with reference sequences (2b.HC-J8.D10988, 2 JP.MD2b9-2, and
2a JPJFH-1.AB047639 obtained from the Los Alamos HCV
Database as representative sequences for genotype 2b and genotype
2a HCV) and constructed a phylogenetic tree (Fig. 1). As
demonstrated in the tree, no evident clustering was apparent
according to the difference of responses.

Comparison of amino acid variation between the SVR
and non-SVR in the complete HCV polyprotein and each
HCV protein

Next, we compared amino acid variations that were unique,
relative to a population consensus, to either the SVR or non-SVR
patients for the complete HCV polyprotein and each HCV
protein. The number of amino acid variations in the sequences
from the SVR patients was significantly higher than in those from
the non-SVR patients, when the entire HCV polyprotein was
analyzed (Fig. 2, left). These differences were especially significant
in El, p7 and NS5A (Fig. 2, right). This result demonstrated that
HCV sequences from patients with SVR comprised a heteroge-
neous population, while HCV sequences from patients with non-
SVR comprised a rather homogeneous population, indicating the
existence of unique non-responsive HCV sequences in those

regions in El, p7, and NS5A.

Comparison of HCV sequence variation between the SVR
and non-SVR patients at each amino acid position

Each amino acid position in the HCV ORF was compared to
detect any differences between the SVR and non-SVR patients. In
Fig. 3a, differences in amino acid resides at each position are
shown as dots demonstrating —logP values. As shown in Table 2,
four points were extracted: amino acid (aa) 404 in the E2 region
(p=10.008), aa 530 in the E2 region (p=0.008), aa 2359 in the
NS5A region (p=0.002) and aa 2631 in the NS5B region
(p=0.012). Among them, the residue at aa 2359 in the NS5A
region differed most frequently between the SVR and non-SVR
patients. Amino acids 4 and 110 in the Core region, residues that
have been reported to vary according to the virological responses
in genotype 2a infection [22,23], did not differ significantly in this
genotype 2b HCV study. Meanwhile, amino acids 70 and 91,
which have been reported to vary according to virological
response to PEG-IFN/RBV therapy in genotype lb infection,
were conserved irrespective of the outcome (Fig. 3b).

Comparison of amino acid variation between the SVR
and non-SVR patients across HCV “regions” using sliding
window analysis

Fig. 4a and Table 3 shows the result of sliding window analysis.
This approach was used to detect differing HCV amino acid
“regions”, rather than single amino acid positions, between the
SVR and the non-SVR patients. According to the result, six
regions were associated with the final outcome (p-values less than
1/20): aa 400408 in the E2 region (p = 0.006), aa 723-770 in the
E2 and the N-terminus of p7 region (p = 0.001), aa 879-893 in the
NS2 region (p=0.01), aa 2045-2051 in the NS5A region
(p=10.0002), aa 2224-2242 in the NS5A region (p=0.001) and
aa 2379-2405 in the NS5A region (p=0.03). Interestingly, aa
2224-2242 in the NS5A was located in the interferon sensitivity
determining region (ISDR). Fig. 4b shows the aligned sequences of
amino acids around 2213-2274 of HCV NS5A. Among these 6
regions, aa 723-770, aa 879-893, aa 2224-2242, and aa 2379-
2405 were correlated with the final outcome in an incremental
manner according to the number of substitutions in those regions
(Table S2, S3, S4, S5). The number of substitutions in the ISDR
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was also correlated to the final outcome in an incremental step-up
manner (data not shown).

Multivariate analysis to detect independent predictive

factors contributing to the SVR

Next, multivariate analysis was undertaken to identify pretreat-
ment variables correlated with the final outcome. To evaluate the
optimal threshold of amino acid variations for SVR prediction in
each viral region extracted, a receiver operating characteristic curve
was constructed and the most optimal cut off value was determined
for each region. E2 aa404—408 was excluded from the analysis
because we considered that the region was unlikely to be truly
associated to the outcome as it is located in the hypervariable region,
the region of the highest mutation rate in the HCV genome as a result
of host’s immune attack. E2 aa 723-770 was excluded from the
analysis because all the patients above the cut-off value in the region
achieved SVR and an odds calculation was not possible. The ISDR
was also excluded because NSSA aa2224-2242 was completely
contained in the ISDR. In addition, variables of EVR and RVR were
excluded because they were post treatment variables. The multivar-
iate analysis revealed that only NS5A aa 2224-2242 (odds ratio 11.0,
= 0.039) was finally identified as the independent variable predicting
the final outcome (Table 4).

