AAC

Journals.ASM.org
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Filibuvir and VX-222 are nonnucleoside inhibitors (NNIs) that bind to the thumb II allosteric pocket of the hepatitis C virus
(HCV) RNA-dependent RNA polymerase. Both compounds have shown significant promise in clinical trials and, therefore, it is
relevant to better understand their mechanisms of inhibition. In our study, filibuvir and VX-222 inhibited the 1b/Conl1 HCV
subgenomic replicon, with 50% effective concentrations (ECs,s) of 70 nM and 5 nM, respectively. Using several RNA templates
in biochemical assays, we found that both compounds preferentially inhibited primer-dependent RNA synthesis but had either
no or only modest effects on de novo-initiated RNA synthesis. Filibuvir and VX-222 bind to the HCV polymerase with dissocia-
tion constants of 29 and 17 nM, respectively. Three potential resistance mutations in the thumb II pocket were analyzed for ef-
fects on inhibition by the two compounds. The M423T substitution in the RNA polymerase was at least 100-fold more resistant
to filibuvir in the subgenomic replicon and in the enzymatic assays. This resistance was the result of a 250-fold loss in the bind-
ing affinity (K;) of the mutated enzyme to filibuvir. In contrast, the inhibitory activity of VX-222 was only modestly affected by

the M423T substitution but more significantly affected by an 1482L substitution.

H epatitis C virus (HCV), the major causative agent of non-A,
non-B viral hepatitis, has been estimated to infect over 170
million people worldwide (12, 24). Approximately 80% of the
infected individuals will develop chronic infection, leading to liver
cirrhosis and hepatocellular carcinoma (24). Two protease inhib-
itors have been recently approved by the FDA and can result in up
to a 70% cure rate for genotype la- or 1b-infected patients when
used in combination with pegylated alpha interferon and ribavirin
(1, 17). However, resistance mutations to both ribavirin and the
protease inhibitors have already been observed in patients, and
there is a need to develop drugs to additional targets in HCV (3).
The HCV-encoded NS5B, the RNA-dependent RNA polymerase
(RdRp) (5), is a validated drug target, and intense efforts are fo-
cused on development of antiviral agents that inhibit its activities.

The HCV RdRp can catalyze RNA synthesis in vitro by either a
de novo-initiated mechanism or by extension from a primed tem-
plate (19, 40). These two modes of RNA synthesis have been used
to classify the effects of HCV polymerase inhibitors (13). De novo
initiation usually takes place by the base pairing of the initiating
nucleoside triphosphate (NTP; usually a purine triphosphate) to
the 3’-most nucleotide of the template RNA (usually a U or a C)
(5, 19, 21, 30). This mode of synthesis ensures that no genetic
information from the viral genome is lost (18). It is the rate-
limiting step in RNA synthesis and requires a higher K,, of the
initiating NTP (NTP1) than for the other nucleotides incorporated
during elongation. Primer extension (PE) takes place when the 3’
region of the template RNA loops back on itself to form a hairpin
structure or when a second RNA anneals to the first to provide an
accessible 3’ terminus (5, 19). Functionally, PE mimics the elon-
gative RNA synthesis by HCV without requiring the de novo ini-
tiation step (9). The two modes of RNA synthesis also require
distinct conformations or oligomerization states of the polymer-
ase (10).

Several nonnucleoside inhibitors (NNIs) of the HCV polymer-
ase can prevent either de novo-initiated RNA synthesis, primer-
extended RNA synthesis, or both. These NNIs bind to one of the

830 aac.asm.org

four validated allosteric pockets in NS5B (3, 9, 31, 32). Two pock-
ets are in the thumb domain and two in the palm domain. The
palm I and palm II sites partially overlap and are close to the
catalytic residues that bind the divalent metal ions. The NNI
ANA-598 binds to the palm I pocket, and HCV-796 binding to the
palm II pocket inhibits RNA synthesis (20, 22, 39). The thumb I
domain binds benzimidazole and indole-based NNIs to inhibit
RNA synthesis, while thiophene-2-carboxylates, dihydroxy-
prones, and phenylalanine derivatives bind to the thumb II
pocket, a hydrophobic cleft in the thumb domain that is located
about 30 A from the catalytic site (Fig. 1B).

