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ABSTRACT

Non-nucleoside inhibitors of the RNA-dependent RNA polymerase of the hepatitis C virus that are based
on a benzimidazole or indole scaffold have been reported to interact with thumb domain 1 of the enzyme.
Escape mutants that confer in vitro resistance to these inhibitors map to amino acids P495, P496 or V499.
We here report a novel resistance mutation (T389S/A) that was identified following resistance selection
with the benzimidazole non-nucleoside polymerase inhibitor JT-16 in HCV Con-1 subgenomic replicon
(genotype 1b). This JT-16 resistant replicon retained wild-type susceptibility to protease inhibitors and
nucleoside polymerase inhibitors. Replicons that carry mutations T389A and T389S have moderate levels
of resistance to JT-16 (7- and 13-fold, respectively). Mutation P495A is associated with high-level (44-
fold) resistance. Surprisingly, this previously reported ‘key’ mutation for benzimidazole resistance,
P495A, was detected in only 15% of the resistant population. Furthermore, the replication fitness of the
T389S mutant was significantly higher than that of the P495A mutant. By means of molecular modeling
a structural hypothesis was formulated to explain the emergence of the T389S/A mutation in the JT-16
resistant replicon. Our data demonstrate that low-level resistant, but fit, variants can develop during
in vitro resistance selection with the benzimidazole inhibitor JT-16. Moreover, different substitutions
to the benzimidazole scaffold can affect the (pattern of) resistance mutations that emerge during resis-

tance selection.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) is a single-stranded (+)-RNA virus
belonging to the family of the Flaviviridae. Worldwide, 170 million
people are chronically infected with HCV (Shepard et al., 2005).
Chronic HCV infection can evolve to cirrhosis and hepatocellular
carcinoma. In developed countries, HCV infection is the major rea-
son for liver transplantation. The current standard of care consists
of the combination of pegylated interferon (IFN) and ribavirin
(Zeuzem et al., 2009). Unfortunately, standard of care is associated
with severe adverse effects and low efficacy, in particular in geno-
type 1 HCV-infected patients. Therefore, more selective, potent and
safe HCV inhibitors are being or have recently been developed (De-
lang et al., 2010).

The RNA-dependent RNA polymerase (NS5B) of HCV is essential
for viral RNA replication and is thus an excellent target for inhibi-
tion of viral replication. The HCV NS5B catalyses the synthesis of a
complementary minus-strand RNA using the (incoming) RNA gen-
ome as a template and subsequently the synthesis of new progeny
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genomic plus-strand RNA from the minus-strand RNA template.
The three-dimensional structure is similar to that of other poly-
merases and is often compared with a right hand (Bressanelli
et al.,, 1999). The palm domain contains the catalytic site and the
fingers and the thumb domain are responsible for the interaction
with the RNA. Similar to other RNA-dependent RNA polymerases
are the two finger loops that extend from the finger domain and
that make contact with the thumb domain, resulting in an encir-
cled active site. A distinct feature of the HCV polymerase is the pro-
trusion of a B-hairpin from the thumb domain into the active site
(Hong et al., 2001). This B-hairpin is involved in the initiation of de
novo RNA synthesis. Furthermore, a C-terminal region folds from
the surface of the thumb domain towards the active site, probably
involved in template selection (Leveque et al., 2003). At the inter-
face of the finger and thumb domain, a GTP-binding site was iden-
tified on the polymerase surface, 30 A away from the catalytic site.
This GTP pocket was proposed to be a potential allosteric regula-
tory site that could modulate interactions between these two do-
mains during the conformational change needed for efficient
initiation (Bressanelli et al., 2002).

Both nucleoside (NI) and non-nucleoside (NNI) polymerase
inhibitors are in preclinical and clinical development. Nucleoside
polymerase inhibitors (NI) act as virtual chain terminators. In this
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class of inhibitors, R7128, a prodrug of B-p-2’-deoxy-2'-fluoro-2'-C-
methylcytidine is the most advanced. Non-nucleoside polymerase
inhibitors (NNI) act as allosteric inhibitors and are non-competitive
with nucleotide triphosphates. They inhibit the catalytic efficiency
of the enzyme’s active site machinery by preventing a conforma-
tional transition needed for the initiation of RNA synthesis. Their
binding sites are located outside the catalytic site of the polymer-
ase. Four different allosteric sites are identified: (i) thumb domain
1 (site A), (ii) thumb domain 2 (site B), (iii) palm domain 1 (site C)
and (iv) palm domain 2 (site D). Thumb domain 1 is located at the
junction of the thumb domain and the N-terminal 21 loop (Kukolj
et al., 2005). Benzimidazole and indole derived structures can inhi-
bit HCV replication by interacting with thumb domain 1. Thio-
phene carboxylic acid, dihydropyranones and pyranoindoles were
identified to target thumb domain 2, a hydrophobic cavity located
at the base of the thumb domain. Palm domain 1 and 2 are overlap-
ping regions located at the junction of the palm and thumb domain
in close proximity of the catalytic site. NNIs that bind to palm do-
main 1 are benzothiadiazines and acylpyrrolidines. Benzofuran-
based inhibitors bind to palm domain 2 (Delang et al., 2010).