Biological relevance of variation in NS5A in this study
group

Because NS5A aa 2224-2242 is located within the ISDR, for
which the amino acid substitution numbers have been reported to
be correlated with the HCV RINA titer in genotype 1 and 2a HCV
infection [13], we analyzed the relationship between amino acid
variations in that region and pretreatment HCV RNA titers.
Contrary to our expectation, no evident relationship was found
between variations in the NS5A region aa 2224-2242 and HCV
RNA titer (Fig. 5). On the other hand, as shown in Table 5,
although the initial viral responses (RVR or EVR) did not show
evident association with the amino acid variations in the region,
treatment relapse was significantly correlated with the amino acid
variations in the region. In addition to NS5A aa 2224-2242, there
was no evident relationship between HCV RNA level and
variations in the other regions found in this study (data not shown).

Discussion

In this study, we showed that genotype 2b HCV sequences from
Japanese patients who achieved SVR were more diverse than the
sequences from patients with non-SVR. The result that SVR
patients were more diverse in their HCV sequences than non-SVR
patients is in accordance with previous studies of genotype 1 HCV
infection, although the diverse viral genes varied according to
genotype [18,19]. We found that these diversities were primarily
found in El, p7 and NS5A.

In systemic searching for single amino acid positions or consecutive
amino acid regions in the HCV ORF associated with the treatment
outcome, several regions were extracted in E2, p7, NS2, NS5A and
NS5B. Among those identified regions, E2 aa 723~770, NS2 aa 879—
893, NSHA 2222242242, and NS5A 2a2379-2405 were correlated
with the final outcome in an incremental manner according to the
number of amino acid substitutions. Specifically, the sequences of
those regions in non-SVR patients were almost homogeneous, while
the sequences of the region in SVR patients were significantly diverse
and multiple amino acid substitutions were found compared to the
consensus sequence. Interestingly, among those regions, aa 2224—
2242 was completely included in the ISDR, in which the number of
amino acid substitutions is known to show significant correlation with
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the treatment response to IFN-based therapy in genotype 1b, and also
in genotype 2 [21,24].

In recent studies of genotype 1b infection, amino acid variation of
residues 70 and 91 in the Core were reported to be associated with
the treatment response to IFN-based therapy. The correlation of
amino acid variation in the Core (residues 4 and 110) with the
response to PEG-IFN/RBV therapy was also identified in genotype
2a infection [22,23]. In genotype 2b infection, however, we could
not find such associations between amino acid variation in the core
region and the response to PEG-IFN/RBV therapy (Fig. 3b).
Amino acid residues of aa 70 and 91 were conserved irrespective of
differences in the PEG-IFN/RBV responses. On the other hand,
although amino acid variations were also sometimes found at
residues 4 and 110 in genotype 2b HCV, their frequency was low,
and no evident association between the variation and the treatment
response was found. Although the reason of the lack of association
between the Core and the PEG-IFN/RBV treatment response in
genotype-2b HCV infection is unknown, it suggests that a different
mechanism affecting the treatment response might exist, depending
on genotype-specific viral features.

In genotype 1 HCV, variations within the PKR-binding region
of NS5A, including those within the ISDR, were reported to
disrupt the NS5A-PKR interaction, possibly rendering HCV
sensitive to the antiviral effects of interferon [25]. Clinically, the
number of substitutions within the ISDR has been reported to
correlate with the serum HCV RNA level in genotype | and 2a
infections [13]. In addition, a recent study reported that mutations
in the ISDR also show the correlation with the relapse in the PEG-
IFN/RBV therapy in genotype 1b infection [26]. Because NSSA
2222242242, part of ISDR, was extracted as one of those regions
related to the treatment response in genotype 2b infection, we
undertook further analysis to investigate the correlation between
amino acid variation numbers and serum HCV RNA level.
Though the reason is unknown, we could not find evidence of a
relationship between variation in the NS5A aa 2224-2242 and
HCV RNA titer in genotype 2b infection, unlike genotypes 1 and
2a. Of note, a high SVR rate in genotypel and genotype 2a
infection is known to be closely correlated with a low HCV RNA
level and multiple substitutions in ISDR. However, in genotype 2b
infection in our study, there was no significant difference in the
HCV RNA level between SVR and non-SVR patients, as shown
in Table 1. Previously, the role of the ISDR in the contribution to
SVR in genotype 1 and 2a has been discussed in detail in the
context of serum HCV RNA level, and multiple substitutions in
the ISDR are related to a low HCV RNA level and high SVR
rate. However, it is not known which of these two factors is directly
associated with viral clearance. Consideration of this three-sided
relationship of ISDR, HCV RNA level and SVR rate in genotype-
2b infection leads to the suggestion that amino acid variation in
ISDR to be more direct contributor for SVR.

