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PSI-7977, a prodrug of 2=-F-2=-C-methyluridine monophosphate, is the purified diastereoisomer of PSI-7851 and is currently
being investigated in phase 3 clinical trials for the treatment of hepatitis C. In this study, we profiled the activity of PSI-7977 and
its ability to select for resistance using a number of different replicon cells. Results showed that PSI-7977 was active against ge-
notype (GT) 1a, 1b, and 2a (strain JFH-1) replicons and chimeric replicons containing GT 2a (strain J6), 2b, and 3a NS5B poly-
merase. Cross-resistance studies using GT 1b replicons confirmed that the S282T change conferred resistance to PSI-7977. Sub-
sequently, we evaluated the ability of PSI-7977 to select for resistance using GT 1a, 1b, and 2a (JFH-1) replicon cells. S282T was
the common mutation selected among all three genotypes, but while it conferred resistance to PSI-7977 in GT 1a and 1b, JFH-1
GT 2a S282T showed only a very modest shift in 50% effective concentration (EC50) for PSI-7977. Sequence analysis of the JFH-1
NS5B region indicated that additional amino acid changes were selected both prior to and after the emergence of S282T. These
include T179A, M289L, I293L, M434T, and H479P. Residues 179, 289, and 293 are located within the finger and palm domains,
while 434 and 479 are located on the surface of the thumb domain. Data from the JFH-1 replicon variants showed that amino
acid changes within the finger and palm domains together with S282T were required to confer resistance to PSI-7977, while the
mutations on the thumb domain serve to enhance the replication capacity of the S282T replicons.

Hepatitis C virus (HCV) currently infects more than 170 mil-
lion people worldwide and is the leading cause of chronic

liver disease and liver transplantation in the United States. HCV is
a single plus-strand RNA virus about 9.6 kb in genome size and
contains one open reading frame that encodes 10 structural and
nonstructural (NS) proteins. The structural proteins (core, E1,
and E2), which constitute the viral capsid and envelope proteins,
are located at the amino terminus, followed by p7, which oli-
gomerizes to form an ion channel critical for viral assembly, and
the nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A, and
NS5B), which are responsible for viral replication (35). Recently,
two antiviral agents have been approved, in combination with pegy-
lated alpha interferon and ribavirin (Peg-IFN/RBV), to treat patients
infected with genotype (GT) 1 HCV. Both of these compounds, bo-
ceprevir (Victrelis) and telaprevir (Incivek), target the NS3/4A pro-
tease and inhibit HCV replication by blocking processing of NS3,
NS4A/B, and NS5A/B (25, 33). These treatments showed improve-
ment over Peg-IFN/RBV; however, patients may develop additional
side effects corresponding to each of these antiviral compounds (4).
Furthermore, viral resistance against these compounds has emerged
both in vitro and in vivo as a result of the high genetic diversity of HCV
and error-prone nature of the HCV NS5B RNA-dependent RNA
polymerase (12). Therefore, research has focused on identifying ther-
apies that are better tolerated, provide improved antiviral response,
and have a higher barrier to resistance.

NS5B is an ideal antiviral target because this protein is essential
in HCV replication. Two classes of inhibitors directed at the ac-
tivity of NS5B are currently in clinical development: nucleoside/
tide analogs, which target the active site, and nonnucleoside in-
hibitors (NNIs), which target other regions of the polymerase
(39). Compared to NNIs, nucleoside/tide inhibitors have broader
genotype coverage and a higher barrier to viral resistance (9, 24,
28). Previously, we reported the anti-HCV activity of PSI-7851, a
phosphoramidate nucleotide prodrug of 2=-F-2=-C-methyluri-

dine monophosphate (18). PSI-7851 is a 1:1 mixture of two di-
astereoisomers, PSI-7976 and PSI-7977, at the phosphorus center
of the phosphoramidate moiety. PSI-7977, the Sp isomer, has bet-
ter activity than PSI-7976 (Rp isomer) in replicon-based HCV
inhibition assays (38) and is currently in phase 3 clinical trials. The
5=-triphosphate metabolite of PSI-7977, PSI-7409, inhibits HCV
replication by serving as a nonobligate chain terminator (30).
Cross-resistance studies have shown that PSI-7977 and PSI-7409 had
reduced activity against GT 1b replicons and NS5B polymerase con-
taining the S282T amino acid alteration, respectively (18, 38).

In this study, we further characterized the anti-HCV activity of
PSI-7977 across various genotypes and subtypes and expanded the
cross-resistance studies to include a panel of replicons containing
resistant mutations selected by other classes of HCV inhibitors.
Selection was performed with GT 1b (Con1 strain), 1a (H77
strain), and 2a (JFH-1 strain) replicon cells in order to examine for
the emergence of any genotype- and/or subtype-dependent resis-
tant variants associated with PSI-7977.

MATERIALS AND METHODS
Compounds. PSI-7977 (prodrug of 2=-F-2=-C-methyluridine mono-
phosphate) (38), PSI-352938 (prodrug of 2=-F-2=-C-methylguanosine
monophosphate) (34), PSI-6130 (2=-F-2=-C-methylcytidine) (40), R1479
(4=-azidocytidine) (13), IDX-184 and INX-189 (prodrugs of 2=-C-meth-
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ylguanosine monophosphate) (43, 48), NS5B nonnucleoside inhibitors
NNI-1 (an indole analog), NNI-2 (a thiophene analog), NNI-3 (a benzo-
thiadiazine analog), and HCV-796 (a benzofuran analog or NNI-4) (39),
NS3 protease inhibitors telaprevir and RG7227 (ITMN-191) (21, 22),
NS3/4a inhibitor ACH-806 (46), and NS5A inhibitor BMS-790052 (8)
were synthesized at Pharmasset and shown to be �95 to 99% pure by
proton nuclear magnetic resonance, mass spectroscopy, and high-
performance liquid chromatography analysis. Ribavirin was obtained
from Sigma-Aldrich.