The first benzimidazole inhibitors were identified by high-
throughput screening at Boehringer Ingelheim and Japan Tobacco.
The in vitro antiviral efficacy of benzimidazole inhibitors was pre-
viously demonstrated in HCV subgenomic replicons (Kukolj et al.,
2005; Tomei et al., 2003). A 1,2-disubstituted benzimidazole-5-
carboxylic acid scaffold was identified as the minimum core for
biological activity. Benzimidazole analog JTK-003 (Japan Tobacco)
was studied in early clinical trials, but development was halted
for unknown reasons. Unlike Japan Tobacco that concentrated on
optimization of the right-hand side of the benzimidazole scaffold,
Boehringer Ingelheim elaborated on the left-hand side of the scaf-
fold through formation of amide derivatives. Further optimization
of the cellular permeability by conversion of the benzimidazole
scaffold to the more lipophilic indole scaffold provided further
enhancement of antiviral activity (Beaulieu et al., 2006). Such in-
dole-based inhibitors (BILB 1941, BI 207127, MK-3281) have been
investigated in clinical phase I trials (Erhardt et al., 2009; Brainard
et al., 2009). BI 207127 is currently in phase II of clinical develop-
ment. In phase I trials, patients infected with genotype 1 HCV were
treated with BI 207127 for 5 days as mono-therapy. The antiviral
activity of BI 207127 reached a maximal effect (median 3.8 logo
decline in viral load) for the group receiving 800 mg q8h. BI
207127 resistant variants were observed in 11% of patients who re-
ceived 5-day mono-therapy (Larrey et al., 2009).

The enzyme-bound conformation of a benzimidazole inhibitor,
as determined by NMR experiments, suggests that indole- and
benzimidazole-based inhibitors bind to the same allosteric binding
site (LaPlante et al., 2004). This binding site was elucidated by Di
Marco and colleagues (Di Marco et al., 2005). Crystal structures
of HCV NS5B with an indole-based inhibitor showed that this
inhibitor binds to a site on the surface of the thumb domain, lo-
cated at the junction of the thumb domain and the N-terminal
11 loop. Interestingly, in the apoenzyme, this binding site is occu-
pied by a small a-helix of the 11 fingertip loop that connects the
fingers and the thumb domains. Indole and benzimidazole inhibi-
tors may therefore inhibit HCV NS5B by preventing the formation
of intramolecular contacts between these two domains. Compari-
son of the NS5B-GTP structure and the NS5B-indole structure
showed that the binding sites for GTP and for the indole-based
inhibitors are close in space but clearly distinct. In vitro resistance
studies with HCV subgenomic replicons revealed that resistance
mutations to benzimidazole inhibitors emerged at amino acid
positions P495, P496 or V499 (Tomei et al., 2003; Kukolj et al.,
2005). Both P495 and P496 are strictly conserved across all HCV
genotypes. Interestingly, P495 is part of the GTP binding pocket
at the interface between the finger and thumb domains. It was

shown that increasing GTP concentrations resulted in increased
ICso values of benzimidazole inhibitors, demonstrating that GTP
interferes with the inhibition by these compounds (Tomei et al.,
2003). Despite the conservation of P495 across HCV genotypes,
thumb domain 1 inhibitors are significantly less active on enzymes
and replicons derived from genotype 2 clinical isolates (Rydberg
et al., 2009; Herlihy et al., 2008). A genotypic variant in genotype
2 at position 392 (L392I) has been shown to result in a different
shape of the binding pocket of thumb domain 1 and is thereby
partly responsible for the resistance of the genotype 2 polymerase
to this class of inhibitors (Rydberg et al., 2009).

In this study, we report a novel resistance mutation (T389S/A)
that was identified following resistance selection with the benz-
imidazole inhibitor JT-16 in HCV Con-1 subgenomic replicon.
Site-directed mutagenesis was performed to elucidate the contri-
bution of this mutation to JT-16 resistance. Also, the replication fit-
ness of these new mutants and of previously reported resistant
mutants (P495A, P496S) was studied. Furthermore, by means of
molecular modeling a structural hypothesis was formulated to ex-
plain the emergence of the T389S/A mutation in the JT-16 resistant
replicon.