In spite of these findings, there were still limitations in our study.
First, because genotype 2b infection only accounts for 10% of all
HCV infection in Japan, the number of studied patients was rather
small, especially non-SVR patients. In addition, because genotype
2b HCV contains as many as 3033 amino acids, it is possible that
incorrect amino acids or regions were judged as significant in the
complete HCV ORF comparison study as a result of type I errors.
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Abstract

Purpose A proportion of patients infected with genotype
2a hepatitis C virus (HCV) cannot achieve a sustained
virological response (SVR) to pegylated-interferon plus
ribavirin therapy (PEG-IFN/RBV) but the reason remains
unclear. The present study aimed to clarify the possible
correlation between viral sequence variations and final
outcome.

Methods The pretreatment complete open reading frame
(ORF) sequences of genotype 2a HCV were determined by
direct sequencing for two independent groups of patients
(43 patients as test; group 1 and 35 as validation; group 2),
and the correlation with the final outcome was explored.
Results Patients with SVR (n = 58) and with non-SVR
(n = 20) differed significantly in pretreatment HCV RNA
level (p = 0.002), fibrosis score (p = 0.047), and cumu-
lative RBV dosage (p = 0.003). By comparison of all
amino acid positions in the complete HCV ORFs, threonine
at amino acid (aa) 110 in the core region was remarkably
frequent in SVR (p = 0.01 for group 1, p = 0.004 for
group 2, and p = SE—05 for combined). A sliding window
analysis revealed that the total number of amino acid
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variations within the NS5A aa 2258-2306 region were
significantly high in SVR compared to non-SVR patients
(» =001 for group 1, p =0.006 for group 2, and
p = 0.0006 for combined). Multivariate analyses revealed
that core aa 110 (p = 0.02), NS5A aa 2258-2306
(p = 0.03), and cumulative RBV dosage (p = 0.02) were
identified as independent variables associated with the final
outcome.

Conclusions The outcome of PEG-IFN/RBV therapy is
significantly influenced by variation in the core and NSSA
regions in genotype 2a HCV infection.

Abbreviations

EVR Early virological response

IFN Interferon

IRRDR Interferon ribavirin resistance determinant
region

ISDR Interferon sensitivity determinant region

ORF Open reading frame

PEG-IFN Pegylated-interferon

PePHD PKR-elF2 phosphorylation homology domain

PKR-BD  Double-stranded RNA-activated protein
Kinase binding domain

RBV Ribavirin

RVR Rapid virological response

SVR Sustained virological response

Introduction

Worldwide, 180 million of people are estimated to
be infected with hepatitis C virus (HCV), and HCV is a
major cause of chronic hepatitis, liver cirrhosis, and
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hepatocellular carcinoma [1]. In HCV-infected patients
with chronic hepatitis, treatment with interferon (IFN) can
result in viral clearance and biochemical and histological
improvements [2]. The response to the therapy varies
according to HCV genotype and pretreatment HCV RNA
level [3, 4].

The currently recommended treatment for patients
infected genotype 2a HCV with high viral load is pegy-
lated-interferon (PEG-IFN) plus ribavirin (RBV) for
24 weeks [1]. Approximately 80% of patients infected with
genotype 2a HCV can achieve a sustained virological
response (SVR) with this regimen [5, 6], although much
lower percentages of patients infected with other genotypes
can achieve SVR, especially with genotype 1 [1]. Because
of its high response rate, shorter treatment duration was
suggested by some studies, although an agreement has not
been reached yet [7, 8]. On the other hand, about 20% of
patients infected with this genotype cannot achieve SVR
and it remains elusive which patients show poor responses.