Replicons and cells. Plasmid DNA containing the GT 1a replicon
(H77 strain; NCBI reference no. NC_004102.1) with adaptive mutations
P1496L and S2204I (3) and the J6/JFH-1-derived GT 2a (JFH-1 GT 2a)
were licensed from Apath. The JFH-1 GT 2a replicon contains a partial
core (first 19 amino acids) and 3= nontranslated region (NTR) from the J6
strain (GenBank accession no. AF177036) and 5= NTR and the NS3 to
NS5B region from the JFH-1 strain (GenBank accession no. AB047639).
The JFH-1 replicon open reading frame also contains a Renilla luciferase
reporter gene just upstream of the neomycin phosphotransferase gene
(Neo). We generated a GT 1a replicon with a Renilla luciferase reporter
gene (GT 1aRL) in between the 5= NTR and Neo by molecular cloning and
introduced an adaptive mutation (NS3 K583E) by site-directed mutagen-
esis to enhance its replication fitness. The Lunet cell line (14) and Con1-
derived GT 1b ET replicon (GenBank accession no. AJ238799.1) with the
firefly luciferase reporter gene and adaptative mutations E1202G, T1280I,
and K1846T (23) were kindly provided by R. Bartenschlager (University
of Heidelberg, Heidelberg, Germany). GT 1a, 1aRL, 1b, and JFH-1 2a
replicon cell lines were each generated by electroporating the correspond-
ing replicon RNA (10 �g) into the Lunet cells as described previously (17),
followed by selection with G418. Plasmid containing the J6 GT 2a NS5B
sequence (45) was synthesized at IDT DNA Technology (Coralville, IA).
GT 2b and 3a NS5B sequences were isolated from human serum samples
containing HCV RNA. The J6 GT 2a, GT 2b, and GT 3a NS5B sequences
were each cloned into a Con1 GT 1b replicon that encodes a Renilla luciferase
reporter gene using engineered PacI and AscI sites that framed the NS5B
region to generate the chimeric replicons 1b/2a (J6), 1b/2b, and 1b/3a.

HCV replicon inhibition assays. Inhibition of HCV replicon replica-
tion was determined by measuring the levels of luminescence expressed
via the firefly or Renilla luciferase reporter gene using the Bright-Glo or
Renilla-Glo reagent, respectively (Promega), or by real-time PCR (RT-
PCR) using primers that anneal to the 5= NTR. For the luciferase reporter
assay, replicon cells were seeded at 3,000 cells/well in 96-well plates and
incubated with 3-fold serially diluted compounds at 37°C in a humidified
5% CO2 atmosphere for 4 days. For transient assays, Lunet cells were
transfected with 10 �g replicon RNA as described previously by electro-
poration (17). Replicon RNA was generated by in vitro transcription from
linearized plasmids (restriction digested with ScaI for GT 1b and chimeric
replicons, HpaI for GT 1a replicons, XbaI for JFH-1 GT 2a replicons)
using a RiboMAX large-scale RNA T7 kit (Promega). Transfected cells
were seeded at 8,000 cells/well in 96-well plates and incubated with serially
diluted compounds for 4 days prior to performing the luciferase assay. For
GT 1a replicons (wild type or F415Y), RT-PCR was used to measure HCV
RNA levels. After incubation for 4 days, the supernatant was discarded
and total RNA was extracted from cells using an RNeasy 96 kit as de-
scribed by the manufacturer (Qiagen). The extracted RNA was reversed
transcribed into cDNA, which was amplified as previously described (41).
The threshold cycle (��CT) and percent inhibition for each sample were
determined using the relative quantification method. The concentrations
at which 50% inhibition was achieved (50% effective concentrations
[EC50s]) were determined using the GraphPad Prism software (San Di-
ego, CA).

Cross-resistance studies. All replicon variants were generated using a
QuikChange II XL site-directed mutagenesis kit (Agilent) with the appro-
priate primer sets. The non-NS5B panel of resistant replicons contained
amino acid changes that conferred resistance to inhibitors targeting the
NS3 protease (NS3 R155K, D168V), the NS3/4A binding surface (NS3

C16S, A39V), or the NS5A phosphoprotein (NS5A Y93H). The NS5B
panel contained amino acid changes that conferred resistance to NS5B
inhibitors targeting either the active sites (S96T/N142T, S282T, S15G/
C223H/V321I, F415Y) or the other sites (C316Y, M414T, M423T,
P495L). Most of the amino acid changes were generated using the Con1-
derived GT 1b ET replicons, with the exception of the NS5B S15G/
C223H/V321I mutations, which were generated in the JFH-1 replicons,
and the NS5B F415Y mutation, which was generated in the GT 1a repli-
con. All mutations were verified by sequencing analysis. Plasmids con-
taining replicon mutants were in vitro transcribed into RNA using the
Ribomax large-scale RNA production system as recommended by the
manufacturer (Promega, Madison, WI). RNA (10 �g) was electroporated
into the highly permissive Lunet cells and selected using G418 to generate
stable cells. Maintenance of the resistant mutation(s) was confirmed by
sequencing of the corresponding nonstructural region and/or a reduction
in activity of the appropriate reference compound. HCV inhibition assays
were performed with PSI-7977 and the appropriate reference HCV inhib-
itors as described above.

Resistance selection. Selection studies were conducted by culturing
GT 1b, 1a, or JFH-1 GT 2a replicon cells in the presence of G418 and
increasing concentrations of PSI-7977 starting at the approximate EC50

(for GT 1a and JFH-1 GT 2a replicons) or EC90 (for GT 1b replicons)
values. Cells were passaged whenever they reached �80% confluence and
replenished with G418 medium containing fresh compound. Replicon
cells were also cultured in the presence of G418 and 0.2% dimethyl sul-
foxide (DMSO) in parallel as a no-drug control. At various passages, both
the PSI-7977-selected and no-drug control cells were tested for sensitivity
to PSI-7977. For each assay, 3-fold serial dilutions of test compound were
added to cells in duplicate and the cells were incubated at 37°C in a hu-
midified 5% CO2 atmosphere for 4 days. Inhibition of HCV replicon
replication was determined as described above by luminescence (GT 1b
and JFH-1 GT 2a) or RT-PCR (GT 1a). Aliquots of cells were also saved for
RNA isolation, cDNA synthesis, and PCR amplification for sequencing.

