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BILN 2061 is a novel, specific hepatitis C virus (HCV) NS3 serine protease inhibitor discovered by Boehr-
inger Ingelheim that has shown potent activity against HCV replicons in tissue culture and is currently under
clinical investigation for the treatment of HCV infection. The poor fidelity of the HCV RNA-dependent RNA
polymerase will likely lead to the development of drug-resistant viruses in treated patients. The development
of resistance to BILN 2061 was studied by the in vitro passage of HCV genotype 1b replicon cells in the presence
of a fixed concentration of the drug. Three weeks posttreatment, four colonies were expanded for genotypic and
phenotypic characterization. The 50% inhibitory concentrations of BILN 2061 for these colonies were 72- to
1,228-fold higher than that for the wild-type replicon. Sequencing of the individual colonies identified several
mutations in the NS3 serine protease gene. Molecular clones containing the single amino acid substitution
A156T, R155Q, or D168V resulted in 357-fold, 24-fold, and 144-fold reductions in susceptibility to BILN 2061,
respectively, compared to the level of susceptibility shown by the wild-type replicon. Modeling studies indicate
that all three of these residues are located in close proximity to the inhibitor binding site. These findings, in
addition to the three-dimensional structure analysis of the NS3/NS4A serine protease inhibitor complex,
provide a strategic guide for the development of next-generation inhibitors of HCV NS3/NS4A serine protease.

Hepatitis C virus (HCV) infection is believed to be the
leading cause of chronic hepatitis, end-stage cirrhosis, and
hepatocellular carcinoma, affecting over 4 million Americans
and about 170 million people worldwide. Currently, the most
effective treatment of HCV infection involves a combination of
the nucleoside analog ribavirin with alpha interferon (IFN-o).
However, the regimen is prolonged and not well tolerated, and
only approximately half of the genotype 1 HCV-infected indi-
viduals have a sustained virological response, although the
response rate improves significantly (~80%) when genotypes 2
and 3 are treated (7, 29). An oral agent that offers promise as
an efficacious alternative to IFN or that may be used in IFN-
containing regimens and that improves efficacy and/or the side
effect profile is in great demand.

The HCV genome is a 9.6-kb single-stranded RNA of pos-
itive polarity encoding a large polyprotein that is posttransla-
tionally cleaved into structural and nonstructural proteins (3,
12, 23). The N-terminal domain (approximately 180 amino
acids) of NS3 and the small hydrophobic NS4A protein com-
pose a heterodimeric enzyme catalyzing the posttranslational
processing of the HCV nonstructural proteins (1, 2, 23). Its
structure has been extensively studied by X-ray crystallography
(9, 30, 31) and nuclear magnetic resonance spectroscopy (1, 6).
The proteolytic activity of NS3/NS4A serine protease is known
to be essential for viral RNA replication (10, 14). A recent
study indicated that the NS3/NS4A serine protease also blocks
activities of IFN regulatory factor 3, a key cellular antiviral
signaling molecule associated with host cellular control of viral

* Corresponding author. Mailing address: Department R-47D,
Building AP52-N, 200 Abbott Park Rd., Abbott Park, IL 60064-6217.
Phone: (847) 935-8314. Fax: (847) 938-2756. E-mail: liangjun.lu
(@abbott.com.

2260

infection. Therefore, the inhibition of NS3/NS4A serine pro-
tease could potentially block HCV replication and restore IFN
regulatory factor 3 control of the viral infection (11).

The development of inhibitors of the HCV NS3/NS4A
serine protease has been difficult because of the smooth and
shallow surface of its binding site, but significant progress has
been made recently in the development of peptide inhibitors
(17, 18, 22, 25, 26, 27; C. Lin, K. Lin, C. A. Gates, S. Ma, D.
Brennan, J. Fulghum, H.-M. Hsiao, G. Rao, Y. Wei, J. Alford,
R. B. Perni, and A. D. Kwong, Hepatology 38, Suppl. 1, Pt. 4,
abstr. 1000, 2003) based on the integrated efforts of chemistry,
molecular biology, enzymology, and molecular modeling. The
first serine protease inhibitor to enter clinical development,
BILN 2061, is a macrocyclic tripeptide that is highly potent in
the HCV replicon cell model system and is a specific inhibitor
of HCV serine protease (16). In both IFN treatment-experi-
enced and naive patients with genotype 1 infections, the ad-
ministration twice daily of a 25-, 200-, or 500-mg dose of BILN
2061 resulted in a 2- to 3-log reduction of HCV RNA within
48 h after treatment (16).

