, LLC. The coding sequence of pBB?7 is similar to that
of the genotype 1b Con 1 strain of HCV, except that there is 1-nucleotide
mutation that results in an amino acid change of S22041 within NS5A. All other
molecular biology reagents were obtained from the indicated suppliers.

Selection of drug-resistant HCV replicons in clone A cells. Approximately 6 X
10° clone A cells per well were seeded in a six-well tissue culture dish in four
replicates. The cells were treated multiple times over a 16-day period in medium
containing 2% FCS without G418 and 30 pM HCV-570 dissolved in dimethyl
sulfoxide (DMSO; final concentration of DMSO in the tissue culture medium,
0.5% [vol/vol]). HCV-570 is a racemic mixture that contains about 50% of the R
enantiomer, HCV-371 (20). As a control, clone A cells were passaged in parallel
in the same medium with 0.5% (vol/vol) DMSO and no compound. When the
cells reached approximately 80% confluence (about 3 to 4 days), the cells were
passaged in a 1:4 dilution and the old medium was replaced with fresh medium
containing 30 uM HCV-570. An aliquot of the cells from each passage was
collected for monitoring of the effect of the compound on viral replication. As
the HCV viral load reduced to a plateau (day 16), fresh medium containing 30
pM HCV-570 and 0.5 mg/ml G418 was added to select for cells containing the
resistant replicons. The concentration of G418 was subsequently increased to 1
mg/ml after four passages. During the course of selection, small colonies of cells
resistant to the compound and antibiotics became visible and were pooled and
expanded for subsequent analyses.

The susceptibilities of the replicon-containing cells to compounds were eval-
uated as described previously (20). Briefly, cells were treated with increasing
concentrations of compounds in a medium containing 2% FCS and no G418 for
3 days at 37°C in 5% CO,. After incubation, the total RNA from the replicon-
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containing cells was isolated. The levels of HCV RNA, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) RNA, and rRNAs were quantified by TagMan
reverse transcriptase PCRs. The amounts of HCV RNA, 18S rRNA, and
GAPDH RNA in each sample were estimated by comparing the number of
cycles during the exponential phase of the PCR amplification with those in the
corresponding standard curves. The HCV RNA standards used for the construc-
tion of the standard curve were prepared by extracting the total RNA from the
clone A cells. The RNA sample was sent to National Genetics Institute to
quantify the HCV RNA. Total RNA extracted from clone A cells was quantified
by measurement of the optical density at 260 nm and was used for construction
of the standard curves of rRNA and GAPDH RNA. The concentrations of the
compounds that inhibited 50% of the HCV RNA level (ECs() were determined
by using MDL LSW data analysis software in Microsoft Excel. The amounts of
HCV or GAPDH RNA in the samples were expressed as the amount of HCV
RNA (number of copies) or GAPDH (ng) per pg of total RNA, respectively, by
using rRNA as a marker for total RNA measurement.

Isolation and sequencing of the NS5B gene from replicon-containing cells.
Total cellular RNA was extracted from the clone A cells by using an RNeasy kit
purchased from QIAGEN. The NS5B-containing cDNA was generated in a
two-step reverse transcription (RT)-PCR. The first-strand cDNA was generated
by RT with a 3’-end primer for the NS5B gene (primer 5Bout3 [5'-GGATGG
CCTATTGGCCTGGAGTG-3']). A reaction mixture containing 0.1 to 0.3 pg of
the total cellular RNA, 2 pmol of primer, and 10 nmol of each deoxynucleoside
triphosphate was mixed, and the mixture was heated at 65°C for 5 min and placed
on ice to facilitate primer annealing to the template RNA. Ten microliters of the
RNA-primer mixture was added to 9 pl of the SuperScript II reaction mixture,
which contained 10 mM dithiothreitol, 5 puM MgCl,, and 40 units of RNaseOut
RNase inhibitor. After incubation of the reaction mixture (19 pl) at 42°C for 2
min, the RT reaction was initiated by adding 1 pl of SuperScript II reverse
transcriptase (50 units), followed by incubation at 42°C for 50 min. The reaction
was terminated by heating at 70°C for 15 min, followed by digestion with RNase
H at 37°C for 20 min. To amplify the NS5B gene, 2 to 4 pl of the RT reaction
product was mixed with 20 pmol of each of the primers (primer 5Bout5A
[5'-ACGGGTCTTGGTCTACCGTAAG-3'] and primer 5Bout3 [as described
above]), 10 nmol of each deoxynucleoside triphosphate, 2.5 units of Pfu Turbo
polymerase, and 1X buffer provided by the supplier (Stratagene). The reaction
(final volume, 50 pl) was carried out at 95°C for 30 s, followed by 25 cycles of 95°C
for 30 s, 60°C for 30 s, and 72°C for 2 min. The PCR products were evaluated by
agarose gel electrophoresis. The band at 1.8 kb was excised, and the cDNA fragment
was extracted from the gel. The cDNA was ligated with the PCR4Blunt TOPO
vector (Zero Blunt TOPO PCR cloning kit; Invitrogen). The resulting recombinant
DNA plasmid was transformed into One Shot electro- or chemical-competent Esch-
erichia coli cells purchased from Invitrogen. The presence of the HCV NS5B insert
in the plasmids was verified by EcoRI digestion. Plasmids containing the HCV
NS5B inserts were subjected to nucleotide sequencing by using an ABI Prism
BigDye Terminator cycle sequencing ready reaction kit (version 3.0; Applied
Biosystems). The sequencing reactions were set up in a 96-well PCR plate in a
final volume of 20 pl. The reaction mixture consisted of 1 pl of the Terminator
ready reaction mix, 3.5 pl of 5X sequencing buffer, 3.2 pmol of primer, and 500
ng of plasmid DNA. The sequencing reaction was conducted under the condi-
tions described in the manufacturer’s instructions. The sequenced products were
purified by using a DyeEx 96 kit (QIAGEN), dried, denatured with formalde-
hyde, and separated by electrophoresis with an ABI Prism 3700 DNA sequencer.
Sequence data were analyzed by using Sequencher (version 4.0).