Sequence analysis. Total RNA was extracted from the selected cells
and reverse transcribed into cDNA. The GT 1a and 1b NS5B region was
amplified using a Titan one-tube RT-PCR kit (Roche Applied Science)
and the appropriate primer sets (IDT DNA Technologies). Primers for GT
1b NS5B were 1bNS5B S1 (5= CGT AAG CGA GGA GGC TAG T) and
1bNS5B A1 (5= GTG TTT AGC TCC CCG TTC ATC). GT 1a NS5B
primers consisted of 1aNS5B S1 (5= GTT GAG TCC TAT TCT TC),
1aNS5B S2 (5= GGC CGA CAC GGA AGA TGT C), 1aNS5B A1 (5= GAG
TGT TTA CCC CAA CCT TCA TCG G), and 1aNS5B A2 (5= GGC CTA
AGA GGC CGG AGT G). RNA extracted from the JFH-1 GT 2a replicon
cells was reverse transcribed into cDNA using a Transcriptor first-strand
cDNA synthesis kit (Roche), and the NS5B region was amplified with the
Phusion polymerase (Thermo Fisher Scientific). Primers for JFH-1 GT 2a
NS5B were 2aNS5B S1 (5= CGA GGA GGA CGA TAC CAC CGT GTG
CTG CTC C) and 2aNS5B A1 (5= GTG TAC CTA GTG TGT GCC GCT
CTA CCG AGC GG). All amplified products were gel purified and cloned
into a TA TOPO pCR4 sequencing vector (Invitrogen) for subsequent
clonal analysis. Sequence alignments were performed using Lasergene
DNAStar software (Madison, WI).

Phenotypic assays. Amino acid substitutions were introduced into
the appropriate replicon plasmids using QuikChange II site-directed mu-
tagenesis (Agilent) and primers (IDT DNA Technologies) with nucleotide
substitutions that corresponded to changes at sites 179, 282, 289, 293, 434,
and 479 as single changes or mutations in combination. A mutation(s)
was confirmed by sequencing. Replicon RNA (10 �g) was electroporated
into Lunet cells to evaluate for replication efficiency using a 4-day tran-
sient assay as described above. Replication fitness was determined by nor-
malizing the luciferase expression at 96 h with that at 4 h and then dividing
the normalized level of luciferase expression of the replicon mutant by
that of the wild type. For susceptibility studies, cells transfected with the
JFH-1 replicon variants were selected in G418 to generate stable cell lines
prior to incubation with PSI-7977 or other control compounds. A 4-day
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transient assay was also used to evaluate GT 1aRL, 1b, 2a (JFH-1), 1b/2a
(J6), 1b/2b, and 1b/3a replicons containing the S282T change, the GT
1aRL replicon containing the S282T/I434M changes, and GT 1b and 1b/2a
(J6) replicons containing changes in residues 179, 289, and 282. All HCV
inhibition assays were performed as described above.

RESULTS
Genotype coverage. We have previously shown that PSI-7977 in-
hibited clone A (GT 1b) wild-type and S282T replicons with EC90

values of 0.42 and 7.8 �M, respectively (38). Here we evaluated the
genotype coverage of PSI-7977 by using GT 1b (Con1)-, 1a
(H77)-, and 2a (JFH-1)-derived replicons and GT 1b chimeric
replicons containing the NS5B region from the J6 GT 2a isolate
and from GT 2b and GT 3a patient isolates. As summarized in
Table 1, PSI-7977 inhibited the replication of these replicons with
similar EC50s (between 0.016 and 0.048 �M) and was especially
active against the chimeric replicon containing the J6 NS5B
(EC50 � 4.7 nM). We also assessed the activities of nonnucleoside
inhibitors (NNIs) to compare them with the genotype coverage of
PSI-7977. Among these, only the benzofuran compound HCV-
796, which binds within the palm domain of the polymerase (10),
was effective at inhibiting the replication of the various replicons,
with EC50s ranging from 2 nM to 65 nM. The other three NNIs
had limited genotype coverage. The thiophene and benzothiadia-
zine compounds (20, 31) were most active against the replication
of GT 1b replicons but were �10-fold less active against GT 1a
replicons. The benzothiadiazine analog showed weak activity
against chimeric replicons containing GT 2a (J6) and 2b NS5B and
was inactive against the JFH-1 GT 2a replicons and chimeric rep-
licons with NS5B from GT 3a. The thiophene inhibitor failed to
inhibit replicons containing GT 2 or 3 NS5B. The indole analog,
which targets the alternative GTP binding site on the surface of the
thumb domain (2), inhibited the replication of replicons contain-
ing NS5B from GT 1 and 3a but was much less active against
replicons with GT 2 NS5B polymerase.

Cross-resistance studies. Cross-resistance studies were per-
formed using replicon mutants generated by site-directed mu-
tagenesis with mutations within the nonstructural region of GT 1b
replicons, unless indicated otherwise. Two different panels of re-
sistant replicons were evaluated: the first panel contained resistant
mutations within the NS5B region, while the second panel con-
tained resistant mutations outside NS5B.

Among the various NS5B mutations, we included representa-
tive amino acid changes (C316Y, M414T, M423T, P495L) that
conferred resistance to the four main classes of NNIs (12), the
S96T/N142T substitutions that conferred resistance to the 4=-azi-
docytidine nucleoside R1479 (1), the S282T substitution which
conferred resistance to 2=-C-methylnucleosides/tides (29) and 2=-
F-2=-C-methylpyrimidines (18, 40), the S15G/C223H/V321I
(JFH-1 GT 2a) changes that in combination conferred resistance
to 2=-F-2=-C-methylguanosine analogs (15), and the F415Y (GT
1a) alteration that has previously been found in patients treated
with ribavirin (47). As summarized in Table 2, the replicons with
the C316Y, M414T, M423T, and P495L changes remained fully
susceptible to the inhibition of PSI-7977, while showing a 26- to
70-fold reduction in sensitivity for the corresponding class of
NNIs. Among the amino acid alterations that conferred resistance
to nucleoside/tide inhibitors, PSI-7977 showed a 9.5-fold increase
in EC50 against the S282T replicons. The S96T/N142T, S15G/
C223H/V321I (GT 2a), and F415Y (GT 1a) replicons remained
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susceptible to PSI-7977. As expected, the reference compounds
R1479 and PSI-352938 were 5.4- and 12.6-fold less active against
the S96T/N142T replicons and the JFH-1 GT 2a S15G/C223H/
V321I replicons, respectively. However, our data showed that the
activity of ribavirin against the GT 1a F415Y replicons was similar
to that of wild type.

Table S1 in the supplemental material summarizes the data for
PSI-7977 and the appropriate reference inhibitors against repli-
cons with resistant mutations within the NS3/4A protease and
NS5A phosphoprotein. Results showed that PSI-7977 was active
in replicons with the NS3 R155K or D168V alteration. Consistent
with previous findings (12, 19, 21), the R155K mutation was cross
resistant to both RG7227 (a macrocyclic compound) and telapre-
vir (a linear ketoamide compound), while D168V conferred resis-
tance only to RG7227 and not telaprevir. PSI-7977 also retained its
activity against replicons with amino acid changes of NS3 C16S,
A39V (resistant to the NS3/4A inhibitor ACH-806), or NS5A
Y93H (resistant to the NS5A inhibitor BMS-790052).