Previous studies have reported that amino acid varia-
tions in the NS5A-interferon sensitivity determinant region
(ISDR) [9], NS5A-interferon ribavirin resistance determi-
nant region (IRRDR) [10], NS5B [11], and PKR-eIF2
phosphorylation homology domain (PePHD) of E2 [12],
and core [13, 14] correlate with clinical outcome of IFN-
based therapy, including PEG-IFN/RBYV therapy in patients
infected with genotype 1b HCV. Recent full HCV open
reading frame (ORF) analysis for genotype 1 also has
reported that core, NS3, and NS5A were associated with
early viral response and the outcome in PEG-IFN/RBV
therapy [15, 16]. However, in genotype 2a infection, only a
few studies have investigated the association between HCV
sequence variation and treatment response [17-19], and the
role of viral factors has not been established yet, especially
in the era of PEG-IFN/RBV therapy. Moreover, these
previous studies investigated only several isolated HCV
genomic regions, and comprehensive analysis of the full
HCV OREF has not been undertaken so far.

In the present study, to assess comprehensively the
influence of viral variations on response to the PEG-IFN/
RBYV therapy in genotype 2a HCV infection, we deter-
mined the complete pretreatment HCV ORFs from Japa-
nese patients and investigated viral amino acid variation
and their correlation with the response to the combination
therapy of PEG-IFN plus RBV.

Patients and methods
Study population

A total of 103 adult Japanese patients infected with geno-
type 2a HCV, who received the combination therapy with

@ Springer

PEG-IEFN (PEGINTRON®, Schering-Plough, Tokyo,
Japan) plus RBV (REBETOL®, Schering-Plough) between
2005 and 2008 at the University of Yamanashi, Tokyo
Medical and Dental University, and related institutions
were first included in the study. They all fulfilled the fol-
lowing criteria: (1) negative for hepatitis B surface antigen;
(2) high viral load (>100 KIU/ml); (3) absence of hepa-
tocellular carcinoma; (4) no other form of hepatitis, such as
primary biliary cirrhosis, autoimmune liver disease, or
alcoholic liver disease; and (5) free of co-infection with
human immunodeficiency virus. Informed consent was
obtained from each patient. The study was approved by
the ethics committees of all the participating universities
and hospitals. The therapy was performed according to the
standard treatment protocol of PEG-IFN/RBYV therapy for
Japanese patients established by a hepatitis study group of
the Ministry of Health, Labour, and Welfare, Japan (PEG-
IFNe-2b 1.5 ug/kg body weight, once weekly subcutane-
ously, and RBV 600-800 mg daily per os for 24 weeks).
To clearly disclose the non-SVR viral characteristics, we
have considered those patients who achieved total drug
administration of 60% or more for both PEG-IFN and
RBV, with the completion of the standard treatment
duration. Moreover, although we excluded the patients
with extended therapy to make the studied population
uniform, we have included non-SVR patients with exten-
ded therapy to clarify the specific characteristics of non-
SVR patients, a minor population group. As a result, 25
patients were excluded for the following reasons: 4 patients
received insufficient dose, 8 patients were discontinued
from the therapy within 12 weeks, and 13 SVR patients
received extended therapy. Finally, 78 patients were con-
sidered as eligible for the study. During the combination
therapy, blood samples were obtained at least once
every month before, during, and after treatment and were
analyzed for blood count, ALT, and HCV RNA levels.
Liver biopsy specimens were obtained from most of the
patients.

The 78 patients belonging to the different institutions
were separately analyzed: 43 patients registered in Y-PERS
(Yamanashi Pegintron Ribavirin Study Group) were
included in group 1 (test group), and the 35 patients from
Tokyo Medical and Dental University and related institu-
tions (Ochanomizu Liver Conference Group) were inclu-
ded in group 2 (validation group). We divided the patients
into these two groups to exclude false positives (type I
errors) which might arise in successive HCV-ORF study.
Since genotype-2a HCV contains as many as 3,033 amino
acids, it was possible that incorrect amino acids can be
judged as significant in full HCV-ORF comparison study as
a result of type I errors. Therefore, to guard against false
positives, HCV-ORF comparison study was undertaken in
group 1, group 2, and combined group.
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Complete HCV-ORF sequence determination by direct
sequencing from pretreatment sera

HCV RNA was extracted from pretreatment serum samples
by the AGPC method using Isogen (Wako, Osaka, Japan)
according to the manufacturer’s protocol. Complementary
deoxyribonucleic acid (DNA) was synthesized with
Superscript II (Invitrogen, Tokyo, Japan) using random
primers (Invitrogen) and then amplified by two-step nested
PCR using the primers newly designed for this study. All
samples were initially denatured at 95°C for 7 min, fol-
lowed by 40 cycles with denaturation at 95°C for 15 s,
annealing at 55°C for 15 s, and extension at 72°C for 45 s
with BD Advantage™ 2 PCR Enzyme System (BD Bio-
sciences Clontech, CA, USA).