2. Materials and methods
2.1. HCV replicon

Huh-7 cells containing subgenomic HCV replicon I377/NS3-3'/wt
(Huh 9-13) have been described before (Lohmann et al., 1999).
Cells were cultured in Dulbecco’s modified Eagle’s Medium
(DMEM; Gibco) supplemented with 10% heat-inactivated fetal bo-
vine serum (Integro), 1x non-essential amino acids, 100 IU/ml
penicillin (Gibco), 100 pg/ml streptomycin (Gibco), 1 mg/ml
Geneticin® (G418; Gibco). Cell cultures were maintained at 37 °C
in an atmosphere of 5% CO,. Huh-Lunet cells, which are derived
from a cell clone that was generated by “curing” Huh-7 replicon
cells with a selective drug, were cultured without G418 (Friebe
et al., 2005).

2.2. HCV inhibitors

Benzimidazole inhibitor JT-16 (|2-[4-[[4-(acetylamino)-4'-
chloro-[1,1’-biphenyl]-2-ylJmethoxy]  phenyl]-1-cyclohexyl-1H-
benzimidazole-5-carboxylic acid) was synthesized as described
previously (Hashimoto, 2005). HCV reference inhibitors benzofu-
ran HCV-796, thiophene carboxylic acid, benzothiadiazine GSK-4,
2’-C-methylcytidine and VX-950 were synthesized as described be-
fore (Paeshuyse et al., 2008).

2.3. Resistance selection

Approximately 3 x 10° Huh 9-13 replicon-containing cells were
seeded in a T25 tissue culture flask in complete DMEM with G418
and under constant antiviral pressure of benzimidazole JT-16 (1x
ECso). The cells were subcultured when 80% confluence was
reached. Following three passages at 1x ECsg, Huh 9-13 cells were
challenged with increasing doses of antiviral pressure until the
highest non-cytotoxic concentration was reached. When repli-
con-containing cells suffered from compound pressure (as a result
of a too low level of replicon content), G418 and compound pres-
sure were removed till cells recovered.

2.4. Antiviral assays

Antiviral assays were performed as described before (Delang
et al., 2009). Briefly, cells were seeded at a density of 5 x 10> cells
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per well in a 96-well cell culture plate in complete DMEM. Follow-
ing incubation for 24 h at 37 °C (5% CO,), serial dilutions of the test
compounds in complete DMEM were added in a total volume of
100 pl. HCV replicon RNA levels were determined by a reverse
transcription quantitative polymerase chain reaction (RT-qPCR).
Primers used for detection of HCV replicon RNA were: 5-CCG
GCT ACC TGC CCA TTC-3' (forward primer), 5'-CCA GAT CAT CCT
GAT CGA CAA G-3' (reverse primer) and 5-FAM-ACA TCG CAT
CGA GCG AGC ACG TAC-TAMRA-3' (probe).

2.5. Site-directed mutagenesis

Initially, the NS5B gene was excised from the pFK 1389 Lucubi-
neo EI NS3-3’ET construct by Spel-Xhol restriction digestion and
subcloned to construct pCRII-HCV5B. Mutations were introduced
into pCRII-HCV5B by using the Quickchange® Site-Directed Muta-
genesis Kit (Agilent, Stratagene Products). Following primers were
used: 5'-CCGT GACCCCGCCACCCCCCTTG-3' (T389A-forward), 5'-CA
AGGGGGGTGGCGGGGTCACGG -3’ (T389A-reverse), 5'-CACCCGTG
ACCCCTCCACCCCCCTTG-3' (T389S-forward), 5'-CAA GGGGGGTGG
AGGGGTCACGGGTG-3' (T389S-reverse), 5-GGAAACTTGGGGTAG
CG CCCTTGCGAGTCTGG-3' (P495A-forward), 5-CCAGACTCGCAA
GGGCGCTACCCCAAG TTTCC-3'(P495A-reverse), 5'-CTTGGGGTACC
GTCCTTGCGAGTCTGG-3' (P496S-forward), 5'-CCAGACTCGCAAG-
GACGGTACCCCAAG-3' (P496S-reverse). The 50 pl reaction mixture
contained 1x reaction buffer, 50 ng plasmid, 125 ng forward pri-
mer, 125 ng reverse primer, 1 pul dNTP mix and 2.5 U PfuTurbo
DNA polymerase. Thermal cycling was performed as follows: dena-
turation at 95 °C 30 s, followed by 12 cycles of 30 s at 95 °C, 1 min
at 55°C and 7 min at 68 °C. Following temperature cycling, the
reaction mixture was digested with 10 U Dpnl to remove the meth-
ylated, non-mutated parental supercoiled dsDNA template. The
mutated NS5B fragment was ligated into pFK 1389 Lucubineo EI
NS3-3’ET. To confirm the presence of the desired mutations, the
entire NS5B insert was sequenced.