Selection studies using GT 1a, 1b, and 2a replicon cells.
Emergence of resistance has become a concern for antiviral com-
pounds because it may lead to viral breakthrough and treatment
failures. In order to evaluate the ability of PSI-7977 to select for
resistance, selection studies were performed using GT 1a, 1b, and
the JFH-1 GT 2a replicon cells. Performing the studies with all
three replicon cell lines also allowed us to determine if there was
any genotype- and/or subtype-dependent resistance associated
with PSI-7977. Subtype-dependent resistance has previously
been reported for the NS3 protease and nonnucleoside NS5B in-
hibitors (27). Recently, we reported that nucleotide prodrugs of
2=-F-2=-C-methylguanosine monophosphate, PSI-352938 and

PSI-353661, were able to select for resistant mutations in the JFH-
1-derived replicons but not in GT 1a and 1b replicons due to
differences in fitness caused by the amino acid changes (15).

Replicon cells were cultured in the presence of increasing con-
centrations of PSI-7977, and emergence of resistance was moni-
tored at various times during the selection studies. Results of the
susceptibility tests and NS5B sequencing are summarized in Table
3. For GT 1b and 1a replicons, the S282T change was selected
when cells were treated with PSI-7977 at approximately 20- to
40-fold over its EC50. The emergence of S282T coincided with a 5-
to 6-fold reduction in activity of PSI-7977. While S282T was the
only change selected in GT 1b NS5B, an additional amino acid
change (I434M) was selected in GT 1a replicons. Clonal analysis
showed that I434M was observed in combination with S282T in
50% of the cDNA clones sequenced.

In contrast to GT 1a and 1b replicons, the amino acid altera-
tions selected by PSI-7977 in the JFH-1 GT 2a replicons appeared
to be more complex. Additional mutations appeared both prior to
and after the selection of S282T, which emerged when cells were
treated with PSI-7977 at concentrations about 70-fold over its
EC50. In total, we observed five other amino acid changes: T179A,
M289L, I293L, M434T, and H479P. Prior to the emergence of
S282T, the EC50 fold change for PSI-7977 was about 6, and cDNA
clones sequenced contained the T179A, M289L, and/or I293L al-
teration. Emergence of S282T appeared to further increase the
EC50 of PSI-7977 to about 20-fold. Further incubation of JFH-1
replicon cells with PSI-7977 selected two more amino acid substi-
tutions: M434T and H479P.

Since S282T was the common alteration selected by PSI-7977
in all three genotypes, the Thr substitution at position 282 was

TABLE 2 Cross-resistance studies of PSI-7977 using replicons with NS5B mutationsa

Resistant mutation HCV inhibitor

EC50 (�M)

Fold change in EC50WT replicon Mutant replicon

C316Y PSI-7977 0.035 � 0.0037 0.021 � 0.0021 0.61 � 0.057
HCV-796 0.0063 � 0.0010 0.31 � 0.19 47.2 � 6.0

M414T PSI-7977 0.044 � 0.014 0.036 � 0.016 0.81 � 0.22
Benzothiadiazine 0.13 � 0.047 3.6 � 1.5 26.7 � 4.4

M423T PSI-7977 0.035 � 0.0037 0.031 � 0.0035 0.89 � 0.094
Thiophene 0.14 � 0.043 5.9 � 1.7 42.7 � 6.0

P495L PSI-7977 0.040 � 0.0047 0.040 � 0.0097 1.0 � 0.31
Indole 0.41 � 0.12 29.2 � 11.1 70.4 � 9.6

S96T PSI-7977 0.035 � 0.014 0.028 � 0.011 0.94 � 0.53
R1479 3.24 � 0.77 17.6 � 5.6 5.4 � 0.54

S282T PSI-7977 0.059 � 0.0073 0.56 � 0.10 9.5 � 2.3
PSI-352938 0.033 � 0.0093 0.061 � 0.022 1.8 � 0.24

S15G/C223H/V321Ib PSI-7977 0.15 � 0.027 0.13 � 0.072 0.84 � 0.20
PSI-352938 0.12 � 0.048 1.5 � 0.47 12.6 � 1.1

F415Yc PSI-7977 0.053 � 0.031 0.063 � 0.030 1.3 � 0.25
Ribavirin 38.2 � 8.0 25.1 � 4.8 0.66 � 0.017

a Mutations were generated in the GT 1b replicon NS5B region unless indicated otherwise. EC50 fold change was determined by normalizing the values of the replicon mutants with
that of the wild type (WT). Results are reported as average � standard deviation from at least three independent experiments performed in duplicate.
b Mutations were generated in JFH-1 GT 2a replicons.
c The mutation was generated in GT 1a replicons.
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introduced into each replicon and transient assays were per-
formed to examine the effect of S282T on PSI-7977 activity and
replication fitness. Results from our fitness analysis showed that
the GT 1a S282T replicon was the most unfit replicon (�3%)
among the three genotypes (Fig. 1A). Consistent with previous
findings (1, 24, 29), our results showed that the GT 1b S282T
replicon replicated at about 12% of its wild type. Compared to GT
1a and 1b, the JFH-1-derived GT 2a S282T replicon was the most
fit (�30%), though it was still significantly less efficient than its
wild-type replicon. The more striking contrast between GT 1 and
the JFH-1 S282T replicons was the effect on PSI-7977 activity. As
shown in Fig. 1B, the S282T change in GT 1b and 1a replicons
conferred resistance to PSI-7977, with EC50 increases of 7.8- and
13-fold, respectively. Combining the S282T mutation with I434M
in GT 1a did not further increase the EC50 fold change of PSI-7977
over that for S282T alone. Interestingly, the JFH-1 GT 2a S282T
replicons remained quite susceptible to PSI-7977 (EC50 fold
change, �2). These data suggest that the additional mutations
within JFH-1 NS5B may play a role in conferring resistance to
PSI-7977.

Sequence analyses of PSI-7977-selected JFH-1 replicons. To
further examine these additional amino acid changes selected by
PSI-7977, we first performed clonal sequencing of the NS5B re-
gion from various passages of the selection study to determine the
progression and frequency of these mutations (Table 4). Subse-
quently, replicon mutants were constructed and susceptibility
studies were performed to determine if these additional mutations
would affect the activity of PSI-7977 (Table 5).