Although many small molecules have been reported to interact
with the thumb II pocket, no specific analysis of the inhibition of
de novo initiation has been reported (6,7, 14, 16, 21, 23, 29, 38,42).
Filibuvir, also known as PF-00868554 (Fig. 1A), is a member of the
dihydroxyprone class of compounds that was identified by a high-
throughput screen and dihydroxyprone-based drug design efforts
(26). Results from clinical phase 1b trial showed that filibuvir po-
tently decreased viral RNA accumulation in a dose-dependent
manner (http://clinicaltrials.gov/ct2/show/NCT00987337). Fili-
buvir has potent in vitro activity against genotype la and 1b rep-
licons (2, 26, 37). The structure of filibuvir when cocrystallized
with a 1b HCV polymerase revealed extensive contact between
filibuvir and residues in the thumb II pocket, including hydropho-
bic interactions with residues L419, M423, Tyr477, and Trp528
(Fig. 1B) (26). Resistance to filibuvir is associated with substitu-
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Inhibition of HCV RNAP by VX-222 and Filibuvir

FIG 1 Structures of filibuvir and VX-222 (A) and the locations of three resistance mutations in the thumb II domain targeting the thumb allosteric
binding site (B). The ribbon structure represents the A1 Loop, which covers the template channel of HCV RdRp.

tions in some of these residues in the thumb II pocket (41). VX-
222 is athiophene-2-carboxylic acid derivative that also targets the
thumb II pocket of the HCV RNA polymerase (Fig. 1A). In phase
1b/2a trials, VX-222 decreased HCV levels by more than 3 logs
when patients were treated with 250 to 750 mg twice daily or 1,500
mg once daily (4, 15, 36). HCV subgenomic replicons exposed to
thiophene-2-carboxylic acid-based compounds yielded resistant
replicon variants with mutations at residues L419, M423, and 1482
in the thumb domain of the NS5B polymerase (25). No crystal
structure of VX-222 bound to the HCV polymerase has, to our
knowledge, been reported.

In this work, we show that both filibuvir and VX-222 prefer-
entially inhibit elongative RNA synthesis rather than de novo-
initiated RNA synthesis. Furthermore, the resistance mutations in
residues L419, M423, and 1482 had different effects on the level of
inhibition of RNA synthesis by the polymerase in the presence of
filibuvir or VX-222. Our results support the idea that filibuvir and
VX-222 occupy partially overlapping but not identical binding
sites.

MATERIALS AND METHODS

Compounds. Filibuvir and ANA-598 were obtained from Acme Bio-
science, Inc. (Palo Alto, CA), and VX-222 was obtained from Sellect
Chem (Houston, TX). The compounds were dissolved in 100% di-
methyl sulfoxide (DMSO) at a final concentration of 10 mM and
stored at —80°C until use.

HCYV replicons. Mutant HCV replicons were made by site-directed
mutagenesis using the genotype 1b/Conl wild-type replicon pFKI389/
NS3-3'/WT as template (28). All mutations were confirmed by sequenc-
ing of both DNA strands. To generate transcripts for replicons, plasmids
containing the replicons were linearized with Scal, purified by using a
Qiagen column, and then employed for in vitro transcription with the
AmpliScribe T7-Flash transcription kit (Epicentre Technologies).

Huh?7.5 cell lines were made to stably express WT and mutant HCV
replicons. The cells were maintained in Dulbecco’s modified Eagle me-
dium supplemented with 10% fetal bovine serum, 100 U of penicillin-
streptomycin/ml, and 0.1 mM nonessential amino acids. Trypsinized
Huh?7.5 cells were washed twice with ice-cold Cytomix (120 mM KCl, 0.15
mM CaCl,, 10 mM K,HPO,/KH,PO,, 25 mM HEPES, 2 mM EGTA, 5
mM MgCl,; pH 7.6) and suspended at 1 X 107 cells/ml in ice-cold Cyto-
mix. A 200-ul volume of the cell suspension, 5 ug HCV replicon RNA,
and 5 pg carrier RNA (total RNA extracted from naive Huh7.5 cells) was
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transferred to an electroporation cuvette with a 2-mm gap and pulsed at
270 V, 960 wF to introduce the RNAs (Bio-Rad Gene Pulser). The cells
were allowed to recover at room temperature for 10 min before dilution in
complete medium. Twenty-four hours after electroporation, G418 (Invit-
rogen) was added to the medium, and the cells were maintained in the
selective medium (replaced every 3 days) until the isolation of replicon-
harboring colonies approximately 3 weeks after transfection. The expres-
sion of HCV NS5A protein in these cells was confirmed by an immuno-
fluorescence assay with antibody from Santa Cruz Biotechnology.