Resistance to protease inhibitors has been observed both in
vitro and in patients treated with human immunodeficiency
virus (HIV) protease inhibitors and is due to specific mutations
in the protease that lead to decreased phenotypic susceptibility
to the drugs (20, 21). Because of the poor fidelity rate of HCV
polymerase, drug-resistant mutations will likely develop in pa-
tients treated with HCV serine protease inhibitors as well. In
fact, in vitro selection of HCV replicons resistant to an acyclic
tripeptide inhibitor of the NS3/NS4A serine protease has been
recently reported by Trozzi et al. (27). They found that a single
amino acid substitution of NS3 aspartate 168 mediated signif-
icant HCV replicon resistance to the drug. In this study, we
describe the in vitro selection of HCV replicons with decreased
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FIG. 1. Chemical structures of compounds used in this study.

susceptibility to BILN 2061. In addition, we have defined the
genotypic basis for the observed resistance phenotype. Finally,
by using molecular modeling and site-directed mutagenesis, we
have determined the critical amino acid substitutions in the
NS3 serine protease conferring resistance to this antiviral
agent.

MATERIALS AND METHODS

Compounds. BILN 2061, BI-1, and BI-2 (acyclic tripeptide analogs of BILN
2061) (Fig. 1) were synthesized according to procedures described previously (4,
5). IFN-a was purchased from Sigma.

Cells and HCV replicons. HCV genotype 1b strain N subgenomic replicon cell
lines were obtained and licensed from Stanley Lemon (13, 32). Replicon cells
were cultured in Dulbecco’s modified Eagle medium (Invitrogen) supplemented
with 10% fetal bovine serum and 400 pg of G418 per ml. Nneo/3-5B(RG)
replicon cells (13) were cured of the endogenous replicon by passaging cells in
the presence of IFN-a (200 IU/ml) for 2 weeks at high cell confluence, followed
by an additional week of passage in the absence of IFN-a. To confirm curing,
cells were treated with 400 g of G418 per ml for 3.5 weeks, after which time no
G418-resistant colonies were detected. Loss of the replicon was also confirmed
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with a real-time reverse transcription-PCR (RT-PCR) assay for HCV RNA with
a detection limit of 0.1 copy per cell.

In vitro selection of BILN 2061-resistant colonies. The selection protocol was
performed as described by Trozzi et al. (27) with the following modifications.
Replicon cells (2 X 10*) were plated in 10-cm-diameter tissue culture dishes and
cultured in the presence of selection medium containing 400 pg of G418 per ml,
2 pg of blasticidin per ml, and 40 nM (10 times the 50% inhibitory concentration
[ICs0]) BILN 2061. After approximately 2 weeks, colonies of cells resistant to
BILN 2061 and antibiotics became visible. Some of these resistant colonies were
isolated, grown in the presence of BILN 2061 for about another 2 weeks, and
subsequently characterized. Replicon cells incubated in the selection medium
without BILN 2061 were used for the parental cell control.

Sequence analysis of replicon RNA. Total RNA was extracted from parental
and inhibitor-resistant cells with an RNeasy mini kit (QIAGEN). RNA was
extracted according to the manufacturer’s instructions. HCV replicon cDNA was
synthesized with the oligo(dA),, and SuperScript III first-strand synthesis system
for RT-PCR (Invitrogen) according to the manufacturer’s instructions. The
c¢DNA coding for the HCV NS3-5B region was amplified by PCR with Platinum
Pfx DNA polymerase (Invitrogen) and oligonucleotides SNS3-5-s (5'-GATAAT
ACCATGGCGCCCATCACGGCCTAC-3') and SNS3-5-as (5'-GGAAATGG
CCTATTGGCCTGGAGTGTTTAGCTC-3"). The underlined portion of SNS3-
5-s and all of SNS3-5-as correspond to nucleotides 3423 to 3440 and 9395 to
9427, respectively, of HCV strain N (GenBank accession number AF139594). At
least three independent PCRs were performed for each sample, and PCR prod-
ucts were pooled. Amplified cDNAs were purified with the QIAquick PCR
purification kit (QIAGEN), and nucleotide sequences were determined by au-
tomated sequencing with the Applied Biosystems v1.1 sequence system.