Generation of replicon cell lines with NS5B mutations. The nucleotide se-
quence corresponding to amino acid residues 1 to 570 of the HCV NS5B protein
was amplified by PCR with plasmid pBB7 as the template and primers 5B-For
and 5B-D216Xhis (Table 1). An initiating methionine codon and an NdelI site
(indicated in boldface in Table 1) were added to the 5'-end primer, primer
5B-For; and an Xhol site (indicated in boldface in Table 1) was added to the
3’-end primer, primer 5B-D216Xhis. The amplified DNA was cloned into the
pET-21b vector, which had previously been digested with Ndel and Xhol (No-
vagen) to generate the wild type, pET-(BB7)SBA21CHis. This plasmid was used
as the template for the generation of plasmids containing mutant NS5B. Site-
directed mutagenesis was accomplished with a QuikChange site-directed mu-
tagenesis kit, according to the manufacturer’s recommendations (Stratagene).
The sequences of the primers and the oligonucleotide pairs used to generate
c¢DNA encoding single amino acid changes in the NS5B protein are indicated in
Table 1. Additionally, as a negative control, a mutation which abolishes the
catalytic activity of NS5B by changing the GDD at amino acid residues 317 to 319
to GAA to generate pET-5B-GDD was constructed. The sequences of the NS5B
region in all plasmid constructs were verified.

To generate pBB-L419M, pBB7-A421V, pBB7-M423V, pBB7-M426T and
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TABLE 1. Primer sets used for the NS5B site-directed mutagenesis

Primer® Sequence”

5B-For 5'-TCAGCCATATGTCGATGTCGATGTCC
TACACATGGACAGGC-3’

5B-D216Xhis 5'-TCACTCGAGGCGGGGTCGGGCACGA
GACAGGC-3’

L419M F 5'-ATC ATG TAT GCG CCC ACC ATG
TGG GCA AGG ATG ATC CTG -3’

L419M R 5'-CAG GAT CAT CCT TGC CCA CAT
GGT GGG CGC ATA CAT GAT-3’

A421V F 5'-ATG CGC CCA CCT TGT GGG TAA
GGA TGA TCC TGA TG-3'

A421V R 5'-CAT CAG GAT CAT CCT TAC CCA
CAA GGT GGG CGC AT-3’

M423V F 5'-CTT TGT GGG CAA GGG TGA TTC
TGA TGA CTC-3'

M423V R 5'-GAG TCA TCA GAA TCA CCC TTG
CCC ACA AAG-3’

M426T F 5'-TGG GCA AGG ATG ATC CTG ACC
ACT CAT TTC TTC TCC ATC-3’

M426T R 5'-GAT GGA GAA GAA ATG AGT GGT
CAG GAT CAT CCT TGC CCA-3’

M426V F 5'-CAA GGA TGA TTC TGG TGA CTC
ACT TCT TCT C-3’

M426V R 5'-GAG AAG AAG TGA GTC ACC AGA

ATC ATC CTT G-3'

“ The nomenclature lists the wild-type residue first and its position in the NS5B
protein, followed by the residue it was changed to. F and R, forward and reverse
primers, respectively.

® Mutations are underlined. Restriction sites are indicated in boldface.

pBB7-M426V, a unique 917-bp Bsu36I fragment within the NS5B region from
the constructs pET-(BB7)5BA21CHis containing the NS5B mutations was ex-
changed for the equivalent fragment in pBB7. The plasmids encoding multiple
mutations within NS5B were constructed by swapping the Bsu36I fragment from
the PCR4Blunt TOPO clones generated from the pool of resistant replicon cells
with the equivalent fragment in pBB7. In cases in which the Bsu36I sites were
absent or mutations occurred outside this fragment, mutations were generated by
site-directed mutagenesis.