PCR amplicons were sequenced directly by Big Dye
Terminator Version 3.1 (ABI, Tokyo, Japan) with universal
M13 forward/M13 reverse primers using an ABI prism
3130 sequencer (ABI). Generated sequence files were
assembled using Vector NTI software (Invitrogen) and
base-calling errors were corrected following inspection of
the chromatogram.

Sliding window analysis

A sliding window analysis was introduced to search
through HCV amino acid “regions”, rather than single
amino acid positions, related to the final outcome of PEG-
IFN/RBV therapy. Briefly, the total number of amino acid
substitutions compared to the consensus sequence within a
given amino acid length was counted in each amino acid
position in each HCV sequence. Then the relation of sub-
stitation numbers and the final outcome was compared
statistically between the SVR and non-SVR groups by
Mann—Whitney’s U test for each amino acid position. In
this study, we changed the window length from 1 to 50 to
search for those HCV regions. To visualize the result,
significantly lower p values were colored in red and non-
significant p values were colored in green to generate a
“heat map” appearance using Microsoft Excel software. In
the present study, p value of 1/1,000 or lower was colored
in the maximum red.

Statistical analysis

Statistical differences in the parameters, including all
available patients’ demographic, biochemical, hematolog-
ical, and virological data, such as sequence variation fac-
tors, were determined between the various groups by
Student ¢ test or Mann—-Whitney’s U test for numerical
variables and Fisher’s exact probability test for categorical
variables. To evaluate the optimal threshold of variations
for SVR prediction, the receiver operating characteristic

curve was constructed. Variables that achieved statistical
significance (p < 0.05) in univariate analysis were entered
into multiple logistic regression analysis to identify sig-
nificant independent factors. We also calculated the odds
ratios and 95% confidence intervals. All p values <0.05 by
the two-tailed test were considered significant.

Results
Characteristics of the patients studied

Of the patients analyzed, the SVR rate was 78.3% (58/74)
with the standard therapy (four non-SVR patients received
an extended therapy). The baseline characteristics of the
patients (group 1, group2, and combined) classified
according to SVR achievement are shown in Table 1.
Fibrosis score (p = 0.047) and HCV RNA levels
(p = 0.002) were significantly higher in non-SVR patients,
but the cumulative RBV dose >80% (p = 0.003) and rapid
virological response (RVR) rate (p = 0.011) were signifi-
cantly higher in SVR patients. In addition, patients with
non-SVR had a tendency to be older (p = 0.058).
Achievement of RVR reached 61.5% when all patients
were included, and this rate was extremely high compared
to achievement of RVR in patients with genotype 1b
infection (~10%) observed in Yamanashi University
Hospital (data not shown). The early virological response
(EVR) rate was equally high in the SVR (100%) and non-
SVR (89%) groups, showing that relapse to be the char-
acteristic feature of the non-SVR patients with genotype 2a
HCV. Actually, 18 patients in non-SVR were relapsers,
while two patients were null responders.

Comparison of amino acid variations between the SVR
and non-SVR in the complete HCV polyprotein
and each HCV protein

To determine whether the sequence variations differed
between the SVR and non-SVR groups, we first compared
amino acid variations that were unique, relative to a pop-
ulation consensus, to either the SVR or non-SVR patients
for the complete HCV polyprotein and each HCV protein.
The number of amino acid variations in the sequences from
the SVR patients was significantly higher than in those
from the non-SVR patients, when the entire HCV poly-
protein was analyzed (Fig. 1, left). These differences were
especially significant in E1 and NS3 (Fig. 1, right). This
result demonstrated that HCV sequences from patients with
SVR comprised a heterogeneous population, while HCV
sequences from patients with non-SVR comprised a rather
homogeneous population, indicating the existence of
unique non-responsive HCV sequences.
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Table 1 Baseline characteristics of all patients (groups 1 and 2)