Drug susceptibility assay. The inhibitory effects of compounds on viral repli-
con were tested on the inhibitor-selected colonies and parental cells by a secreted
alkaline phosphatase (SEAP) assay as described previously (32). Briefly, 1,500
cells were placed into each well of a 96-well plate. The next day, cell culture
supernatant was removed in order to reduce background SEAP, and fresh me-
dium containing compound was added. After another 4 days of culture, the
supernatant was assayed with the Phospha-Light SEAP reporter gene assay
system (ABI) according to the manufacturer’s instructions. The ICs, was then
determined by nonlinear regression analysis with Prism (GraphPad Software,
Inc.). Cellular toxicity was measured by the 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide colorimetric assay (24).

Construction of molecular clones containing NS3 serine protease mutants.
The replicon obtained from Stanley Lemon has HIV fat followed by the gene
encoding the 2A protease of foot-and-mouth disease virus fused to the 5’ end of
the neomycin resistance gene. When Huh-7 cells containing a SEAP reporter
gene under the control of the HIV long terminal repeat are transfected with this
replicon RNA, SEAP is produced (32). However, the SEAP reporter assay does
not produce a sufficient signal in a transient-replication assay with replicons
containing the NS3 serine protease mutations. Therefore, the Tat-2A-Neo region
was replaced with a sequence encoding the 12 N-terminal amino acids of the
HCV core fused to the firefly luciferase gene. The NS3 mutations R155Q,
A156T, and D168V were separately introduced into the plasmid with the
QuikChange multisite-directed mutagenesis kit (Stratagene) and the 5’-phos-
phorylated oligonucleotides 5'-GCTGTGGGCGTCTTCCAGGCCGCTGTAT
GCACCCGG-3' (nucleotides 3870 to 3905 of HCV strain N),5'-GCTGTGGG
CGTCTTCCGGACCGCTGTATGCACCCGG-3' (nucleotides 3870 to 3905 of
HCV strain N), and 5'-GGTTGCAAAGGCGGTGGTTTTTGTCCCCGTTGA
GTCC-3' (nucleotides 3908 to 3944 of HCV strain N), respectively. In each
oligonucleotide, the introduced mutation is underlined.

RNA transcription and RNA transient-transfection assay. For in vitro RNA
transcription, Xbal-linearized replicon plasmids and the Megascript T7 kit (Am-
bion) were used according to the manufacturer’s instructions. Cured Nneo/3-
5B(RG) cells (107) were washed twice with Dulbecco’s phosphate-buffered saline
without Ca®* and Mg>" (Invitrogen) and then mixed with 20 wg of replicon
RNA in a Gene Pulser cuvette with a 0.4-cm electrode gap (Bio-Rad). Electro-
poration was immediately performed at 970 V and 25 wF with two manual pulses.
Transfected cells were plated into 96-well plates with 5,000 cells per well. Com-
pounds at various concentrations were added into cells after 2 h and were
cocultured for 4 days. The cells were lysed with passive lysis buffer, and luciferase
activity was measured with the luciferase assay system kit (Promega) and Wallac
1420 work station (PerkinElmer Life Science) as described by the manufacturers.
Luciferase activity was measured 4 h posttransfection without drug to determine
the efficiency of transfection. Replication capacity was determined by measuring
the luciferase activity of transfected cells after 4 days of culture in the absence of
drug. IC5,s were determined according to the procedure described above.
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TABLE 1. Genotypes and phenotypes of
BILN 2061-resistant colonies”
BILN 2061
Replicon IFN-a ICs, NS3
colony SEAP ICs FCP (1U) mutation(s)®
(LM)
Wild type  0.006 =+ 0.002 1.6 = 0.54
SB1 737 £0.069 1,228 1.8 =0.85  T72I, P8SL, A156T
SB4 0.43 = 0.041 72 1.5*0.87 RI155Q
SBS 3.81 +0.231 635 1.9 =035  I71T, A156T, T312A
SB6 3.32 £0.228 553 1.7 =0.58 D168V, T260A

“ Data shown are averages * standard deviations of results from triplicate
experiments.

® FC, change in ICs, (n-fold) over that seen with the wild type.