Replicon RNA for transfection was prepared by digesting the plasmid DNAs
for all the replicon constructs with Scal, followed by in vitro transcription and
purification of RNA by using a T7 MegaScript kit (Ambion), according to the
manufacturer’s recommendations. The purified RNAs were quantified by determin-
ing the absorbance at 260 nm, and their integrities were determined by denaturing
gel electrophoresis with 1% glyoxal-containing agarose gels (NorthernMax-Gly gel
prep/running system; Ambion) with RNA size standards (0.24- to 9.5-kb RNA
ladder; Invitrogen). Five micrograms of each transcribed RNA was transfected
into Huh-7 cells with a BTX electroporator. The transfected cells were plated
onto 150-mm dishes, and at 24 h after transfection, the medium was replaced
with fresh medium containing 1.0 mg/ml G418 (Invitrogen) and colonies were
selected. After 3 weeks, individual colonies were isolated with sterile cloning
rings, trypsinized, and expanded to generate cell lines containing HCV replicons
with the engineered changes in NS5B. Additionally, a separate plate was fixed
with 5% glutaraldehyde for 1 h and then stained with crystal violet to visualize
the number of colonies.

Inhibition kinetics. HCV RdRp assays were performed under saturating nu-
cleoside triphosphate (NTP) reaction conditions in which either the concentra-
tion of pOF RNA (20) or the concentration of a single NTP in the reaction
mixture was varied. Reactions were carried out in either the absence or the
presence of HCV-371 at 0, 0.05, 0.2, 1, 2, 4, and 8 wM. Inhibition data from these
reactions were analyzed by double-reciprocal plots of the polymerase activity
versus the concentration of the variable substrate for each HCV-371 concentra-
tion. Data from the double-reciprocal plots were fitted to equations for both
linear competitive inhibition, v = V,,, A/[K,,(1 + I/K;) + A], and linear non-
competitive inhibition, v = V,, AA[K,, + A](1 + I/K;)}, where v is the initial
velocity, V.« is maximum velocity, K,, is the Michaelis constant, 4 is the
substrate concentration, / is the inhibitor concentration, and K; is the inhibition
constant, by using the programs of GraFit 5.0.3 (Erithacus Software, Surrey,
United Kingdom). Determination of the best fit was made according to criteria
established by Cleland (11).

n
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De novo initiation. One micromolar of RNA (5'-AAA AAA AAA AAA AAA
AGU CC-3') was incubated with 1 pM HCV NS5BdCT21-His (21) in a 50-ul
reaction mixture containing 20 uM HEPES (pH 7.5), 5 mM MgCl,, 1 mM
dithiothreitol, 0.05 mg/ml bovine serum albumin, 0.4 U/ml RNase inhibitor
(Promega), and an inhibitor dissolved in 15% DMSO (final DMSO concentra-
tion, 3% [vol/vol]). The reaction was initiated by adding 0.2 puM ATP, 0.016 pM
CTP, 0.005 pM GTP, and 0.1 uM UTP spiked with 10 wCi [a->*P]NTP, as
indicated. The reaction mixture was incubated at room temperature for 1 h, and
the reaction was terminated by adding an equal volume of phenol-chloroform-
isoamyl alcohol (25:24:1) (Gibco/BRL). The reaction products were extracted
once with phenol-chloroform-isoamyl alcohol and precipitated with 3 volumes of
ice-cold ethanol, 0.3 M sodium acetate (pH 5.5), and 20 pg of glycogen (Invitro-
gen). The precipitate was washed with 0.8 ml 95% ethanol, dried under vacuum
for 5 min, and dissolved on ice with 25 pl TE buffer (10 mM Tris-HCI, pH 7.0,
1 mM EDTA). The reaction products were added to an equal volume of gel
loading buffer (Ambion), and the mixture was heated at 85°C for 10 min before
separation in a 25% urea-polyacrylamide gel. After electrophoresis, the gel was
fixed in the presence of 10% glycerol, 40% ethanol, and 10% acetic acid and
examined with a Fluor-S-Multilmager (Bio-Rad).

RESULTS

Selection of replicon variants with reduced susceptibilities
to pyranoindoles. Clone A cells were serially passaged in the
presence (or the absence) of 30 uM (about four to five times
the EC5,) HCV-570 without G418 for 16 days, and aliquots of
cells were collected from each passage to monitor the levels of
HCV RNA. While the viral load of the control cells remained
relatively stable throughout the treatment, the cells treated
with HCV-570 showed a >15-fold reduction in HCV RNA
levels within the first 3 days of treatment (data not shown).
Continual treatment of the cells with the compound up to day
16 did not lead to a further reduction in the HCV RNA level,
most likely due to the replication of resistant replicon variants.

To select for cells containing drug-associated resistant rep-
licons, 0.5 mg/ml of G418 was applied to the cells treated with
30 uM of HCV-570 at the sixth passage. The concentration of
G418 was subsequently increased to 1 mg/ml after four pas-
sages. During the course of G418 selection, cells that were
“cured of” the HCV replicon or that contained low levels of
HCV RNA did not sustain the antibiotic selection and were
removed. Colonies of the drug-resistant cells (henceforth re-
ferred to as “570R cells”) began to appear after two to three
passages in the presence of G418 and HCV-570. The pool of
570R cells was expanded and used for the subsequent experi-
ments.