2.6. Transient transfection

Twenty micrograms of in vitro transcribed RNA was mixed with
400 pl of a suspension of 4 x 10® Huh-Lunet cells in a cuvette with
a gap width of 0.4 cm (VWR International). After one pulse at
1600 V with an ECM 830 Electro Square Porator™ (BTX Harvard
Apparatus), cells were immediately transferred into 20 ml of com-
plete DMEM. One hundred microliters aliquots of the cell suspen-
sion were seeded in a 96-well plate (Falcon) previously filled with
serial dilutions of the test inhibitors in complete DMEM. Cells were
allowed to proliferate for 4 days at 37 °C, after which the luciferase
activity was determined using the Steady-Glo luciferase assay sys-
tem (Promega); the luciferase signal was measured using a Lumi-
noskan Ascent (Thermo). The 50% effective concentration (ECsg)
was defined as the concentration of inhibitor that reduced the
luciferase signal by 50% when compared to non-treated transfected
cells.

2.7. Replication fitness

Transfections were performed in Huh-Lunet cells as described
above with the exception that cells were transfected with 5 pg
RNA and 5 pg tRNA (Sigma Aldrich). Transfected cells were imme-
diately transferred to 24 ml of complete DMEM and a 2 ml aliquot
of the cell suspension was added to a 6-well plate (Iwaki). Cells
were collected 4 h (normalization point), and 4 days after transfec-
tion to compare luciferase values with wild-type values, after
extraction of the GND background signal. Cells transfected with
the GND replicon [a replication-deficient subgenomic replicon
encoding a GDD to GND mutation in NS5B (Targett-Adams and

McLauchlan, 2005)] were used as a negative control reflecting
background activity from the residual input RNA.

2.8. Clonal sequencing

The clonal sequence analysis protocol was adapted from Howe
et al. (2008). Total cellular RNA from replicon-containing cells was
extracted using the RNeasy minikit (Qiagen). In a two-step RT-PCR
reaction, NS5B-containing cDNA was generated. The first strand
cDNA was generated by reverse transcription (Transcriptor High
Fidelity cDNA Synthesis Kit, Roche). Total cellular RNA (4 png) was
mixed gently with 1.2 nmol random hexamer primer, heated for
10 min at 65 °C to denature RNA secondary structures and placed
on ice to allow the primer to anneal to the template RNA. Next,
the RNA/primer mixture was added to 8.6 pul of reaction mix which
contained 1x transcriptor high fidelity reverse transcriptase reac-
tion buffer, 1 mM deoxynucleotide mix, 5 mM DTT, 20 U Protector
RNase inhibitor and 10 U transcriptor high fidelity reverse trans-
criptase. Following incubation at 55 °C for 30 min, the RT reaction
was terminated at 85 °C for 5 min. The NS5B gene was amplified
using AccuPrime Pfx polymerase (Invitrogen). For this purpose,
10 il of RT reaction was mixed with 30 pmol of primers 5919F
and 7761R (5919F: 5-GATCTAAGCGACGGGTCTT-3’; 7761R: 5'-
CGTTCATCGGTTGGGGAGTA-3'), 1.25 U AccuPrime Pfx polymerase
and 1x AccuPrime Pfx reaction mix (Howe et al., 2008). The PCR
reaction was carried out at 95 °C for 2 min., followed by 25 cycles
of (95 °C for 15 s; 60 °C for 30 s and 68 °C for 2 min.) The PCR prod-
ucts were evaluated by agarose gel electrophoresis. The 1.8 kb
fragment was excised from the gel and purified by using a gel puri-
fication kit (Qiagen). The cDNA was ligated in the pJET1.2/blunt
vector (Fermentas) and the resulting plasmid was transformed in
One Shot chemical-competent Escherichia coli (TOP10 cells, Invitro-
gen). Colonies were randomly picked and plasmids containing the
HCV NS5B insert were sequenced. Nucleotide sequences were
determined by automated sequencing using BigDye terminator v.
3.1 (Applied Biosystems).

2.9. Molecular modeling

The modeling of the binding of JT-16 to the HCV NS5B polymer-
ase was based on the HCV NS5B structure file 2BRK (with inhibitor
CMF, 3-cyclohexyl-1-(2-morpholin-4-yl-2-oxoethyl)-2-phenyl-
1H-indole-6-carboxylic acid, in the thumb domain 1) and was cre-
ated by using Quatfit (CCL archives, http://www.ccl.net/) (Di Marco
et al., 2005).