EC;, determinations with HCV replicon-expressing cells. Huh7.5
cells harboring replicons were trypsinized and plated into 48-well plates at
40,000 cells/well. The next day the medium was changed and inhibitors
were added to the cells at seven different concentrations, each pair of
which differed by 3- or 10-fold dilutions in 200 ul complete medium with
triplicates. After 48 h, total RNA was extracted from replicon cells using
the TRIzol reagent (Invitrogen), and viral RNAs were quantified by real-
time reverse transcription-PCR (RT-PCR). First-strand cDNA synthesis
used 1 ug of total RNA along with Moloney murine leukemia virus (NEB)
and 4 uM randomized 9-nucleotide (nt) primer mix. RT-PCR used the
Bio-Rad IQ SYBR green kit (Bio-Rad), and primers were HCV 5'-
UTRsense (5'-AGC CAT GGC GTT AGT ATG AGT GTC-3') and 5'-
UTRanti (5-ACA AGG CCT TTC GCG ACC CAA C-3').
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was detected us-
ing the sense and antisense oligonucleotides 5'-GAG TCA ACG GAT TTG
GTC GT-3' and 5'-TGG GAT TTC CAT TGA TGA CA-3’, respectively.
All reaction mixtures were heated to 95°C for 10 min, followed by 40
cycles of PCR of 15 s at 95°C, 20 s at 55°C, and 30 s at 72°C. The fold change
and percent change of each group were compared to values for controls as
previously described (27). The effective drug concentrations that reduced
HCV RNA replicon levels by 50% (EC5s) were calculated with GraphPad
Prism software by nonlinear regression analysis with log curve fitting.

Expression and purification of recombinant HCV polymerases. The
HCV NS5B protein lacking the C-terminal 21 amino acids, named 1bA21,
was cloned in pET-21b as described previously (11). The construct con-
tains a C-terminal six-histidine tag to facilitate protein purification.
L419M, M423T, and 1482L resistance mutants were made by site-directed
mutagenesis from the WT 1bA21 expression plasmid. Recombinant
1bA21 and the mutant proteins derived from 1bA21 were expressed and
purified from Escherichia coli extract by using Talon metal affinity resin
(Clontech) followed by a Mono S column (Pharmacia) as described by
Chinnaswamy etal. (10). Protein concentrations were quantified by use of
ananodrop spectrophotometer followed by checks for purity and protein
concentration using SDS-PAGE and a titration series with bovine serum
albumin.
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Gel-based RdRp assay with small RNA templates. RARp assays were
carried out in 20-ul reaction mixtures containing 20 mM sodium gluta-
mate (pH 8.2), 12.5 mM dithiothreitol, 4 mM MgCl,, I mM MnCl, 0.5%
Triton X-100, 0.2 mM GTP, 0.1 mM ATP and UTP, 3.3 nM [«-32P]CTP
(MP Biomedicals), 40 nM recombinant RNA polymerases, 100 nM PE46,
50 nM LE19p. The reaction mixture was incubated at 30°C for 1 h, and the
reaction was stopped by phenol-chloroform extraction, followed by eth-
anol precipitation of the RNA in the presence of 5 ug glycogen and 0.3 M
NaO-acetate (pH 5.2). RNA products were separated by 7.5 M urea—20%
polyacrylamide gels. The signal was detected by a PhosphorImager and
quantified with the ImageQuant software. The 50% inhibitory concentra-
tion (IC,,) was calculated with GraphPad Prism software by nonlinear
regression analysis with log curve fitting.