The susceptibilities of the 570R cells to pyranoindole inhib-
itors were evaluated and compared with those of the wild-type
clone A cells. As shown in Fig. 1, a dose-dependent inhibition
of the steady-state HCV RNA levels was observed in the con-
trol cells treated with HCV-570 (ECsy, 7.2 £ 0.5 pM). In
contrast, the 570R cells were more than 15-fold less susceptible
to the compound inhibition (ECs,s, >160 wM). As expected,
570R cells displayed a loss of susceptibility to HCV-371, the
purified R enantiomer of HCV-570 (Fig. 2, HCV-371). A 10-
fold reduced susceptibility was also observed in the 570R cells
treated with another structurally related pyranoindole inhibi-
tor (Pyl, Fig. 2). The specificity of resistance was evaluated by
treating the 570R cells with alpha interferon (IFN-a) (Fig. 2,
IFN). No difference in susceptibility was observed between the
wild-type clone A and the 570R cells (Fig. 2) for IFN-a.

Mapping of amino acid changes in NS5B pyranoindole-
resistant variants. Since the pyranoindole class of inhibitors
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FIG. 1. Susceptibilities of 570R variants to HCV-570. Clone A and
570R cells were treated with increasing concentrations of HCV-570 for
3 days before total RNA isolation. The levels of HCV RNA were
analyzed by a quantitative TagMan RT-PCR. The y axis of the graph
indicates the mean percentage of HCV RNA compared to that for
untreated cells, with error bars indicating the standard deviations.
Each datum point in the graph represents an average value obtained
from four cell replicates; each was analyzed twice by the TagMan
RT-PCR.

specifically targets the HCV NS5B RdRp (17, 20), the resis-
tance observed in the 570R cells is likely due to the presence of
mutations within the NS5B. To map the amino acid changes
within the NS5B enzyme, total RNA was extracted from the
570R cells and the NS5B gene was amplified by RT-PCR. The
NS5B gene was cloned into plasmids and transformed into E.
coli, and bacterial colonies were isolated to generate a library
of the NS5B gene variants. As a control, the HCV NS5B gene
from the control clone A cells was prepared in parallel.

As expected from RNA viruses, sporadic mutations were
observed within the NS5B gene derived from the control clone
A cells (Fig. 3A). Among the 27 clones isolated, 9 clones
contained the wild-type sequence, 9 clones had one mutation,
8 clones had two mutations, and 1 clone had four mutations. A
total of 25 mutations among the 27 clones, with an average of
about 1 mutation/clone, were observed within the NS5B gene
derived from the control clone A cells. All mutations appeared
to be random in control replicons due to the lack of a proof-
reading mechanism in the HCV RdRp, and no particular
amino acid change provided a replication advantage relative to
the original input replicon sequence.

In contrast, specific patterns of mutations were detected in
clones derived from the 570R cells. Among the 28 clones
examined, 27 clones had a complete open reading frame for
NS5B; 1 (clone 20) had a frameshift mutation that led to a
premature termination of the NS5B open reading frame (Fig.
3B). Two clusters of amino acid changes were observed within
the thumb subdomain of NS5B (Fig. 4). A detailed analysis of
these clusters in the context of the crystal structure will be
presented elsewhere (Chopra et al., unpublished). Briefly, the
first cluster contains mutations in the vicinity of the com-
pound’s binding site, including changes at amino acids 419
(Leu to Met), 421(Ala to Val), 423 (Met to Val), and 426 (Met
to Thr/Val) (Fig. 3B and 4). The mutations of L419M and
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FIG. 2. Specificity of pyranoindole-associated resistance. 570R
cells harboring replicons resistant to HCV-570 were treated with
HCV-371 (a purified R enantiomer of HCV-570), a pyranoindole in-
hibitor (Pyl), and IFN-a (IFN). After 3 days of treatment, total cellular
RNA was extracted, and the levels of HCV RNA and total cellular
RNA were determined by a quantitative duplex TagMan RT-PCR.
The y axis represents the mean compound concentrations (uM for
HCV-371 and the pyranoindole inhibitor, pg/ml for IFN-a) required to
inhibit 50% of the HCV RNA copies/pg total cellular RNA (ECs) in
the replicon-containing cells. Each bar represents an average of at least
three independent determinations, and the error bars are the associ-
ated standard deviations.

A421V always coexist within the same replicon variants. In
addition, the binding pocket within the same NS5B gene in the
replicon variants appears to allow only one of the three pat-
terns of mutations, namely, L419M linked with A421V,
M423V, or M426T/V. The second cluster of mutations, which
includes amino acids 441 (Lys to Arg), 442 (Ala to Thr), and
445 (Cys to Phe/Tyr), was located on B-strand 7 (Fig. 4). This
structural element forms a part of the B-hairpin loop, unique
to NS5B, which may play a role in positioning the 3" end of the
RNA template for proper initiation of RNA synthesis, as well
as interfering with double-stranded RNA binding (19, 50).