3. Results
3.1. HCV resistance selection with JT-16, a benzimidazole derivate

Resistance of HCV replicon to the benzimidazole inhibitor JT-16
(Fig. 1) was selected in a stepwise manner. Huh 9-13 replicon-con-
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Fig. 1. Chemical structure of benzimidazole inhibitor JT-16.
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taining cells were cultured in the presence of 1x ECsq of JT-16 for
six passages. Following three passages at 1x ECsq of JT-16, the con-
centration of the inhibitor was doubled. This was repeated until
the highest non-cytotoxic concentration was reached. The repli-
con-containing cells thus obtained were characterized by both
genotypic (sequencing) and phenotypic (antiviral) assays. Pheno-
typic analysis revealed that the JT-16 resistant (JT-16"*) replicon
had a reduced susceptibility to JT-16 with a fold resistance value
of £12 (in comparison with wild-type (WT)) (Fig. 2).

The JT-16"* replicon retained WT susceptibility to other non-
nucleoside polymerase inhibitors that are known to target other
regions of the polymerase (benzofuran HCV-796, thiophene car-
boxylic acid (TCA), benzothiadiazine GSK-4). Also nucleoside poly-
merase inhibitor 2’-C-methylcytidine (2'CMC) and protease
inhibitor VX-950 retained their WT antiviral activity against the
JT-16" replicon (Fig. 2).
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Fig. 2. Characterization of the phenotype of the JT-16"° replicon. (A) JT-16
resistance selection. The graph depicts the number of days of passaging during
the resistance selection in function of the concentrations of JT-16 that were used
during each period. (B) Antiviral activity of JT-16 against wild-type (square) and JT-
16" (circle) replicon-containing cells. Data shown are mean values + SD of at least
three independent experiments. (C) Fold resistance values of different HCV
inhibitors in JT-16" replicon-containing cells. Fold resistance values are calculated
as the ratio of the ECsg value in the JT-16" replicon to the ECsq value in wild-type
replicon. Data shown are mean values+SD for at least three independent
experiments.

3.2. Genotypic characterization of JT-16 resistant replicon

The entire subgenomic region from JT-16"* replicons was se-
quenced and compared to the sequence of WT Huh 9-13 replicons.
Previously described resistance mutations for benzimidazole
derivatives are located in the upper thumb domain of the HCV
NS5B polymerase (P495A/L/S, P496S, and V499A) (Kukolj et al.,
2005; Tomei et al., 2003). Genotypic characterization of the JT-
16" replicon by population sequencing revealed the presence of
mutation P495A, but only as a multispecies. In this JT-16"° repli-
con a mutation at position T389 (T389S) was identified. Mutations
at this position (T389A/S) were apparently also observed in double
resistant replicons TCA+JT-16"° and HCV-796+JT-16"° (Delang
etal, 2011b) and in a comparative study of resistance barriers with
various HCV DAA (Directly Acting Antivirals) inhibitors (Delang
et al., 2011a), suggesting that these mutations may be responsible
for benzimidazole resistance. Clonal sequencing analysis of the JT-
16" replicon revealed that the T389S mutation was present in 60%
of all clones sequenced (n = 15), whereas the P495A mutation was
identified in only 2 clones (=13%) (Fig. 3). Interestingly, these two
mutations were never present together on the same genome. The
C445F mutation emerged in 53% of the population and is probably
a compensatory mutation. We previously showed that this muta-
tion is not conferring resistance to JT-16 (fold resistance value:
1.1 £ 0.2, compared to WT) (Delang et al., 2011a).

To elucidate the role of mutation T389S and T389A in benzimid-
azole resistance, recombinant replicons with single variations
(T389S, T389A, P495A, and P496S) were generated into a WT sub-
genomic luciferase replicon backbone by site-directed mutagene-
sis. Transient transfection assays were performed with these
variants to determine their susceptibility to JT-16 and replication
fitness. Mutants T389A and T389S exhibited a reduced susceptibil-
ity to JT-16 with fold resistance values of 7 and 13, respectively
(Fig. 4). Mutation P495A had the most pronounced influence on
the susceptibility to JT-16 with a fold resistance value of 44. On
the contrary, P496S was found to be a low-level resistance muta-
tion (3.4-fold). The P495A mutant also confers resistance to TCA,
a thumb domain 2 inhibitor (16-fold). It was previously reported
that a P495L mutant exhibits reduced susceptibility to thumb do-
main 2 inhibitors (Shi et al., 2008). The JT-16"° mutants retained
WT susceptibility to other HCV DAA inhibitors (VX-950, 2'CMC,
TCA and HCV-796).