Filter plate RdRp assay with long RNA templates. The enzymatic
reaction was performed in a 50-ul volume in 96-well plates (21). Each well
contained 50 nM 1bA21, 0.5 uCi [PH]UTP, and either 50 nM cIRES
single-stranded RNA or 5 uM poly(A)-oligo(dT), s that served as tem-
plates for RNA synthesis. The reaction used MADV 96-well filter plates
(Millipore) and were incubated for 2 h at 30°C. Each reaction was stopped
by adding trichloroacetic acid to 10% (vol/vol), followed by incubation at
4°C for 40 min and filtration. Radiolabel was quantified in vials containing
40 wl of Microscint-20 in a Topcount microplate reader (Perkin-Elmer).
The IC;, (50% reduction in radioactivity relative to untreated control)
was determined using a nonlinear fit (GraphPad Prism).

DSF. Differential scanning fluorimetry (DSF) was performed in a
Stratagene MX3005P real-time PCR machine. Each sample was prepared
in a total volume of 25 ul that contained a 5X final concentration of
SYPRO orange (Molecular Probes) in buffer T (100 mM Tris [pH 7.0],
160 mM NaCl, and 5 mM MgCl,) and a molar excess of polymerase
inhibitors relative to polymerase. All the samples were heated at a rate of
0.5°C/min, from 25 to 75°C, and the fluorescence intensity data were
analyzed by GraphPad Prism.

Surface plasmon resonance. All analyte binding experiments were
performed with a Biacore T100 instrument using preconditioned CM5
sensor chips activated with N-hydroxysuccinimide ester and 1-ethyl-3(3-
diaminopropyl) carbodiimide hydrochloride. The 1bA21 NS5B protein
and variants were immobilized after a 5-min injection to a nominal den-
sity of about 9,000 response units. The surface was then deactivated by
injection of ethanolamine for 7 min. Compounds were injected in a buffer
containing 25 mM HEPES (pH 7.4), 10 mM MgCl,, 150 mM NaCl, 0.01%
Tween 20, 0.05% B-mercaptoethanol, and 5% DMSO. All compounds
displayed saturable 1:1 binding behavior. For competition binding, the
experimental design consisted of injecting a saturating concentration of
the first analyte (160 nM filibuvir) followed by immediate injection of an
equimolar ratio of the analyte mixture (160 nM filibuvir plus 160 nM
VX-222 or ANA-598).

RESULTS AND DISCUSSION
Characterization of replicon resistance mutants targeting the
thumb II domain. Filibuvir and VX-222 are promising inhibitors
of the HCV RNA polymerase. Therefore, the goal of this study was
to better understand their mechanisms of action. We first sought
to confirm the effects of the inhibitors in Huh7.5 cells that ex-
pressed the WT replicon or replicons with potential resistance
mutations. Three 1b Conl-derived replicons with mutations in
the thumb II pocket, M423T, 1482L, and L419M, were selected for
further characterization, since they were previously reported to
confer resistance to thiophene-2-carboxylates and were also ob-
served in the presence of filibuvir, VX-222, or both compounds
(25, 37). In the absence of these compounds, the mutant replicons
grew similarly to the WT (Fig. 2A) DNA sequencing demonstrated
that the engineered mutations were retained for at least seven
passages (data not shown).

To determine the ECsgs of filibuvir and VX-222, cell lines har-
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boring the HCV replicon were treated with increasing concentra-
tions of the inhibitors followed by quantification of the viral RNA
48 h later using real-time RT-PCR (Fig. 2A). In the presence of
filibuvir, the WT 1b replicon was inhibited in a dose-dependent
manner, with an EC;, of ~70 nM (Fig. 2B and C), in good agree-
ment with the reported EC5, of 41 nM (26). VX-222 had an ECs,
of ~5 nM, also in good agreement with the reported ECs, of 12
nM (15). A control for specificity in this experiment, ANA-598,
which targets the palm I pocket, had an EC;, of 1.2 nM. The effects
of the three inhibitors were also examined in a luciferase-
expressing HCV replicon, and the ECs, results detected by lucif-
erase levels were highly consistent with those from real-time RT-
PCR (data not shown).