In addition to the amino acid changes proximal to the HCV-
371-binding pocket, three mutations, at residues 19 (Thr to
Pro), 71 (Met to Val), and 338 (Ala to Val), were found in the
finger and palm subdomains of the polymerase (Fig. 3B and 4).
M71V and A338V appear to have the same frequency of mu-
tation and coexist within the same gene, without exception.

Characterization of drug-associated resistant replicon vari-
ants in Huh-7 cells. To assess the contribution of the amino
acid changes associated with drug resistance, replicon variants
containing single amino acid mutations in NS5B in the back-
ground of the genotype 1b BB7 adaptive replicon were gener-
ated (4). Transfection of the replicon RNAs into Huh-7 cells
resulted in colony formation in the presence of G418 within 20
days after transfection. No colonies were obtained from Huh-7
cells transfected with the RNAs containing a GAA mutation
within NS5B (Fig. 5A) or mock transfected (results not
shown). Replicon RNA containing the M423V mutation con-
sistently produced less than 10% of the colonies generated by
the wild-type replicon or other variants (Fig. 5A). The colony
formation efficiency for the wild-type replicon and the L419M,
A421V, or M426V/T variants ranged from 1,470 to 3,000
CFU/pg in in vitro-transcribed RNA, whereas the colony for-
mation efficiency was 108 CFU/ug RNA for the M423V rep-
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FIG. 3. Summary of amino acid changes with the HCV NS5B gene isolated from clone A (A) and 570R cells (B).

licon. Colonies derived from the M423V replicon also grew
more slowly. Following G418 selection, all replicon-containing
cells with the exception of the M423V variant had similar
steady-state levels of HCV RNA (approximately 107 to 10®
copies of HCV RNA/ug total cellular RNA); the M423V vari-
ant had a 10-fold lower HCV RNA level (Fig. 5B). The lower
colony formation efficiency, the slower growth rate, and the
reduced steady-state viral RNA level suggested that the
M423V replicon variant replicates suboptimally in these cells.

Susceptibility to HCV-371 in the replicon variant cell lines
was evaluated in a 3-day assay. As shown in Fig. 6, HCV
replication in the wild-type BB7 replicon was inhibited in a
dose-dependent manner, with an ECs, of 3.3 = 0.4 uM (Fig. 6
and Table 2). The replicon variant containing the A421V mu-
tation exhibited susceptibility to HCV-371 similar to that of the
wild-type BB7 replicon (Fig. 6 and Table 2). A mutation at
amino acid 426 (M426V/T) resulted in a moderate decrease
(three- to fourfold) in susceptibility to the compound (Fig. 6

and Table 2). The replicon variants containing L419M and
M423V mutations displayed 8- to 10-fold reduced susceptibil-
ities to HCV-371 (Fig. 6 and Table 2). L419 and M423 have
direct contacts with the inhibitor (Fig. 4), which may account
for their significant impact on resistance. The resistance of the
replicon variant containing double mutations of L419M and
A421V was not increased (compare L419M with L419M and
A421V; Table 2). It should be noted that despite the increase
in ECygs, no variants were completely resistant to HCV-371;
inhibition of viral RNA was observed as the compound con-
centrations were increased (Fig. 6).

Because a majority of the NS5B clones derived from the
resistant replicons contained mutations of TI19P, M71V,
A338V, and M423V (Fig. 3B), the combined effects of these
amino acid changes on resistance were evaluated by swapping
a fragment of NS5B containing these mutations with that in the
wild-type BB7 replicon. The ECs, of HCV-371 for the replicon
variant containing the T19P/M71V/A338V/M423V mutations
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FIG. 4. Crystal structure showing pyranoindole resistance mutations as a ribbon diagram of HCV NS5B in complex with a pyranoindole
inhibitor, HCV-371. The protein is represented as an idealized ribbon and is colored according to the domains: the thumb domain is green, the
palm domain is purple, and the fingers domain is blue. Sites of drug resistance mutations are red and are labeled. The inset depicts a simplified
view of the pyranoindole-binding site indicating the relative positions of Leu419, Ala421, Met423, and Met426 on a-helix N.

was similar to that for the replicon variant containing only the
M423V mutation (Table 2), suggesting that the mutations at
the finger (T19P, M71V) and palm (A338V) subdomains might
not contribute directly to the drug-associated resistance. The
presence of the T19P/M71V/A338V mutations in this replicon
variant correlated with the increase in the HCV RNA level so
that it was similar to that in the wild type (Fig. 5B). These
mutations may play a compensatory role in restoring the fitness
and replication capacity of the M423V replicon in the cells.

By using the T19P/M71V/A338V/M423V replicon variant as
the reference, the effects of mutations located at the B-hairpin
loop were examined. The presence of the A442T change gave
an additional sevenfold increase in resistance (Table 2). In
contrast, the presence of the T329A and C445F mutations did
not add further resistance (Table 2).