Our clonal analysis showed that M289L was the first and most
predominant single amino acid change selected by PSI-7977.
Among the 27 cDNA clones with a single mutation, 23 clones
contained the M289L change, while only 1 cDNA clone contained
S282T. Two other amino acid changes were selected by PSI-7977

at a relatively lower frequency prior to the appearance of S282T:
T179A and I293L appeared either as single changes or in combi-
nation with M289L. By day 127, T179A and I293L existed as dou-
ble or multiple mutations in combination with M289L and/or
S282T. S282T did not become the predominant mutation until
day 137, when cells were treated with 3 �M PSI-7977, and was
mostly associated with the M289L change either as double muta-
tions or in combinations with the other amino acid changes. Also
by day 137, the replicons no longer contained just a single muta-
tion in NS5B. Most replicons contained more than two mutations
by day 149, and all replicons contained three or more mutations
by day 158. The last two substitutions, M434T and H479P, did not
appear until day 149. None of these amino acid changes were
observed in cells treated with DMSO, with the exception of
T179A, which appeared on day 158 as a low-frequency change (1
out of 11 cDNA clones sequenced) in the DMSO-treated replicons
compared to PSI-7977-selected replicons, in which 8 out of 11
cDNA clones sequenced contained the T179A change.

We mapped the locations of these amino acids using the JFH-1

FIG 1 Phenotypic analysis of the NS5B S282T mutation in GT 1b, 1a, and
JFH-1 2a replicons. Replicons containing S282T were generated by site-di-
rected mutagenesis and tested for susceptibility to PSI-7977 using a 4-day
transient assay. Cells containing GT 1a S282T/I434M replicons were also eval-
uated. (A) Replication fitness of S282T replicons from GT 1b, 1a, and JFH-1 2a
relative to the corresponding wild type. (B) Effect of S282T on PSI-7977 activ-
ity. EC50 fold change was determined by normalizing the EC50s from the S282T
replicons with that of the corresponding wild type. Results are reported as
average � SD from at least two independent experiments performed in dupli-
cate.

TABLE 3 Selection studies using PSI-7977 in GT 1b, 1a, and JFH-1 2a
repliconsa

Replicon
cell

Day of
selection

PSI-7977
concnb

(�M)
Fold change
in EC50

NS5B amino acid
substitution(s)

GT 1b 36 0.6 3.4 None
56 0.9 5.0 S282T

GT 1a 86 0.5 1.1 None
139 2.0 6.1 S282T, I434 M

GT 2a 105 1.2 5.9 T179A, M289L, I293L
137 3.0 21.9 T179A, S282T, M289L,

I293L
149 3.0 13.5 T179A, S282T, M289L,

I293L, M434T,
H479P

a Lunet cells stably expressing GT 1b, 1a, or JFH-1 2a replicons were cultured in the
presence of increasing concentrations of PSI-7977. The starting concentration for PSI-
7977 was 0.3 �M in GT 1b replicon cells and 0.05 �M in GT 1a and JFH-1 2a replicon
cells. Susceptibility studies and NS5B sequencing were performed at various days of
selection to monitor for resistance. EC50 fold change (single-point determinations
performed in duplicate on the particular day of selection) was determined by
normalizing the EC50 of the PSI-7977-selected cells with that of the no-drug control
cells.
b Concentrations of PSI-7977 in which replicons cells were cultured and when the
mutation(s) was identified.
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NS5B crystal structure (37). As previously shown (6, 29), residue
282 is located close to the NS5B polymerase active site. Both M289
and I293 are located on the same alpha helix in the palm domain,
while T179 is directly across from M289 about 3.8 Å away on an
alpha helix within the finger domain (Fig. 2). Among these
changes, T179 is closest to S282, but they are still 12.8 Å away from
each other. The other two mutations, M434T and H479P, which
were selected after the emergence of S282T, are located on the
other side of the polymerase on the surface of the thumb domain.

Phenotypic analysis of PSI-7977-selected amino acid substi-
tutions. Based on the sequence analysis, we generated JFH-1 rep-
licons with each of these mutations as single or multiple changes
and evaluated them for their effect on replication fitness using
transient assays and susceptibility to PSI-7977 using cells that ex-
pressed the transfected replicons. Among those with single amino
acid substitutions, replicons containing the S282T change were
the most unfit, while those containing T179A, I293L, M289L,
M434T, and H479P replicated with very similar efficiency as wild
type (Table 5). No significant effect on the activity of PSI-7977 was
observed with T179A, I293L, M434T, or H479P, while S282T and
M289L replicons both showed slight increases (�3-fold) in EC50s.
Next, we combined amino acid substitutions within the finger and
palm domains of the NS5B polymerase. Among these, three rep-
licons contained mutations without S282T, while the other four
contained mutations combined with S282T. As shown in Table 5,
replicons that did not have the S282T change showed a 2.1- to
3.5-fold shift in EC50s, while replicons that contained S282T in
combination with the finger and/or palm domain mutations re-
duced the activity of PSI-7977 by 5.6- to 9.5-fold. Combining
S282T with the palm domain mutations (S282T/M289L and
S282T/M289L/I293L) resulted in EC50 fold shifts of about 6, while

combining S282T with mutations from both the finger and palm
domains (T179A/S282T/I293L, T179A/S282T/M289L/I293L) re-
sulted in EC50 fold changes of about 9. Addition of the thumb
domain M434T or H479P change to the various S282T replicons
with multiple mutations did not appear to further enhance the
EC50 fold shifts for PSI-7977 (Table 5).