Mutant replicons (L419M, M424T, and 1482L) were individu-
ally tested with filibuvir, VX-222, and ANA-598. ANA-598 had
comparable EC5,s against the WT and the three mutant replicons,
as was expected (Fig. 2B and C). For filibuvir, mutant M423T had
an ECs, higher than 10 uM, a 142-fold increase above that of the
WT replicon. The I482L replicon was only moderately resistant to
filibuvir, with a 5-fold increase in the ECs, (Fig. 2C). Filibuvir had
an ECg, of 225 nM against the L419M mutant, which was only
3-fold higher than against the WT. These results confirm previous
observations that M423T is the predominant resistance mutation
for filibuvir in cell culture and in clinically treated patients
(37,41).

The three resistance mutations all had some effects on resis-
tance to VX-222. The 1482L replicon had the most dramatic effect
on inhibition by VX-222, increasing the EC5, approximately 100-
fold above that for the WT. The M423T and L419M replicons had
more modest 15- and 9-fold higher EC5,s compared to the WT
(Fig. 2C). The three residues in the thumb II pocket contribute
differently to the resistance of VX-222 and filibuvir.

Inhibition of RNA synthesis in biochemical assays with fili-
buvir and VX-222. The HCV RNA polymerase can direct RNA
synthesis in vitro by either a de novo-initiated mechanism or by
extension from a primed template (34). Whether filibuvir and
VX-222 differentially affect these two modes of RNA synthesis in
vitro was examined with a gel-based RdRp assay. The LEI9P RNA
template, which was able to direct de novo initiation has a modi-
fied 3’ terminus to block primer extension, resulted in a 19-nt
RNA product (10) (Fig. 3A). PE46 is designed to form a partial
RNA hairpin, where the 3’-terminal residue is base paired.
The RNA extended from PE46 is 46 nt in length. ANA-598 inhib-
ited both de novo RNA synthesis and primer extension in a
concentration-dependent manner, with IC5ys between 4 and 5nM
(Fig. 3B and Table 1).

Filibuvir had no obvious effect on de novo-initiated RNA syn-
thesis but decreased primer extension from PE46, with an IC, of
73 nM (Fig. 3B and Table 1). VX-222 reduced de novo initiation
slightly but also showed strong inhibition of primer extension.
The IC,, for filibuvir inhibition of de novo-initiated RNA synthe-
sis was ~5 uM (Fig. 3B and Table 1). HCV-796 affected both de
novo initiation and primer extension equally, while ANA-598
preferentially inhibited de novo-initiated RNA synthesis and
also inhibited primer extension (Fig. 3B). The IC;, of VX-222
for primer-extended RNA synthesis was 31 nM. The preferen-
tial inhibition of elongative RNA synthesis by filibuvir and VX-
222 suggests a different mode of inhibition than with HCV-796
and ANA-598.

To confirm these results, we use a partially duplexed
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FIG 2 Effects of filibuvir, VX-222, and ANA-598 on the EC;,s of HCV replicons. (A) Foci formation by the WT 1b/Con1 and mutant replicons. The cells were
stained with crystal violet, and comparable dilutions of transfected Huh7.5 cells are shown. (B) Sample data observed for the EC5, of WT and three mutant
replicons in the presence of NNIs. Seven-log dilutions (from 0.01 nM to 10 uM) were tested, each in triplicate. The HCV RNA was quantified by real-time PCR
as described in Materials and Methods. (C) Summary of the EC,,s and fold changes in the EC,,s of the three mutants relative to the WT.
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FIG 3 Effects of nonnucleoside analog inhibitors on RNA synthesis by the
recombinant HCV RdRp. (A) Sequence of RNA templates used in the gel-
based RNA synthesis assay. PE46 was designed to form a partially duplexed
RNA that can be extended from its 3’ terminus to form a 46-nt RNA product.
LE19P, a 19-nt RNA that contains a 3’-terminal puromycin, can direct de
novo-initiated RNA synthesis from the 3'-terminal cytidylate and results in a
19-nt product. (B) In vitro RARp assay with increased concentrations of fili-
buvir, ANA-598, and VX-222. The RNA product was separated on a 20%
polyacrylamide—7.5 M urea gel, and the radioactive signal was detected and
quantified using a Phosphorlmager. The de novo-initiated product (DN) is
identified to the right of the gel image. The primer-extended product (PE) is
also identified. For each of the four treatments, the ratios of the PE to the de
novo-initiated products were calculated relative to the samples that were mock
treated with the carrier to the compounds.
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oligo(dT),g primer annealed to heterogeneous poly(A) template
molecules to monitor primer extension. The IC5 in this reaction
was 50 nM for filibuvir and 11 nM for VX-222 (Table 1), values
that are similar to those obtained with the PE46 template. To
examine de novo initiation activity, we used a transcript contain-
ing the 3’ portion of the minus-strand HCV, named cIRES, that is
capable of de novo-initiated RNA synthesis as well as some primer
extension (35). For filibuvir, no obvious inhibitory effect was ob-
served at a 10 uM final concentration, while for VX-222 the ICs,
was about 150 nM, ~10-fold higher than the value for poly(A)-
oligo(dT),g (Table 1). Preincubation of either filibuvir or VX-222
with the enzyme for 15 min before the addition of the NTPs and
poly(A)-oligo(dT),s did not alter the inhibition of RNA synthesis
significantly (data not shown). The results with the poly(A)-
oligo(dT),4 and cIRES templates are consistent with primer elon-
gative RNA synthesis being inhibited by filibuvir and VX-222. In
contrast, ANA-598 retained its potency under all of the tested
conditions.