¢ Bold letters indicate amino acids in the protease domain. The others are in
the helicase domain. The position of each mutation in the three-dimensional
structure of the enzyme is shown in Fig. 2A.

Structural analysis and modeling. Coordinates for the three-dimensional
structure of the full-length NS3 protein were taken from Protein Data Bank
entry 1CU1 (31). A model of BILN 2061 was docked into the protein according
to the reported binding mode of a close analog (28) with the InsightII software
package (Accelrys, Inc.).

RESULTS

Resistant colonies were generated by in vitro selection. In
order to select replicons with decreased susceptibility to BILN
2061, replicon cells were treated with 40 nM (10 times the
ICs,) BILN 2061. Two weeks posttreatment, a total of 10
colonies were identified on the cell culture dish. Since 2 X 10*
cells were used initially and the cells were not split during the

>
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selection procedure, resistance to BILN 2061 was shown by
approximately 1 of every 2,000 cells. Of the 10 colonies, 4 were
too small to expand. After isolation, two of the remaining six
colonies did not grow well in the presence of the concentration
of BILN 2061 initially used to select resistant mutants. There-
fore, the remaining four colonies (SB1, SB4, SBS, and SB6)
were expanded and studied in detail. Each cell line (SB1, SB4,
SBS, and SB6) was cultured in the presence of different con-
centrations of BILN 2061 in triplicate, and ICsys were deter-
mined by nonlinear regression analysis (Table 1). All colonies
had growth rates similar to those of cells that were grown in
parallel but in the absence of BILN 2061 (parental cells). As
measured by the SEAP assay, the 1Cs, for SB4 was 72-fold
higher than that for the wild-type replicon cell line, while SB1,
SBS, and SB6 showed much higher resistance levels (ICs,s for
them increased 1,228-, 635-, and 553-fold, respectively) (Table
1). However, all of the colonies maintained sensitivity to IFN-a
(Table 1), indicating that the resistance was inhibitor specific.

The appearance of phenotypic resistance to BILN 2061 is
associated with specific genotypic changes in the serine pro-
tease. In order to detect distinct replicon mutations associated
with resistance, the NS3/NS4A coding regions from resistant
colonies were sequenced and compared with the same regions
from parental cells. All four colonies contained mutations not
observed in parental cells in the NS3 region (Table 1). These
mutations appeared in both the serine protease and the heli-
case domains (Fig. 2A). Mutation A156T in the NS3 serine
protease region was observed in two of the four colonies.
However, during selection this mutation developed together

B

FIG. 2. Three-dimensional structure of the BILN 2061 binding site of HCV protease. (A) Protein backbone structure of the HCV NS3 protein
showing the separate helicase and protease domains in orange. BILN 2061 is colored green, and the alpha carbons of the mutant residues are
shown as large blue balls. The sequence corresponding to the NS4A peptide is colored black. (B) Close-up view showing BILN 2061 (carbon, green;
oxygen, red; nitrogen, blue) within the active site of HCV NS3 protease and the three nearby mutating residues.
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with other mutations, such as T72I and P88L in SB1 and I71T
and T312A in SB5. The D168V mutation found in SB6 has
been identified by others as a major mutation that renders
antiviral resistance in similar studies using both BILN 2061
(Lin et al., Hepatology 38, abstr. 1000) and an acyclic tripep-
tide inhibitor (27). This mutation developed together with
T260A during the selection procedure. It is notable that SB4,
which possessed only an R155Q mutation in the NS3 region,
was less resistant to BILN 2061 than the other colonies. No
mutations were observed in the NS4A coding region or in the
NS3/NS4A serine protease cleavage site in any of the colonies.

Modeling of NS3 mutations. The three-dimensional loca-
tions in NS3 of the eight mutations observed in this study
are shown in Fig. 2A along with the expected binding loca-
tion of BILN 2061 (28). Three mutations, R155Q, A156T,
and D168V, are close to the inhibitor binding site. Because
of their close proximity, these three mutations are likely to
have a significant impact upon the binding affinity of BILN
2061. A close-up view of the positions of these three muta-
tions relative to BILN 2061 is shown in Fig. 2B. The side
chains of residues 156 and 168 make contact with the cyclo-
pentylcarbamate portion of BILN 2061. The side chain of
residue 155 makes contact with the quinoline ring system of
BILN 2061. Mutations at any of these positions are expected
to disrupt Van der Waals contact between the protein and
ligand and lead to decreased inhibitory potency for the
mutant enzymes, in accord with the observations above. The
remaining five mutations are either distal within the serine
protease domain, i.e., residues 71, 72, and 88, or even fur-
ther distant within the helicase domain, i.e., residues 260
and 312. How mutations at these non-active-site positions
could impact BILN 2061 binding, if there is any effect, is
unclear. The location of residues 71, 72, and 88 near the
NS4A activation protein suggests that they may play a role
in influencing enzyme activation, but further experimenta-
tion would be required to evaluate this possibility.