Analysis of the replication capacity of replicons containing
multiple mutations also showed an interesting profile. While
combining the S282T change with mutations from both the finger
and palm domains enhanced the EC50 fold shifts of PSI-7977,
these combinations did not appear to improve the fitness of the
S282T replicon (Table 5). For example, adding the palm mu-
tation M289L or the M289L/I293L mutations to S282T did not
significantly increase the replication over that of the S282T
replicon alone. Adding both finger and palm mutations
(T179A/I293L or T179A/M289L/I293L) to S282T actually re-
duced the replication capacity to below 10% of that of the wild
type. In contrast, the two amino acid changes in the thumb
domain appeared to serve as compensatory mutations for the
S282T variants (Table 5). Specifically, adding H479P to the
S282T/M289L replicons improved the replication capacity
from 32% to 73%; adding M434T or H479P to the S282T/
M289L/I293L replicons improved the replication capacity
from 45% to 83% and 126%, respectively; adding H479P to
T179A/S282T/I293L improved the replication capacity from
1.8% to 86%; and adding M434T or H479P to T179A/S282T/
M289L/I293L improved the replication capacity from 6.6% to
45% and 39%, respectively. Interestingly, the S282T/M289L/
I293L/H479P replicons, which had the highest level of fitness
(126%), had a low frequency in the selected replicons (Table 4).
Among replicons with multiple mutations, the combination

TABLE 4 Progression of amino acid changes within JFH-1 GT 2a NS5B under selective pressure with PSI-7977a

Day
No. of cDNA
clones sequenced Single change (n) Double changes (n) Multiple changes (n)

57 10 M289L (7)
68 10 M289L (6)

I293L (1)
85 10 S282T (1)

M289L (4)
105 11 T179A (2) M289L/I293L (2)

M289L (2) M289I/I293L (1)
127 10 M289L (4) T179A/M289L (1) T179A/S282T/I293L (1)

S282T/M289L (1) T179A/M289L/I293L (2)
M289L/I293L (1)

137 10 S282T/M289L (8) T179A/S282T/M289L/I293L (1)
149 10 S282T/M289L (1) T179A/S282T/I293L (2)

S282T/M289L/I293L (2)
S282T/M289L/I293L/M434T (1)
T179A/S282T/M289L/I293L (1)
T179A/S282T/M289L/I293L/H479P (1)
T179A/S282T/M289L/I293L/M434T(2)

158 11 S282T/M289L/I293L (1)
S282T/M289L/H479P (1)
T179A/S282T/M289L/I293L (2)
T179A/S282T/I293L/H479P (5)
S282T/M289L/I293L/H479P (1)
T179A/S282T/M289L/H479P (1)

a Total RNA was extracted from PSI-7977-selected cells from various passages, starting on day 57. The JFH-1 NS5B region was reverse transcribed into cDNA and amplified for
clonal analysis. Changes within the finger domain (T179A and S282T) are in bold, of which the S282T change is also underlined. Changes within the palm domain (M289L and
I293L) are in italic. Changes within the thumb domain (M434T and H479P) are normal text. n, number of cDNA clones with the indicated amino acid substitution(s).
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with the highest frequency was T179A/S282T/I293L/H479P.
On the basis of the EC50 fold shift data, the fold shift for T179A/
S282T/I293L (8.3-fold) is higher than that for S282T/M289L/
I293L (5.6-fold). We speculate that the HCV replicon would

favor adding the H479P change to the highest-shift mutant in
order to more effectively evade the inhibition by PSI-7977.

The one exception to a relatively fit variant, despite the pres-
ence of the thumb mutation, was T179A/S282T/M289L/H479P,
which replicated with the poorest fitness of only 0.26%. However,
we did not observe the clone with the corresponding triple muta-
tion without the H479P change in any cDNA clones sequenced
(Table 4), suggesting that replicons with that particular combina-
tion may have impaired replication capacity.

Cross-resistance studies using JFH-1 S282T replicons. Our
phenotypic analysis of JFH-1 GT 2a replicons indicates that com-
bination of S282T with additional amino acid changes conferred
resistance to PSI-7977. To determine if this was also a requirement
for other classes of nucleoside/tide analogs, representative JFH-1
GT 2a replicon variants were examined for their susceptibility to
PSI-6130 (2=-F-2=-C-methylcytidine nucleoside analog of RG-
7128) and to INX-189 and IDX-184 (both prodrugs of 2=-C-meth-
ylguanosine monophosphate). It has previously been reported
that PSI-6130, INX-189, and IDX-184 were less active against GT
1b S282T replicons (26, 40, 43). In addition, we included in these
studies PSI-352938, a prodrug of 2=-F-2=-C-methylguanosine
monophosphate that remains active against GT 1b replicons with
the S282T change (16). Results are summarized in Table 6. Similar
to PSI-7977, our data showed that the JFH-1 GT 2a replicons
containing the S282T change alone were still susceptible to PSI-
6130 (EC50 fold change, 1.4). Interestingly, the JFH-1 GT 2a
S282T replicons displayed 3.8- and 7.4-fold reductions in sensi-
tivity to the 2=-C-methylnucleotide prodrugs IDX-184 and INX-
189, respectively. Addition of the other finger, palm, and thumb
mutations did further increase the EC50 fold changes for PSI-7977,
PSI-6130, INX-189, and IDX-184. The greatest fold shifts were
associated with the 2=-C-methylnucleotide prodrugs (14- to 19-
fold), followed by PSI-7977 (9-fold) and PSI-6130 (5-fold). All
JFH-1 GT 2a S282T replicon variants, either a single mutation or
mutations in combination, remained susceptible to PSI-352938.

Effect of S282T in other NS5B isolates. Examination of the
various HCV NS5B isolates from the Los Alamos database indi-
cates that with the exception of residues 282 and 479, positions
179, 289, 293, and 414 are not highly conserved among the various
HCV genotypes. Interestingly, while position 282 is mostly a Ser,

TABLE 5 Phenotypic analysis of JFH-1 GT 2a replicon variantsa

Change and mutation
Fold change
in EC50

Fitness
(% relative to WT)

Single-residue changes
T179A 1.1 � 0.2 89.0 � 11.2
S282T 2.8 � 0.7 30.5 � 8.1
M289L 2.9 � 0.9 99.9 � 9.8
I293L 1.3 � 0.3 93.9 � 5.4
M434T 0.9 � 0.2 104.7 � 13.7
H479P 1.0 � 0.3 126.0 � 37.1

Combination of residue changes in
finger and palm domains

T179A/M289L 2.1 � 0.2 44.8 � 10.6
M289L/I293L 2.5 � 0.5 150.4 � 16.7
T179A/M289L/I293L 3.5 � 0.6 95.6 � 26
S282T/M289L 6.3 � 1.0 32.3 � 4.9
S282T/M289L/I293L 5.6 � 1.9 45.2 � 9.3
T179A/S282T/I293L 8.3 � 0.7 1.8 � 0.6
T179A/S282T/M289L/I293L 9.5 � 2.5 6.6 � 2.2