Mutations in the thumb II pocket affected inhibition by fili-
buvir and VX-222. To determine whether mutations in NS5B are
sufficient to confer resistance to filibuvir and VX-222, we ex-
pressed and purified recombinant 1bA21 polymerases with the
L419M, 1482L, and M423T substitutions. All three mutant poly-
merases were active for RNA synthesis by both de novo initiation
and primer extension (Fig. 4A). In the DSF assay (33), the dena-
turation profiles of the three mutants were indistinguishable from
that of 1bA21, even when protein concentration varied over a
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TABLE 1 IC,s of filibuvir, VX-222, and ANA-598 for RNA synthesis by 1bA21 from five different templates

Mean ICs, in uM (n)#
Template Filibuvir VX-222 ANA-598 HCV-796
Poly(rA)-oligo(dT),4 0.05 = 0.027 (6) 0.011 = 0.005 (4) 0.005 * 0.004 (4)
Poly(I/C) 0.4 (2) 0.016 (1) 0.003 (1)
cIRES >10(2) 0.15(2) 0.006 (2)
PE46 0.073 = 0.051 (4) 0.031 = 0.011 (4) 0.005 (2) 0.013 (1)
LE19P >50 (4) >5(4) 0.004 (2) 0.010 (1)

@ For some templates, the standard error of the mean is also provided. # is the number of data sets.

10-fold range in the assay (Fig. 4B). In addition, all three mutant
proteins were inhibited by ANA-598, with IC,s similar to that of
1bA21 (Fig. 4C). These results suggest that the mutations did not
grossly change the conformation or the oligomerization states of
the mutant enzymes relative to 1bA21, and such information
should allow us to interpret and compare results of the effects of
the inhibitors.

The IC;, for the M423T mutant with filibuvir using the
poly(A)-oligo(dT),¢ template was 600-fold higher than that of
1bA21 (Fig. 4C). Mutant proteins L419M and 1482L increased the
ICs, by only up to 6-fold. Identical trends were observed in reac-
tions performed with the template PE46. These results confirmed
the observation that M423 in the 1b HCV polymerase is critical for
inhibition by filibuvir. The mutation-induced phenotype against
VX-222 was different. All three of the substitutions increased the
ICs, from 5- to 29-fold with poly(rA)-oligo(dT), s and between 3-
and 10-fold with PE46.

Filibuvir and VX-222 binding to the HCV polymerase. The
results from the in vitro RNA synthesis assays suggested that bind-

A B Tm of 1bA21 and resistance mutants
- 2 4 5
¥ 2 1001
o <
2 ¥ < = .
= a0 2 = = IR s
e 0 = Y/,
x
e E 3 — 1bA21
§ -100- - L419M
2 1482L
- S -200- — M423T
(e
= -300
s®ee 0N 30 40 5 60 70
Temperature (°C)
C Template: poly(rA)/dT18 PE46
ANA-598 Filibuvir  VX-222 Filibuvir VX-222
L419M 1 6 29 24 2.8
1482L 2 5 14 24 10
M423T 0.5 600 4.5 >100 6.3