The replication fitness of each mutant was compared to that of
WT replicon (Fig. 4). The replicative capacity of mutants T389S and
P496S was slightly reduced when compared to WT (79% and 74%,
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% of clones sequenced

Fig. 3. Presence of JT-16 resistance or compensatory mutations in the JT-16"*
population determined by clonal sequencing. The graph depicts the percentage of
clones carrying representative mutations identified in wild-type replicons (shaded)
or in JT-16"* replicons (black bars).
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Fig. 4. Characterization of mutations conferring resistance to JT-16. T389A (black), T389S (shaded), P495A (light gray) and P496S (white). (A) Fold resistance values of several
HCV inhibitors in Huh-Lunet cells transiently transfected with mutant replicon RNA. Inhibition of RNA replication by the selected inhibitors was measured by means of a
luciferase assay at 72 h post transfection. Fold resistance values are calculated as the ratio of the ECso value in mutant replicon to the ECso value in wild-type replicon. Data
shown are mean values + SD of at least three independent experiments. (B) Replication fitness of the different JT-16"* mutants. Huh-Lunet cells were transiently transfected
with the mutant replicons. RNA replication was measured by means of a luciferase assay at 72 h post transfection. Data are normalized to the 4 h value post transfection to
normalize for transfection efficiency. Values shown are expressed as a percentage of wild-type value at 72 h post transfection. Data are mean values + SD for at least three

independent experiments.

respectively). In contrast, replicons containing the P495A mutation
had a markedly reduced replication fitness as compared to WT
(22%). The replication fitness of T389A was decreased by approxi-
mately 50% when compared to WT. The difference in replicative
capacity of replicons carrying mutations at position T389 or P495
may explain why mutations at T389 preferably emerged under
JT-16 antiviral pressure instead of the previously described muta-
tions at P495.

3.3. Three-dimensional model explaining the JT-16 resistant genotype

To explain the emergence of JT-16 resistance mutations at res-
idue T389 in the thumb domain of HCV NS5B, JT-16 was superim-
posed onto the indole-based inhibitor CMF (3-cyclohexyl-
1-(2-morpholin-4-yl-2-oxoethyl)-2-phenyl-1H-indole-6-carboxylic
acid) from the 2BRK file using Quatfit (Di Marco et al., 2005).
Although CMF is not a benzimidazole but an indole-based inhibi-
tor, its structure resembles that of JT-16. Both structures differ
by the position and nature of the side chain, which is positioned
at the indole or phenyl group for CMF and JT-16, respectively. Crys-
tallographic studies with CMF previously revealed that the cyclo-
hexyl and phenyl ring substituents, bridged by an indole group,
fill two closely spaced hydrophobic pockets. The side chains of
L392, A395, T399, 1424, H428 and F429 form a deep pocket, filled
almost completely by the cyclohexyl group, whereas the V37 (fin-
ger domain), L392, A393, A396, L492 and V494 side chains form a
narrower pocket that is occupied by the phenyl ring. One side of
the indole core makes van der Waals interactions with the proline
ring of P495 on the external lower side of the pocket. This interac-
tion likely explains the observed resistance of P495 mutants to this
class of inhibitors. In contrast to the CMF indole inhibitor, benz-
imidazole JT-16 has a long side chain at the para-position of the
phenyl ring which extends into a hydrophobic cleft that is formed
by, among other, K491 (Fig. 1). Amino acid T389 is located in close
proximity to K491. Interestingly, whereas P495 is located at the
surface of the thumb domain, T389 is facing the inside of the
polymerase.

Although T389 is close to the binding site of JT-16, its side chain
cannot be reached by the JT-16 inhibitor for hydrogen bonding
interactions (Fig. 5). To clarify the potential role of T389 in JT-16
resistance, a ligplot interaction map of residue T389 was created.
This interaction map reveals that T389 makes H-bonding interac-
tions with €488, D387 and K491 (Fig. 6). Mutation of threonine
389 into an alanine or serine would disrupt this H-bonding net-

work and may induce the change of rotameric state of the side
chain of K491, thereby interfering with the binding of the JT-16
inhibitor.