Competition with GTP. HCV NS5B binds to recombinant
GTP (rGTP) at a secondary site 30 A away from the catalytic
pocket (6). This secondary rGTP-binding site is located at the
molecular surface between the finger and thumb subdomains
of the HCV polymerase. Although the pyranoindole inhibitor
has no direct contact with the residues constituting this rGTP-
binding pocket, the pyranoindole-binding pocket is 12A from
this secondary rGTP-binding site (Fig. 4). The inhibitor at the
thumb cleft might affect GTP binding at this site (3, 28, 48).
This low-affinity GTP-binding site has been proposed to play

an allosteric regulatory role in initiating RNA synthesis and
NS5B oligomerization (6, 38, 49).

The competitive nature of the pyranoindole inhibitors with
GTP was evaluated in two independent experiments. In the
first study, the inhibitory profile of HCV NS5B polymerase
activity was determined in the presence of saturating and lim-
iting GTP and a pyranoindole inhibitor. As shown in Fig. 7A,
the dose-response curves generated under these two condi-
tions were superimposed, indicating that the substantial in-
crease in GTP concentration does not affect the ability of the
pyranoindole compound to inhibit NS5B polymerase activity.
In the second study, the kinetics of inhibition were examined
by varying the concentrations of GTP in the absence or the
presence of a pyranoindole inhibitor. The Lineweaver-Burk
double-reciprocal plot of the polymerase activity versus GTP
concentrations at various inhibitor concentrations is indicated
in Fig. 7B. In this study, the K,,, for GTP remained unchanged,
while the apparent V. of the enzyme decreased with increas-
ing concentrations of the inhibitor. Similar results were ob-
tained with CTP, ATP, UTP, and RNA templates (data not
shown). The results of these kinetic studies suggest that the
pyranoindole compound inhibits the HCV NS5B RdRp non-
competitively with respect to the substrate NTPs and RNA
template, possibly through binding at an allosteric site in the
HCV polymerase.
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FIG. 5. Characterization of cells transfected with HCV replicon RNAs. (A) Colony formation efficiencies of the replicon variants. HCV
replicon RNAs molecularly engineered with mutations in the NS5B gene were transfected into Huh-7 cells by electroporation. After 3 weeks, the
cells were fixed with 5% glutaraldehyde and stained with crystal violet to visualize the number of colonies. (B) Steady-state HCV RNA levels in
replicon variants. Replicon-containing cells were seeded under subconfluent conditions in 96-well plates. The cells were allowed to grow for 3 days,
until the cell density was confluent. Total cellular RNA was extracted, and the levels of HCV and total cellular RNAs were determined by a
quantitative duplex TagMan RT-PCR. The HCV RNA levels of each replicon variant were determined from at least three independent cell clones;

each was measured in four replicates. The steady-state level of HCV RNA is expressed as the mean number of HCV copies per microgram of total
cellular RNA, with the error bars indicating the standard errors of the means.
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FIG. 6. Effect of HCV-371 on cells containing drug-associated rep-
licon variants. Cells harboring the wild type or variants of genotype 1b
BB7 NS5B were treated with increasing concentrations of HCV-371 in
medium containing 2% FCS and 0.5% DMSO without G418 for 3
days. Total cellular RNA was extracted, and the levels of HCV and
total RNAs were determined by a quantitative duplex TagMan RT-
PCR. The amounts of HCV RNA were expressed as the number of
HCV RNA copies per g total cellular RNA. The y axis indicates the
mean percentage HCV RNA level relative to that for untreated con-
trol cells, and the error bars indicate the associated standard devia-
tions. At least three cell clones were evaluated for each variant. The
figure shows representative results of a typical experiment obtained
from one of the experiments. Each point represents an average of
eight determinations. ICsys were determined by the MDL LSW data
analysis.

Therefore, the inhibitory activity of the pyranoindole inhib-
itors is not affected by GTP as a primary substrate during RNA
synthesis or as a regulatory nucleotide.

Effects on primer initiation during RNA synthesis. The
pyranoindole-binding pocket lies adjacent to several structural
elements, including the B loop; the C-terminal hydrophobic
tail; and motif E, which is located at  strands 14 and 15 (Fig.
4) (2, 6, 24, 36) and which is implicated in de novo initiation
and primer extension during RNA synthesis (1, 19, 39). The
presence of an inhibitor at this binding site might perturb the
interdomain contacts required for RNA synthesis.

Purified recombinant HCV NS5B RdRp has been demon-
strated to initiate in vitro RNA synthesis by three mechanisms,
namely, de novo, copy-back, and template-primer initiations
(29, 34). De novo initiation can be studied by using a single-
stranded RNA template and high concentrations of GTP/GMP
(22, 27, 41, 51). Under this experimental condition, the C-
terminal truncated HCV NS5B, NS5BdCT21-His, synthesized
a full-length product with a size similar to that of the input
RNA template (data not shown). There was an accumulation
of dinucleotides, possibly due to an abortive initiation. To
monitor the effect of a pyranoindole inhibitor on the formation
of a productive initiation complex, NSSBdCT21-His was incu-
bated with a short single-stranded RNA template, 50 uM
GMP, and the four NTPs spiked with radioactively labeled
nucleotides. The RNA products were resolved in a denaturing
polyacrylamide gel. As shown in Fig. 8, the presence of the
inhibitor appeared to have no effect on the formation of the
first 4 nucleotides (up to GGAC in Fig. 8B). However, a
dose-dependent accumulation of a five-nucleotide oligomer

ANTIMICROB. AGENTS CHEMOTHER.