Combination of residue changes in
finger, palm, and thumb domains

S282T/M289L/H479P 7.4 � 0.6 72.5 � 12.6
S282T/M289L/I293L/M434T 7.1 � 0.1 83.0 � 9.3
S282T/M289L/I293L/H479P 8.4 � 0.5 126.0 � 6.9
T179A/S282T/I293L/H479P 9.0 � 1.5 85.5 � 11.3
T179A/S282T/M289L/I293L/M434T 10.6 � 1.9 45.1 � 6.5
T179A/S282T/M289L/I293L/H479P 11.8 � 3.0 38.8 � 5.3
T179A/S282T/M289L/H479P 11.4 � 1.2 0.26 � 0.13

a Mutations in JFH-1 NS5B were generated by mutagenesis, and replicons were
electroporated into Lunet cells, which were subjected to G418 selection prior to the
susceptibility studies. Changes within the finger domain (T179A and S282T) are in
bold, of which S282T is also underlined. Changes within the palm domain (M289L and
I293L) are in italic. Changes within the thumb domain (M434T and H479P) are normal
text. EC50 fold change was determined by normalizing the EC50s for PSI-7977 from the
replicon variants with that of the wild type (WT). Replication fitness was determined by
measuring the expression of luciferase at 4 h and 96 h posttransfection and normalizing
the luminescence levels with that of the wild type. All values are reported as average �
standard deviation from at least three independent experiments performed in duplicate.

FIG 2 Locations of the PSI-7977-selected amino acid changes using JFH-1 NS5B (Protein Data Bank accession number 3I5K). The finger domain is colored blue,
the thumb domain is colored green, and the palm domain is colored red. The two catalytic residues D220 and D318 are shown as sticks to show the proposed
active site of RNA synthesis. The PSI-7977-selected amino acid changes (residues 179, 282, 289, 293, 434, and 479) are shown as spheres. The image on the right
is a 90°C rotation of the image from the left to show the proximity of the mutations within finger and palm domains.
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position 479 is mostly a Pro in HCV NS5B, including other GT 2a
isolates. We first introduced the S282T change alone into chimeric
replicons containing NS5B from J6 GT 2a, GT 2b, and GT 3a in
order to determine if S282T was sufficient to confer resistance to
PSI-7977. Data from the transient assays showed that the activity
of PSI-7977 was reduced by 5.2- and 7.8-fold in J6 GT 2a and GT
2b S282T chimeric replicons, respectively, quite comparable to
that in GT 1b S282T replicons (Fig. 3A). We were not able to
determine an EC50 for PSI-7977 using GT 3a S282T because this
substitution was highly unfit (the wild type itself was the least
efficient in replication among the various replicons). The effect of
substituting amino acids 179 and 289 with Ala and Leu, respec-
tively, in Con1 GT 1b and J6 GT 2a NS5B was also examined.
Residue 179 is a Val and residue 289 is a Cys in Con1 GT 1b, while
J6 GT 2a NS5B contains the same amino acids at positions 179 and
289 as JFH-1. Similar to JFH-1, the mutation in GT 1b and J6 GT
2a replicons with single substitution of V/T179A or C/M289L did
not significantly affect the activity of PSI-7977 (Fig. 3B and C).
Addition of C289L to S282T in Con1 GT 1b showed a slight in-
crease in EC50 fold shifts, from 7.8 in the S282T replicon to 10.8 in
the double mutant (Fig. 3B), but the replication fitness of the
C289L/S282T replicons was about 10-fold lower than that of the
S282T replicons (data not shown). In contrast to JFH-1, adding
M289L to S282T in the J6 GT 2a replicons did not appear to
further enhance the resistance mediated by the S282T change
alone (Fig. 3C).

DISCUSSION

The genetic diversity of HCV, which classifies the virus into six
major genotypes, multiple subtypes, and numerous quasispecies,
presents the virus with opportunities to naturally select for the
genetic isolate that is best fit for replication. With the development
of antiviral compounds and the monitoring of resistance, it has
become apparent that mutations which would allow the virus to
escape inhibition by drugs will be enriched over the baseline
genomic sequences. These studies have also led to the identifica-
tion of subtype-dependent resistant mutations for NS3 protease,
NS5A, and NS5B nonnucleoside inhibitors in both replicons and
clinical isolates (7, 21, 27, 32, 42). Compared to these three classes
of HCV inhibitors, relatively less is known about genotype- and
subtype-dependent resistance for nucleoside/tide analogs target-
ing the active site of NS5B. Herein we present anti-HCV results,
cross-resistance analysis, and resistance selection studies of the
phosphoramidate nucleotide prodrug PSI-7977 using replicons
from various genotypes and subtypes.

Results from studies using GT 1a (H77)-, 1b (Con1)-, and 2a
(JFH-1)-derived replicons and chimeric replicons with the NS5B
region from GT 2a (J6), 2b, and 3a clearly showed that PSI-7977 is a

TABLE 6 Cross-resistance studies of nucleoside/tide inhibitors against JFH-1 GT 2a S282T replicon variantsa

Replicon

Fold change in EC50

PSI-7977 PSI-6130 INX-189 IDX-184 PSI-352938

S282T 2.8 � 0.7 1.4 � 0.2 7.4 � 3.8 3.8 � 0.8 0.5 � 0.07
S282T/M289L 6.3 � 1.0 3.7 � 0.7 22.4 � 6.4 6.4 � 2.0 1.2 � 0.1
T179A/S282T/M289L/I293L 9.5 � 2.5 5.3 � 1.9 18.7 � 8.1 15.2 � 3.9 1.5 � 0.9
T179A/S282T/I293L/H479P 9.0 � 1.5 4.8 � 1.1 19.0 � 5.0 14.1 � 3.2 1.1 � 0.3
a Lunet cells expressing the JFH-1 GT 2a replicon variants were tested for cross-resistance among PSI-7977, PSI-6130, INX-189, IDX-184, and PSI-352938. EC50 fold change was
determined by normalizing the EC50 from the replicon variants with that of the wild type. Results are reported as average � standard deviation from at least three independent
experiments performed in duplicate.