Characteristic SVR (n = 58) Non-SVR (n = 20) P value®
Group 1 Group 2 Combined Group 1 Group 2 Combined
(n = 36) (n =22) (n=58) n="7 (n=13) (n = 20)
Gender (male/female) 20/16 9/13 29/29 4/3 5/8 9711 0.80"
Age (years) 50.0 + 12.5% 573+ 100 524 +£121 55097 59.8 + 6.4 58.1+78 0.058*
ALT (IU/) 86.6 + 86.6 712+ 504 805+ 742 529 + 293 88.1 £90.1 758+ 755 0.81%
Platelet (x 10%mm?) 20.8 + 6.2 19.0+52 201+58 147 £ 7.1 19.1 = 4.9 17.6 £ 6.0 0.11%
Fibrosis score (0-2/>3)% 34/1 1972 53/3 473 11/2 15/5 0.049"
HCV RNA (KIU/ml) 760 340 550 1,300 1,400 1,300 0.002"
(2-3,100)%*  (54-3,600)  (12-3,600)  (350-30,000)  (180-5,000)  (180-30,000)
IEN dose (>80%/60-80%)"  28/4 21/1 49/5 4/3 11/2 15/5 0.12%
Ribavirin dose 27/5 17/5 44/10 473 5/8 9/11 0.003"
(>80%/60-80%)"
RVR rate (%) 87.5 54.5 74.1 33.3 46.1 42.1 0.0221
EVR rate (%) 100 100 100 66.7 100 89.4 0.07°

* Mean + SD; ** median (range); T Fisher’s exact probability test; t Student ¢ test; " Mann-Whitney’s U test; o p values between all SVR
(n = 58) versus all non-SVR (n = 20) )

Several clinical characteristics listed above were unavailable in some patients. § SVR: n = 56 (35 in group 1, 21 in group2), non-SVR:
n =17 (7 in group 1, 10 in group 2); TSVR: n = 54 (32 in group 1, 22 in group 2)

Fig. 1 Number of amino acid p=0.003
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Comparison of HCV sequence variation
between the SVR and non-SVR patients
at each amino acid position

Next, each amino acid position in the HCV ORF was
compared to detect any differences between the SVR and
non-SVR patients after determination of the consensus
sequence from all 78 patients. In Fig. 2a, the final differ-
ences of the two independent studies combined are shown
as dots demonstrating —log P values. As shown in the
figure, amino acid usage at amino acid 110 in the core
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region differed strikingly between the two groups
(p = SE—05). The site was detected in group 1 (p = 0.01)
and was validated in group 2 (p = 0.004) (Table 2), and
the final p value became remarkably high, making the
p value at this site most significantly low. Variations of aa
773 in p7, aa 2099 in the NS5A, and aa 3013 in NS5B were
also shown to differ significantly between the SVR and the
non-SVR patients when the two studies were combined;
however, they were not confirmed by one of the studies
(Table 2). Figure 2b shows the aligned sequences of amino
acids 1-120 of the core region. Substitutions at aa 110 from
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Fig. 2 a Different amino acid usages at each viral amino acid
position between the sustained viral responders (SVR) and the non-
sustained viral responders (non-SVR) patients. Amino acid variation
was determined between SVR and non-SVR patients by Fisher’s
exact probability test. The longitudinal axis shows the ~log P value.
b Sequence alignment in the core region. Dashes indicate amino acids
identical to the consensus sequence and substituted amino acids are
shown by standard single letter codes. ¢ Sliding window analysis.

Rt
L

Viral regions affecting treatment outcomes are shown in dark spots.
There are four hot spots: at core amino acid 110, amino acids
400-403 (i.e., the hypervariable region) in Envelope 2 (E2) region,
amino acids 724-743 in E2, and amino acids 2258-2306 in the
nonstructural (NS) 5A. d Sequence alignment amino acids in the
nonstructural (NS) S5A around amino acids 2258-2306. Dashes
indicate amino acids identical to the consensus sequence and
substituted amino acids are shown by standard single letter codes
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Fig. 2 continued

non-T (N/S) to T were significantly more frequent in SVR  to the viral response in genotype 2a infection, did not differ
(32/58, 55.2%) than in non-SVR (1/20, 3.6%, p = SE—05).  significantly in our study. Amino acid 70 and 91, which
Amino acid 4, the site reported recently to vary according  have been reported to vary according to viral response to
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Table 2 Variations in each amino acid position and SVR rate