(GGACU) with a concomitant decrease of the elongation in-
termediates and full-length product was evident in all samples
examined (Fig. 8A to C). These results suggested that the
initiation process might be interrupted after synthesis of the
first 5 nucleotides. Although the initiation product containing
4 nucleotides was not detected in the samples labeled with
radioactive ATP, a dose-dependent accumulation of the 5-nu-
cleotide initiation product was detected in these samples. A
similar result was observed when the 3'UTR derived from the
minus-strand HCV RNA was used as the template RNA in the
assay (data not shown).

DISCUSSION

HCV-371 has been shown to specifically target HCV RdRp
and inhibit HCV replication in the replicon cell culture system
(20). As a first step to understanding the molecular mechanism
and viral resistance, HCV replicon-containing cells were used
to select mutants with reduced susceptibilities to this class of
inhibitors. A similar approach has been demonstrated with
other HCV protease and polymerase inhibitors (25, 30, 33,
46). The replicon variants generated from the pyranoindole
inhibitor remained susceptible to IFN (Fig. 2). Nucleotide
sequence mapping revealed that the majority of mutations
occurred around the inhibitor-binding pocket, with L419M
and M423V contributing the greatest impact on resistance
(Table 2 and Fig. 6). In addition, A442T, which is located at
the B-hairpin loop, augmented the resistance in the pres-
ence of other mutations (Table 2). In the absence of an
active infection in the replicon system, it is difficult to esti-
mate the fitness of the replicon variants. Several amino acid

TABLE 2. Activities of HCV-371 in replicon variants containing
amino acid mutations in NS5B

Cell ECs Mean fold
(M [mean * SD])? resistance®
Wild-type (1b, BB7) 33+04(14)
L419M 343 £8.1(3) 104
A421V 4.0 = 1.1(12)
M423V 279 £5.9 (4) 8¢
M426T 144 £33 (6) 44
M426V 10.5 =53 (5) 3
L419M, A421V 22.9 +2.6(3) 7
T19P, M71V, A338V, M423V 325x19(3) 104
T19P, M71V, A338V, M423V, 56.2 +13.4(3) 174¢
A442T

T19P, M71V, T329A, A338V, 37.1+53(3) 114

M423V, C445F

“The BB7 replicon was derived from pBB7, which was licensed from Apath,
LLC. Replicon variants were constructed in the genotype 1b BB7 NS5B gene.
The nomenclature for the replicon variants is listed with the wild-type residue
first and its position in the NS5B protein, followed by the residue it was changed
to. The amino acid changes in addition to the T19P, M71V, A338V, M423V
variant are underlined.

® Inhibitory activities are expressed as the mean ICs,, = standard deviation. At
least three cell clones were analyzed for each resistant variant. The number of
determinations is provided in parentheses.

¢ Fold resistance was determined by comparing the ICsys of the replicon
variants with that of BB7.

4 With the exception of M426V, all variants had significant fold resistance
compared to that of the wild-type (genotype 1b BB7) replicon, with P values of
<0.05.

¢P was <0.05 in comparison with the results for replicon variants T19P,
M71V, A338V, and M423V.
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FIG. 7. Effect of GTP on enzyme activity. (A) Inhibitory activity of
HCV-371 in the presence of high GTP concentrations. HCV
NS5BdCT21-His was preincubated with 25 nM or 250 uM GTP, fol-
lowed by incubation with increasing concentrations of HCV-371. The
reaction was initiated by adding the RNA template and four NTPs
spiked with [a->P]JUTP. The reaction products were quantified after
1 h at room temperature. The y axis represents the mean percentage of
RdRp activity remaining for three replicates compared with that for
the no-inhibitor control, with error bars indicating the associated stan-
dard deviations. ICsys for NS5B activity were determined by MDL
LSW data analysis. (B) Lineweaver-Burk double-reciprocal plot of the
polymerase activity versus GTP concentrations at various inhibitor
concentrations. Enzyme activity in the absence or presence of increas-
ing inhibitor concentrations was determined as described in Material
and Methods. The y axis indicates the inverse of the amounts of
radioactive nucleotide incorporated, and the x axis indicates the recip-
rocal of increasing GTP concentrations. Rates are means of duplicate
experiments. Individual values were within 10% of the mean.

changes in the replicon variants appear to affect viral rep-
lication. For example, M423V resulted in a lower colony
formation efficiency and a reduced growth rate, whereas
T19P, M71V, and A338V restored the steady-state replicon
RNA level in the replicon variants.