FIG 4 Examination of RNA synthesis by mutant HCV RdRps. (A) Products
made by the WT and mutant polymerases, with LE19 and PE46 as the tem-
plates. (B) Results from DSF spectroscopy of 1bA21 and the three mutant
polymerases. Between 2.5 and 5 g of the four proteins was used in the assay,
and the temperature observed for the greatest change in fluorescence [T, upp)]
is shown. (C) RNA synthesis by the mutant polymerase in the presence of
ANA-598, filibuvir, or VX-222. Two primer extension templates were used,
and the resulting IC,,s were compared to those from 1bA21 (reported as the
fold change). The ICy,s for 1bA21 with ANA-598, filibuvir, and VX-222 were
5nM, 50 nM, and 11 nM with the duplex of poly(rA)-oligo(dT),s. The IC5s of
filibuvir and VX-222 with 1bA21 were 73 nM and 31 nM with PE46, as docu-
mented in Table 1.
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ing of VX-222 or filibuvir to the polymerase should be affected by
the resistance mutations. DSF (33), which can demonstrate pro-
tein binding to ligands, was used in our initial analysis. Filibuvir
present at a range from a molar ratio of 1- to 10-fold excess of the
polymerase monomer caused an increase in the apparent melting
point [T, of 1bA21, demonstrating that the compound
binds to the polymerase (Fig. 5A and data not shown). With a
1.2-to-1 ratio of filibuvir to 1bA21, the T s app) change was 2.5°C.

A 100

= ,

& 0M
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FIG 5 Examination of filibuvir or VX-222 binding based on DSF spectros-
copy. (A) Derivatives of the thermal denaturation profiles of 1bA21 and
M423T in the presence of filibuvir. The molar ratio of filibuvir to the proteins
is 1.2. DMSO was used as a vehicle control and was present in the reaction
mixture at a final concentration of 4%. Each curve was derived from the mean
value of three independent samples. The samples within a set had T, (s that
varied less than 0.2°C. (B) Derivatives of the thermal denaturation profiles of
1bA21 and I482L in the presence of VX-222. (C) Summary of the effects of
filibuvir and VX-222 on the T, of the 1bA21 and the three mutant pro-
teins with substitutions in the thumb II pocket.
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FIG 6 Binding affinities and kinetics for filibuvir and VX-222 by SPR. The
1bA21 protein (WT or mutant) was immobilized on the surface of the
biosensor CM5 chip (Biacore) by amine coupling. (A) Sensorgram of fili-
buvir binding to immobilized 1bA21. A representative sensorgram is
shown for six analyte concentrations (0.8, 0.4, 0.2, 0.1, 0.05, and 0.025 uM)
injected for 90 s each. (B) The same experiment as shown in panel A, but
with the M423T mutant and concentrations of filibuvir of 30, 15, 7.5, 3.8,
1.9,0.94,0.47, and 0.23 uM. (C) A summary of the binding affinity (K,) on
and off rates for VX-222 and filibuvir for 1bA21 and the three resistance
mutations. The results were derived from kinetic fit, using a 1:1 binding
model (Biacore T100 Evaluation software; GE Healthcare).

Inhibition of HCV RNAP by VX-222 and Filibuvir

Filibuvir at even up to a 10 molar ratio to the M423T polymerase
did not exhibit this change (Fig. 5A and data not shown). L419M
had a 1.4°C change in the T,,,,,,) in the presence of filibuvir, while no
obvious difference was observed with the [482L mutant protein (Fig.
5C). With VX-222, 1bA21 had a higher T, by 3.5°C (Fig. 5B).
Consistent with all three mutant polymerases being moderately af-
fected for RNA synthesis, all three had decreased changes in their
T py(app) (from 2.3 10 2.8°C) in the presence of VX-222 (Fig. 5C). These
results suggest that all three residues contribute to VX-222 binding.