An amino acid alignment of the NS3 region containing these
mutations revealed that R155 and A156 are conserved across
HCV genotypes and subtypes (Fig. 3) but that D168 is rela-
tively less conserved. Glutamine is found at position 168 in
genotypes 3a, 3b, and 10a, and glutamic acid is seen in geno-
type Sa. It is not known what impact these differences will have
on sensitivity to BILN 2061, since it has not been assessed in
these genotypes.

Sensitivity of single-mutation replicons to inhibitors. To
ascertain whether the NS3 mutations R155Q, A156T, and
D168V are responsible for the resistance, we introduced these
mutations individually into a subgenomic replicon containing a
luciferase reporter gene. RNA from these replicon constructs
was used to transfect cured Nneo/3-5B(RG) cells, which sup-
port replication of HCV replicons much more efficiently than
Huh-7 cells (8, 27). The transfected cells were grown in the
presence of different concentrations of drug for 4 days, and
then the IC;,s were determined as described in Materials and
Methods.

All three mutations significantly reduced the potency of the
serine protease inhibitor BILN 2061 (Table 2), with ICs, in-
creases of 24-fold for R155Q), 357-fold for A156T, and 144-fold
for D168V. The relative effects of these individual mutations
on viral resistance to BILN 2061, A156T > D168V > R155Q,
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FIG. 3. Amino acid sequence alignment of HCV genotypes and
subtypes. The alignment of residues 143 to 180 of HCV NS3 is shown,
with the three mutant residues shaded. The GenBank accession
numbers for each strain listed in this figure are as follows: for la-1,
AAB66324; for 1a-2, AAK66555; for 1a-3, BAA01582; for la-4,
AAA45676; for 1b-1, AAD44718; for 1b-2, CAB46677; for 1b-3,
AACI15725; for 1c, BAA03581; for 2a, BAB32872; for 2b, BAA01761;
for 2c, BAA08911; for 2k, BAAS88057; for 3a, CAAS54244; for 3b,
BAAO08372; for 4a, CAA72338; for 5a, CAA73640; for 6a, CAA72801;
for 6b, BAA32664; for 7b, BAA32665; for 8b, BAA32666; for 9a,
BAA32667; for 10a, BAA09890; and for 11a, BAA09891.

is in agreement with the observation from resistant colonies
(Table 1) that SB4, which contains the R155Q mutation, had
the smallest ICs, increase compared to other mutants, while
SB1 and SBS, containing the A156T mutation, showed the
highest resistance levels. However, the molecular clone con-
taining the single mutation A156T was more susceptible to
BILN 2061 than either SB1 or SB5 (Tables 1 and 2). These
differences may be due either to compensatory mutations that
developed during selection (T721 and P88L in SB1 or I71T and
T312A in SBS5) or to the different assays used in these exper-
iments. The SEAP assay was used for stable replicon cell lines,
whereas the luciferase reporter assay was used for molecular
clones containing single mutations. Similar results were ob-
tained when the molecular clone containing D168V was com-
pared to SB6 (Tables 1 and 2). As was observed for the resis-
tant colonies, these individual mutations had no effect on
replicon sensitivity to IFN-a (Table 2).