4. Discussion

We report a novel resistance mutation for HCV benzimidazole
inhibitors at residue T389 (T389A/S) in the HCV polymerase. These
mutations emerged during in vitro resistance selection with benz-
imidazole JT-16 in genotype 1b subgenomic replicons. Phenotypic
characterization of the JT-16" replicon revealed a reduced suscep-
tibility to JT-16, whereas HCV inhibitors of other classes retained
WT activity against this replicon. Sequence analysis revealed sub-
stitutions at NS5B residues T389, C445 and P495. To elucidate
the role of these mutations in resistance to JT-16, variants were
generated by introducing the mutations in a wild-type Con-1 scaf-
fold. Mutants T389A and T389S resulted in moderate levels of
resistance to JT-16 (7- and 13-fold, respectively), whereas P495A
was associated with relatively high-level resistance (44-fold).
Although the T389S mutant proved less resistant to JT-16 than
the P495A mutant, T389S was identified as the dominant resis-
tance mutation present in the JT-16"* population (60% vs. 13%),
as determined by clonal sequencing. Interestingly, these two muta-
tions were never present together in the same genome. It is possi-
ble that the T389S mutation was preferred over the P495A
mutation because of the higher replication fitness of the T389S
mutant (79% vs. 22%). Since P495 is conserved in >99% of natural
HCV isolates of all genotypes, a significant role for the region where
P495 is located during HCV replication has been suggested, which
may explain the lower replication efficiency of replicons in which
its substitution was segregated.

In previously published resistance studies, replicons resistant to
benzimidazole and indole derivatives have been isolated in vitro
and were shown to carry mutations at residues P495, P496 or, to
a lesser extent, V499 (Tomei et al., 2003; Kukolj et al., 2005). The
T389A/S mutation was never described before to be involved in
benzimidazole resistance. Interestingly, a mutation at the neigh-
boring residue L392 (L392I) was earlier reported to reduce the sus-
ceptibility to NNIs binding to thumb domain 1 (Penuel et al., 2006).
Furthermore, it was shown that a genotypic variant in genotype 2
at this position (L392I) resulted in a different shape of the binding
pocket of thumb domain 1. Therefore, L3921 is partly responsible
for the resistance of the 2b polymerase to this class of inhibitors
(Rydberg et al., 2009). Resistance selection with an indole-N-acet-
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Fig. 5. JT-16 binding site in the thumb domain of the HCV polymerase. This figure was created using Chimera based on the superposition of the structure of the indole-based
inhibitor CMF from the 2BRK file using Quatfit (Di Marco et al., 2005; Pettersen et al., 2004). Benzimidazole JT-16 is shown in green. Atom color coding: red, oxygen; blue,
nitrogen; yellow, sulfur; gold, chlorine. Dashed black lines depict hydrogen-bonding interactions. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 6. Schematic representation of the interactions between residue T389 and neighboring residues. The interaction map of T389 was created by the program Ligplot
(Wallace et al., 1995). Purple lines depict ligand bonds, brown lines non-ligand bonds. Dashed green lines represent H-bonding interactions and its length in A. Non-ligand
residues involved in hydrophobic contacts are represented by red semicircles. The corresponding atoms involved in hydrophobic contacts carry red spikes on the atom
surface. Atom color coding: red, oxygen; blue, nitrogen; yellow, sulfur. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

amide resulted in about 30 drug resistant clones of which one
clone harbored mutation L3921 (Rydberg et al., 2009). The L392I
mutation caused a narrowing of the binding pocket in proximity
of the phenyl ring of the inhibitor.

That mutations at T389 were never described before as being
involved in benzimidazole resistance, can probably be explained
by the structural differences between the benzimidazole deriva-
tives used in previous studies. For instance, the structure of a benz-

imidazole-5-carboxamide, ‘compound C’ in a study of Kukolj and
colleagues, differs considerably from JT-16, with a furan ring in-
stead of the phenyl ring attached to the benzimidazole moiety (Ku-
kolj et al., 2005) (Fig. 7). Furthermore, ‘compound C’ has no extra
substituents onto the furan ring, making this inhibitor shorter at
the right-hand side of the molecule. In the supposition that it binds
in a similar way as the indole inhibitor from the X-ray structure
2BRK, ‘compound C' will be far away from residue T389 and its
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Fig. 7. Chemical structures of benzimidazole inhibitors previously used in in vitro resistance studies. A. ‘compound C'(3-(4-(1-(1-cyclohexyl-2-(furan-3-yl)-1H-
benzimidazole-5-carboxamido)cyclobutane carboxamido)phenyl)acrylic acid), (Kukolj et al., 2005); B. ‘compound A’ (2-[4-({4'-chloro-4-[4-hydroxypiperidin-1-yl)car-
bonyl]-1,1’-biphenyl-2-yl} methoxy)-2-fluorophenyl]-1-cyclohexyl-1H-benzimidazole-5-carboxylic acid), Tomei and colleagues (Tomei et al., 2003).

surroundings (Fig. 8). Hence, it is unlikely that a mutation at T389
would affect binding of ‘compound C' to the HCV polymerase.
Therefore, it seems logical that no mutations emerge at T389 under
antiviral pressure of this inhibitor. On the contrary, the benzimid-
azole scaffold that is shared by both JT-16 and ‘compound C’ forms
hydrophobic contacts with residues P495, V494, H428 and W500.
These interactions explain likely the lack of inhibition of the
P495A mutant by this class of DAAs. The low-level resistance of
the P496S mutant for JT-16 can be explained by the lack of a side

(A)

(B)

chain at the 5-carboxylate. In contrast, the potency of ‘compound
C’, which has a carboxamide appendage at this position, was de-
creased by 10-25-fold by this mutation.