Surface plasmon resonance (SPR) was used to determine the
binding affinity of filibuvir and VX-222 to the 1bA21 polymerase.
The protein was immobilized on the surface of the biosensor chip
through covalent amine coupling, and increasing concentrations
of compounds were injected for 90 s each. Analysis of SPR sensor-
grams showed that all compounds displayed saturable 1:1 binding
behavior. Filibuvir bound to the 1bA21 with a K;0f29 nM, a rapid
“on” rate (6.3 X 10° M~ ! s7!) and a relatively slow “off” rate
(0.011 s~ 1) (Fig. 6A and C). VX-222 had a K, of 17 nM, with on
and off rate kinetics comparable to those of filibuvir. The M423T
mutation marginally affected the binding affinity to VX-222.
However, it resulted in a 250-fold increase in the K, for filibuvir
(Fig. 6B and C). The decreased binding affinity was due to a com-
bined alteration of the on and off rate kinetics. Mutants 1482L and
L419M also exhibited modest defects in binding filibuvir, with K s
of 133 nM and 46 nM, 4.6- and 1.6-fold above that of 1bA21. By
using a tryptophan fluorescence-quenching method, we were able
to confirm these changes in binding affinity for filibuvir with the
three mutant proteins (data not shown). Overall, these results
provide supporting evidence that the M423T mutation is a major
contributor to the loss of binding affinity toward filibuvir, while
1482L and L419M have more limited effects.

Finally, we conducted a series of SPR experiments to investi-
gate the competitive nature of binding between filibuvir and VX-
222. When we injected VX-222 onto NS5B protein already satu-
rated with filibuvir, we observed no increase in the response,
indicating no binding of VX-222 (Fig. 7A). In comparison, an
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FIG 7 Competition binding experiments. The NS5B protein was immobilized to the surface of the SPR chip as previously described. Analytes were tested in dual
injection mode, and the y axis was normalized at the beginning of the second injection. (A) First injection (1) for 90 s with 160 nM filibuvir, followed by a second
90-s injection (2) containing 160 nM filibruvir plus 160 nM VX-222. (B) Response after injection (1) for 90 s with 160 nM filibuvir, followed by a second 90-s

injection (2) containing 160 nM filibruvir plus 160 nM ANA-598.
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injection of ANA-598 resulted in an increase in binding signal
even in the presence of saturating filibuvir (Fig. 7B). Based on this
experiment and on the resistance profile, we conclude that filibu-
vir and VX-222 occupy at least a partially overlapping binding site.

Conclusions. We characterized the interaction of filibuvir and
VX-222 with the thumb II pocket of the HCV polymerase and
determined their effects on 1b/Conl replicons as well as the poly-
merase activity. Both filibuvir and VX-222 have binding affinities
(Ks) for the HCV polymerase in the nanomolar range, with rapid
on rates and relatively slow off rates. In the crystal structure of the
filibuvir-polymerase complex (26, 37), L419 and 1482 interact
with the pyridine group, while M423 interacts with the cyclopen-
tyl portion of the lactone. Our results show that the latter interac-
tion is more important for stable binding by filibuvir. For VX-222,
the crystal structure of the complex is not known, but all three
residues we examined contributed to interaction with VX-222.
We note that L412, M423, and 1482 all help to form a hydrophobic
surface within the thumb II domain, and it is likely that they in-
teract hydrophobically with VX-222, likely with the 4-methy-
cyclohexanoyl group.

Studies with inhibitors have demonstrated that the thumb sub-
domain has an important role in regulating the mode of RNA
synthesis. Benzimidazole-based compounds that bind to the
thumb I pocket likely affect the interaction between the Al loop
and the thumb subdomain to prevent de novo-initiated RNA syn-
thesis (8, 11, 38). Chinnaswamy et al. (11) previously showed that
asubstitution in the thumb I subdomain can affect the interaction
between subunits of the polymerase that are needed for de novo-
initiated RNA synthesis. The results here with filibuvir and VX-
222 and those of Le Pogam et al. (25) with thiophene-based com-
pounds consistently reveal an inhibitory effect on the ability of the
HCV polymerase to extend from a primed template. It is quite
likely that the thumb region of the polymerase is involved in con-
formational changes and/or oligomerization states of the HCV
polymerase that could regulate the activities of the polymerase, as
proposed by Wang et al. (42). Furthermore, VX-222 and filibuvir
likely interfere with the required conformational changes required
for elongative RNA synthesis. DSF results did show a significant
change in polymerase stability indicative of a conformational
change (Fig. 4), but additional structural and functional analyses
are needed to define the polymerase conformation(s) that could
facilitate de novo-initiated or elongative RNA synthesis.
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