To assess cross-resistance, two acyclic tripeptide analogs
of BILN 2061, BI-1 and BI-2 (Fig. 1), were used to test the
wild-type replicon and replicons containing single mutations in
NS3. These compounds are structurally similar to the inhibitor
used by Trozzi et al. (27) to select resistant HCV replicons.
The HCV inhibitory potencies of these two compounds against
the wild-type replicon are about 100-fold weaker than that of
BILN 2061 (Table 2). All three mutant replicons showed a
high level of resistance to compound BI-2 at 20 wM, which was
the highest concentration used. The R155Q mutant showed a
similar magnitude of potency loss to all three compounds,
which may be because all of the compounds contain the same
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TABLE 2. Sensitivities of replicons with single NS3 mutations to HCV serine protease inhibitors and IFN-« in a transient-transfection assay”

BILN 2061 BI-1 BI-2
Replicon clone IFN-a ICs, (IU)
ICso (LM) FC ICso (LM) FC ICso (LM) FC
Wild type 0.003 *= 0.00004 0.492 = 0.061 0.239 = 0.029 0.49 = 0.063
R155Q mutant 0.072 = 0.010 24 3.457 = 0.090 7 >20 >83 0.42 = 0.082
A156T mutant 1.072 £ 0.153 357 >100 >203 >20 >83 0.52 = 0.129
D168V mutant 0.432 = 0.013 144 10.75 = 0.879 22 >20 >83 0.49 = 0.064

“ Cells were transfected in the presence of different concentrations of each drug to measure ICss. Data are from luciferase assays performed 4 days after transfection.
Data shown are averages * standard deviations from triplicate experiments. FC, change in ICs, (n-fold) over that seen with the wild type.

methoxy quinoline group that makes direct contact with resi-
due 155. The smaller effects for the acyclic analogs BI-1 and
BI-2 might also be due to their intrinsic affinity for enzyme and
relatively suboptimal interactions with mutant residues. The
D168V replicon was more sensitive to BI-1 (the ICs, increase
was 22-fold) than it was to BILN 2061 (the ICs, increase was
144-fold). The tert-butyl moiety in BI-1, instead of the cyclo-
pentyl moiety found in BILN 2061, may account for this
change by increasing the ability to bind to mutated residue 168.

Replication capacity of single-mutation replicons. Since the
copy number of the luciferase gene is determined by the rep-
lication level of the corresponding replicon RNA (15), the
replication capacity of each mutant can be determined by mea-
suring luciferase activity in a lysate of transfected cells. Each
mutant replicon was transfected in the absence of BILN 2061,
and luciferase activity was measured 4 days posttransfection.
Luciferase activities from the mutant replicons were then com-
pared with the luciferase activity from the wild-type replicon.
Each of the replicons with a single mutation in the NS3 serine
protease showed a greatly reduced level of replication (Fig. 4).
All of them had very similar levels of luciferase activity at 4 h
after transfection, indicating comparable levels of RNA trans-
fection and translation ability. At 4 days after transfection, the
R155Q, A156T, and D168V mutants retained only 17, 4, and
6% of wild-type replication capacity, respectively (Fig. 4). De-
spite the reduction in replication and the corresponding reduc-
tion in luciferase seen with the mutant replicons, the luciferase
activity remained high enough for the accurate determination
of ICsys (Table 2).

DISCUSSION

We report here that the in vitro selection of HCV replicon
with a fixed concentration of HCV serine protease inhibitor
BILN 2061 leads to the selection of specific mutations in the
serine protease gene which confer reduced susceptibility to the
inhibitor. Three-dimensional analysis indicates that three res-
idues at positions 155, 156, and 168 within the active site are
likely the structurally most dominant sites for conferring resis-
tance. Site-directed mutagenesis of these individual mutations
into replicons confirmed that each could play a role in the
development of resistance. While all of the potency decreases
for the mutations are large enough to be significant in an in
vivo situation, there is the trend that the R155 mutation gives
less of an effect than either the A156 or the D168 mutation.
This may, in part, be due to the polarity retention in the R155Q
mutation, while changes at residues 156 and 168 involve a
polarity change. A complete reversal of the character of a

protein residue that contacts an inhibitor could be one factor
leading to a larger resistance magnitude in those cases. A
detailed atomic analysis, however, would require further X-ray
crystallographic studies of both wild-type and mutant enzymes.

A recent study using HCV NS3/NS4A serine protease inhib-
itor VX-950 (Lin et al., Hepatology 38, abstr. 1000) reported
the selection of resistant colonies that contained an A156S
mutation. Lin et al. showed that a replicon containing A156S
was sensitive to BILN 2061. In contrast, we found that a rep-
licon containing A156T was 357-fold-more resistant to BILN
2061. Although the reason(s) for the differences in potency loss
is unclear, the additional methyl of the threonine residue rel-
ative to serine may create additional steric hindrance that
might cause the A156T mutant to be more resistant than the
A156S mutant. As stated above, residue 156 makes intimate
contact with several atoms of the ligand, and an additional
methyl group may make a significant impact. A more detailed
structural analysis, including protein crystallographic studies of
the mutant enzymes, would be required for a more complete
understanding of this differential effect.