There are several possibilities, not all mutually exclusive,
that can explain the mechanism of a thumb domain NNRPI.
These include (i) displacement of the GTP binding at the
secondary site (6), (ii) disruption of the NS5B dimerization
(38, 49), (iii) interference of polymerase-RNA interactions,
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and (iv) allosteric hindrance of the polymerase conformations
during RNA synthesis. Although the proposed secondary
GTP-binding site offers an attractive explanation because of its
proximity to the inhibitor-binding pocket, the results from the
mechanistic studies indicated that the inhibitory effect of the
compound was not affected in the presence of high GTP con-
centrations (Fig. 7A) and that the compound inhibited the
polymerase activity noncompetitively with respect to GTP (Fig.
7B). Sucrose gradient and ultracentrifugation analyses showed
that the NS5BdCT21-His used for the in vitro studies was in a
homogeneous monomeric form (data not shown). Therefore, it
is unlikely that the mechanism of inhibition is due to blocking
of the dimerization of NS5B. Consistent with the results of
inhibition kinetics, in which the pyranoindole inhibitor acted
noncompetitively with respect to the substrate NTPs and RNA,
the results of the studies that used mass spectrometry-gel fil-
tration and filter binding assays showed that the pyranoindole
class of inhibitors did not bind to or compete with RNA for
their interaction with the polymerase (unpublished results).
On the basis of the results from the mechanistic studies, we
favor allosteric hindrance as the most probable mechanism of
the inhibitor’s mode of action. Footprints of amino acid mu-
tations at the structural elements essential for RNA initiation,
such as the thumb domain, the unique B-hairpin loop, and the
fingers domain, were detected in the pyranoindole-resistant
replicons (Fig. 3B and Fig. 4). The results from the de novo
initiation (Fig. 8) and the lack of inhibition in the truncated
forms of NS5B lacking the B-hairpin loop or C-terminal tail
(unpublished results) unequivocally suggested that this thumb
domain NNRPI mediates long-range inhibition of polymerase
activity. It is hypothesized that binding of the pyranoindole
inhibitor at the lower thumb domain near the interface of the
C-terminal tail of NS5B (Fig. 4) might allosterically interfere
with the structural conformational change that is required for
the transition from initiation to elongation during RNA syn-
thesis (also see comments below).

The inhibition mediated by the pyranoindole inhibitors
reveals an intriguing mechanism of RNA synthesis in HCV
reminiscent of that described in the bacteriophage T7 RNA
polymerase (T7 RNAP). In the case of T7 RNAP, the initia-
tion of RNA synthesis involves binding of the N-terminal sub-
domain of the T7 RNAP to the specific DNA promoter se-
quence, melting of the duplexed DNA (transcription bubble),
and the initiation of RNA synthesis by use of the coding strand of
the DNA as a template and a single ribonucleotide. During the
early stage of transcription, an abortive cycling and synthesis of
a short 2- to 3-nucleotide transcript occurs (23, 43). Transition
from an unstable binary initiation complex to a competent
elongation complex is a multistep process which results in an
8-base-paired RNA-DNA hybrid during the intermediate step
and the emergence of a 10- to 14-nucleotide RNA from the
surface of the enzyme at the final stage (10, 44). The crystal
structures of the T7 RNAP initiation and elongation com-
plexes show that the RNAP undergoes remarkable structural
reorganization during this transition. Formation of a compe-
tent elongation complex leads to processive RNA synthesis and
the generation of a full-length product. In the case of HIV
reverse transcriptase, conformational changes have also been
demonstrated in thumb subdomains upon binding of a nucle-
otide substrate (31). Although a detailed analysis of RNA
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FIG. 8. De novo initiation of RNA. HCV NS5BdCT21-His was incubated with substrate RNA template and increasing concentrations of a
pyranoindole inhibitor. The template and primer sequences are indicated at the top of the diagram. The reaction was initiated by the addition of
four NTPs spiked with one radioactive NTP, as indicated. The reaction products were isolated from the reaction mixture, analyzed in a denaturing
polyacryalmide gel, and examined with a Fluor-S Multilmager. FL, full-length.

initiation and elongation in HCV has not been fully completed,
it is tempting to postulate that HCV RdRp might also undergo
a transformation during the initiation steps preceding produc-
tive polymerization. Abortive dinucleotide formation was ob-
served during the de novo RNA synthesis in HCV (unpub-
lished results). The blockade of RNA synthesis at the fifth
nucleotide in the presence of the pyranoindole inhibitor
(Fig. 8) correlates with the observation showing that oligo-
nucleotide primers longer than 5 nucleotides are detrimen-
tal to de novo initiation (39, 50), suggesting that a structural
conformation might be required in order to proceed with
RNA synthesis. Interestingly, the first clash of the RNA-
DNA hybrid with the core domain of the T7 RNAP is
reported to occur at about the fourth to the fifth nucleotides
(21, 32). A comparison of two distinct apo crystal forms (3)
of genotype 2a HCV NS5B revealed a rigid-body rotation of
the thumb domain, as well as movements of the unique
B-hairpin loop and the Al loop extending from the fingers
domain to the thumb domain. More significantly, the spatial
rearrangement of these structural motifs has been linked to
the presence of an inhibitor bound to the pyranoindole-
binding site. Taken together, these results suggest that a
structural transformation occurs after the formation of an
initiation complex, i.e., after the bound RNA exceeds 5
nucleotides; and it is likely that this step is inhibited by the
thumb domain pyranoindole NNRPI.
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