FIG 3 Effect of residue 282, 179, and 289 alterations in replicons from other
genotypes. (A) S282T change in GT 1b replicons and chimeric replicons with
J6 GT 2a or GT 2b NS5B showed reduced susceptibility to PSI-7977. (B) Effect
of V179A, S282T, C289L, and S282T/C289L in Con1 GT 1b replicons on
PSI-7977 activity. (C) Effect of T179A, S282T, M289L, and S282T/M289L in J6
GT 2a chimeric replicons on PSI-7977 activity. Susceptibility studies of PSI-
7977 were performed using a 4-day transient assay in Lunet cells transfected
with replicon RNA. Results are reported as average � SD from at least three
independent experiments performed in duplicate.
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potent HCV inhibitor across NS5B proteins from different isolates.
Our previous work with PSI-7409, the active 5=-triphosphate metab-
olite of PSI-7977, also showed that it inhibited the enzymatic activity
of NS5B polymerase from GTs 1 to 4 with similar 50% inhibitory
concentrations (18). In comparison, nonnucleoside inhibitors are
more selective in their targets and exhibit a genotype- and/or sub-
type-dependent range of activities. Currently, we are working on gen-
erating replicative chimeric replicons with NS5B from GTs 4 to 6, but
as the 5=-triphosphate metabolite of PSI-7977 targets the active con-
served site of the polymerase, we expect that PSI-7977 would retain its
activity in these constructs.

Cross-resistance studies using the panels of replicons with mu-
tations in NS3/4A protease, NS5A, and NS5B showed that with the
exception of GT 1b S282T, these replicon variants remained fully
susceptible to PSI-7977. An efficacious antiviral therapy for hep-
atitis C patients will likely require the combination of two or more
HCV inhibitors to prevent the emergence of resistant variants.
Our data therefore indicate that PSI-7977 can be combined with
different classes of HCV inhibitors, including ribavirin and the
2=-F-2=-C-methylguanosine analogs, which exhibit a different re-
sistance profile. It was interesting to note that the F415Y change,
which was previously observed in GT 1a-infected patients treated
with ribavirin (47), did not confer resistance to ribavirin in our
hands. As GT 1a replicons were not available at that time, the
cross-resistance data from the Young et al. study were generated
using GT 1b replicons (which naturally contained a Tyr at posi-
tion 415) and reverse substitution to generate the Y415F change
(47). It is possible that the F415Y change alone in GT 1a replicons
is not sufficient to reduce the activity of ribavirin.

Unlike the NS3 protease, NS5A, and NS5B nonnucleoside in-
hibitors, PSI-7977 did not appear to exhibit genotype- or subtype-
dependent resistance, as it selected the S282T change in replicons
from H77 GT 1a, Con1 GT 1b, and JFH-1 GT 2a. While selection
was not performed with the chimeric replicons, variants contain-
ing NS5B from the J6 GT 2a and GT 2b isolates confirmed that
S282T did confer resistance to PSI-7977, comparable to the effect
observed in GT 1b and 1a S282T replicons. Interestingly, analysis
of the PSI-7977-selected JFH-1 GT 2a replicons indicates that
JFH-1 was capable of enriching for amino acid changes in addition
to S282T and that reduction of PSI-7977 activity was associated
with additional mutations in combination with S282T. In partic-
ular, S282T together with mutations from both the finger (T179A)
and palm (M289L and I293L) domains was essential to conferring
resistance to PSI-7977. The two changes on the surface of the
thumb domain, M434T and H479P, each showed a compensatory
effect that improved the fitness of the S282T variants. Using the
JFH-1 infectious virus system, Cheng et al. have recently reported that
PSI-7851 (a diastereoisomer mixture that contains PSI-7977), but
not 2=-C-methyladenosine or 2=-C-methylcytidine analogs, selected
the M289L, S282T, and R543H changes (5). M289L and S282T were
the dominant amino acid changes according to our genotypic analy-
sis. Together the data support the suggestion that similar amino acid
changes which at least include S282T and M289L could be selected by
PSI-7851 and its pure diastereoisomer PSI-7977 using both the JFH-1
replicon and infectious virus systems.

The locations of these residues on the polymerase suggest that
they could be involved in regulating the conformation of NS5B.
Residues 179, 289, and 293 are within two alpha helices that are
across from each other in the finger and palm domains. In partic-
ular, T179 is on top of M289, which is in turn stacked directly

above I293. S282 is an extension from the helix containing resi-
dues 289 and 293. Mutations in 179, 289, and 293 could affect the
interaction between the two helices, which might in turn impact
the strand containing S282. Residues 434 and 479 are located on
the surface of the thumb domain far away from the active site of
RNA synthesis and thus are unlikely to directly interfere with the
nucleotide substrates. Schmitt et al. have suggested that extensive
hydrophobic interaction within the thumb domain of JFH-1
NS5B could provide stabilization of this enzyme (36). It is possible
that altering amino acid 434 or 479 could compensate for confor-
mation changes induced by residue 282, which is close to the ac-
tive site, and residues 179, 289, and 293, which are along the alpha
helices within the finger and palm domains.

The susceptibility of the JFH-1 S282T replicons appeared to
vary among the different classes of nucleoside/tide inhibitors (Ta-
ble 6). JFH-1 replicons with the single S282T mutation showed 4-
and 7-fold increases in EC50s for IDX-184 and INX-189, respec-
tively, but were less resistant to PSI-7977 and PSI-6130. Among
JFH-1 S282T replicons with multiple mutations, PSI-6130 (a 2=-
F-2=-C-methylcytidine) showed the lowest EC50 fold changes
(�5-fold). PSI-7977 (a 2=-F-2=-C-methyluridine prodrug), which
shares a similar modified sugar as PSI-6130 but a different base,
showed �9-fold increases in EC50s. INX-189 and IDX-184 (pro-
drugs of 2=-C-methylguanosine), which contain a different mod-
ified sugar and a different base, had the highest increases in EC50s
(19- and 15-fold, respectively). In contrast, PSI-352938 (a prod-
rug of 2=-F-2=-C-methylguanosine monophosphate), which
shares the same 2=-F-2=-C-methyl-modified sugar as PSI-7977
and PSI-6130 but carries a different base, remained active against
the S282T replicon variants. These data suggest that the Thr sub-
stitution at residue 282 and possibly its nearby amino acids could
affect the interaction with the sugar and base moieties of the nu-
cleotides. Work is under way using molecular modeling, crystal-
lization, and mutagenesis of residue 282 within both the replicons
and NS5B polymerase to determine how this would affect nucle-
otide interaction.

In conclusion, PSI-7977 is a potent HCV inhibitor with broad
genotype coverage. Cross-resistance and selection studies showed
that S282T is likely the amino acid change that will be selected by
PSI-7977 across various genotypes and subtypes. JFH-1 is a highly
unique strain capable of efficient replication and infection (11,
44), and this particular isolate appeared to require additional
amino acid changes together with S282T to reduce the activity of
PSI-7977. Our studies presented here further suggest that it is
possible for the diverse genome of HCV to evolve a mechanism to
compensate for the poor fitness as a result of the S282T amino acid
alteration.
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