Tomei and colleagues reported an in vitro resistance study with
a benzimidazole derivative that is structurally very similar to JT-
16, ‘compound A’ (Fig. 7). Both inhibitors, JT-16 and compound A,
have a similar side chain at the right-hand side of the molecule.
Therefore, they probably bind to thumb domain 1 similarly, as
shown in Fig. 8. However, because the part of ‘compound A’ that

Fig. 8. Binding of JT-16 and previously reported benzimidazole derivatives to thumb domain I of the HCV polymerase (Kukolj et al., 2005; Tomei et al., 2003). A. JT-16 and
‘compound C' from the study of Kukolj et al., (2005), B. JT-16 and ‘compound A’ from the study of Tomei et al., (2003). JT-16 is shown in yellow; the other benzimidazoles are
shown in purple. The thumb, palm and finger domain of HCV polymerase are shown in pink, green and blue, respectively. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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interacts with K491 may be larger than that of the JT-16 inhibitor
(4'-hydroxypiperidine vs. acetamide), the favorable interaction
with K491 (a hydrophobic interaction between the piperidine ring
and the K491 side chain) is more important than a possible steric
hindrance between this inhibitor and K491 if this residue would
adopt another rotamer. Hence, there would probably be no effect
on the binding of this inhibitor to the thumb domain 1 when
T389 is mutated. It has been reported that K491 faces the active
site within the palm domain and that it interacts with residues
in the A1l-fingerloop (Deval et al., 2007). When the lysine at this
position was mutated to glutamic acid, the enzymatic activity of
the NS5B was significantly reduced. Therefore, it is possible that
mutants at this position are not able to replicate.

Because of the high genetic variability of the HCV population in
infected patients and the error rate of the HCV polymerase, it is un-
likely that benzimidazole inhibitors or other HCV DAAs will be
used successfully in mono-therapy. In particular non-nucleoside
polymerase inhibitors are considered as antivirals with a low bar-
rier to resistance. The resistance barrier is affected by (i) the genet-
ic barrier to resistance, which is defined as the sum of mutations
needed to acquire full resistance, (ii) the in vivo fitness of the viral
variant, and (iii) the drug exposure, defined as the drug concentra-
tion achieved in the treated patient (Pawlotsky, 2011). It is possible
that a less resistant, but fitter, virus is clinically more significant
than a highly resistant, but poorly fit variant. As a single substitu-
tion (T389S or P495A) is sufficient to confer moderate to high lev-
els of resistance to JT-16, the genetic barrier to resistance of JT-16
is rather low, as for other NNIs in development. Few in vivo resis-
tance data have been reported with NNIs targeting thumb domain
1 administered as mono-therapy. Sequence analysis at day 5 of
BILB 1941 mono-therapy failed to detect the selection of any se-
quence changes that were consistent with known resistant mu-
tants. However, baseline NS5B variants were found that
exhibited either enhanced or reduced susceptibility to inhibition
by BILB1941. Among these, NS5B substitutions of amino acids
(V494I or 1424V, V494A, P496A) in thumb pocket 1 were identified
(Marquis et al., 2008). BI 207127 resistant mutants that encode
P495 substitutions were observed in 11% of patients who received
5-day mono-therapy. Follow-up to Bl 207127 treatment revealed
that the wild-type sequences re-emerged rapidly from day 6 to
14 (Lagace et al., 2010).

In conclusion, we demonstrate that less resistant but fitter HCV
genotype 1b variants can develop during in vitro resistance selec-
tion with benzimidazole JT-16. Mutations at amino acid T389 con-
fer moderate levels of resistance to JT-16. Surprisingly, the
previously published ‘key’ mutation for benzimidazole resistance,
P495A, was detected in only 13% of the resistant population. Our
data show that structural modifications to inhibitors with a similar
scaffold can affect the resistance mutations that emerge during
resistance selection and thus that drug resistant mutants should
not be largely ascribed to a family of compounds but should be de-
fined for different analogs within a given family.
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