The polarity changes may also play a role in the lower rep-
lication capacity of the A156T and D168V replicons relative to
that of the R155Q replicon. However, the effect on replication
by all three mutations was significant. Considering the con-
served nature of these residues in various HCV genotypes (Fig.
3) and the reduced replication of replicons containing the
single mutations (Fig. 4), it is unlikely that there are preexisting

O 4 hour
B 4 day

L i
D168V

% of luciferase reading to wt

0+ -

wt R155Q A156T

Replicon

FIG. 4. Comparison of the replication capacity of the wild-type
replicon (wt) to those of mutant replicons engineered with single
mutations. Cells were transfected either with wild-type or with mutant
replicon RNA in the absence of BILN 2061, and luciferase activity was
measured at 4 h and 4 days after transfection. Luciferase activities of
mutants were normalized as percentages of the wild-type activity.
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mutants containing only changes at any one of these residues in
the natural population.

The role of the individual mutations at NS3 positions 71, 72,
88, 260, and 312 was not studied. However, the phenotypic
resistance of molecular clones containing single amino acid
mutations at position 155, 156, or 168 correlates well with the
phenotypic susceptibility of replicon cell line colonies that con-
tain those mutations. Therefore, the other mutations may play
a compensatory role for replication but not for resistance (19).
This possibility is supported by the observation that these res-
idues are far from the serine protease active site. It is also
supported by the observations that the resistant colonies con-
taining multiple mutations grew normally but that the repli-
cons containing a single change at residue 155, 156, or 168
exhibited greatly reduced HCV RNA replication in the tran-
sient-replication assay. Interestingly, resistant colony SB4 had
only the R155Q mutation in NS3, indicating that mutations
from different gene coding regions might compensate for the
defect in replication caused by this NS3 mutation (data not
shown). Engineering combinations of mutations into replicons
and studying their replication capacity would be helpful for
understanding the interaction of the various residues.

In the region of the active-site mutations, BI-1 and BI-2 are
expected to project functional groups that are either structur-
ally identical to or very similar to BILN 2061 when it is bound
to the enzyme. Thus, it is expected that the losses in potency
against the mutants are similar for all three serine protease
inhibitors. The accurate comparison of the decrease (n-fold) in
the potency of BI-2 to that of BILN 2061 is made difficult by
the dramatically different potencies against the wild-type en-
zyme. Our results showed that any one of several single mu-
tations results in a high level of resistance to BILN 2061.
However, replicons containing either multiple mutations or
single engineered mutations were still sensitive to IFN-a (Ta-
ble 1 and 2), indicating that combination therapy similar to
HIV treatment using several drugs with different functions and
targets may help overcome drug-resistant mutations and con-
trol HCV infection.

In this study, we modified the resistance selection protocol
used by Trozzi et al. (27) so that there was no cell split during
the selection procedure. Without cell splitting, a resistant col-
ony can be assumed to grow from a single cell. Therefore, by
counting the number of total visible colonies and knowing the
initial cell number, we roughly calculated the frequency of
resistant mutations that happened in the population under the
experimental conditions used. In protocols that include split-
ting cells, it is possible that all colonies can arise from a single
mutated cell, which raises the possibility that cells containing
adaptive mutations that allow faster growth lead to selection of
only the dominant mutants. Indeed, in this study, where no cell
spitting occurred, a larger variety of mutations was observed
than was seen in the studies by Trozzi et al. (27) and Lin et al.
(Hepatology 38, abstr. 1000).

In conclusion, BILN 2061 encountered resistance from
HCYV replicons mediated by mutations at the serine protease
active site. The resistance pattern found in vitro may be of
benefit for the prediction of in vivo resistance profiles and the
development of next-generation serine protease inhibitors. Fi-
nally, the sensitivity of BILN 2061-resistant mutants to IFN-a
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indicates that a cocktail therapy combining several drugs may
be necessary to overcome drug resistance in vivo.
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