Position Group 1 (n = 43) p value Group 2 (n = 35) p value Combined (n = 78) p value
Core aa 110
T 100% (19/19) 0.01 92.9% (13/14) 0.004 97% (32/33) SE—05
Non T 70.8% (17/24) 42.9% (9/21) 57.8% (26/45)
p7 aa 773
A\ 77.4% (24/31) 0.16 53.6% (15/28) 0.03 66.1% (39/59) 0.002
Non V 100% (12/12) 100% (7/7) 100% (19/19)
NSS5A aa 2099
R 92.9% (13/14) 0.40 91.7% (11/12) 0.01 92.3% (24/26) 0.01
Non R 79.3% (23/29) 47.8% (11/23) 65.4% (34/52)
NS5B aa 3013
L 78.9% (26/33) 0.17 47.8% (11/23) 0.01 66.1% (37/56) 0.008
Non L 100% (10/10) 91.7% (11/12) 95.5% (21/22)
Table 3 Number of amino acid substitutions in each region and SVR rate
Region Group | (n = 43) p value Group 2 (n = 35) p value Combined (n = 78) p value
E2 aa 400-403
Mutation > 2 89.3% (25/28) 0.22 100% (11/11) 0.002 92.3% (36/39) 0.0005
Mutation 0-1 73.3% (11/15) 45.8% (11/24) 56.4% (22/39)
E2 aa 724-743
Mutation > 1 100% (28/28) 0.0002 72% (18/25) 0.12 86.8% (46/53) 0.0006
No mutation 53.3% (8/15) 40% (4/10) 48% (12/25)
ISDR(aa 2213-2248)
Mutation > 2 100% (15/15) 0.08 86.7% (13/15) 0.02 93.3% (28/30) 0.003
Mutation 0-1 75% (21/28) 45% (9/20) 62.5% (30/48)
NS5A aa 2258-2306
Mutation > 5 100% (19/19) 0.01 84.2% (16/19) 0.006 92.1% (35/38) 0.0006

Mutation 04 70.8% (17/24)

37.5% (6/16)

57.5% (23/40)

PEG-IFN/RBV therapy in genotype 1b infection, were
conserved irrespective of the outcome.

Comparison of amino acid variation between the SVR
and non-SVR patients across HCV “regions” using
sliding window analysis

Figure 2c shows the combined result of sliding window
analysis for study groups 1 and 2. This approach was used
to detect differing HCV amino acid “regions”, rather than
single amino acid positions, between the SVR and the non-
SVR patients. According to the result, four regions were
notably associated with the final outcome (p values less
than 1/1,000). Core aa 110, detected as a single amino acid
position discriminating between the SVR and the non-SVR
patients, was also identified as one of these regions.
Because core aa 110 was already known for its strong

correlation with the response as above, the region was
excluded from further analysis. Among the other three
regions, only NS5A aa 2258-2306 showed significant
differences in the two independent study groups (Table 3).
Interestingly, the NSSA region overlapped the PKR-bind-
ing domain, which includes the IFN sensitivity determining
region (ISDR). Figure 2d shows the aligned sequences of
amino acids around 2258-2306 of HCV NSSA. As with
previous studies, variations in the ISDR were also signifi-
cantly more frequent in SVR patients.

Multivariate analysis to detect independent factors
contributing to the SVR

Multivariate analysis revealed that variation of core aa

110, the total number of substitutions within NS5A aa
2258-2306, and total RBV dose >80% were finally
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Table 4 Multivariate logistic regression analysis

Factor Odds (95% CI)  p value
Age 1.01 (0.91-1.13) 0.85
HCV RNA 1.00 (1.00-1.00) 0.09

2.37 (0.21-26.7) 0.48
3.46 (0.54-22.1) 0.19
16.0 (1.66-153)  0.02
24.7 (1.72-353)  0.02
11.5 (1.23-108) 0.03

Fibrosis score 23/0-2

RVR achievement

Ribavirin dose >80%

Core aa 110 T

NS5A aa 2258-2306 mutations 0-4/25

100000 ~

’@ RS=-0.432
% pvalue = 9805

16000 « ;

.
g 2088
< 8289 o
E oo ;g @33@1 R ¢
o ®
1 1 £ ¥ 1 k]
i) 8 10 15 2 25

Number of mutations
In NS5A aa 2258 - 2306

Fig. 3 Correlation between pretreatment HCV RNA levels and the
number of substitutions in the NS5A region aa 2258-2306. Spear-
man’s correlation coefficient by rank test is demonstrated

identified as the independent variables influencing the final
outcome (odds ratio 24.7, 11.5, and 16.0; p = 0.02, 0.03
and 0.02; Table 4).

Biological relevance of variation in core and NS5A
in this study group

To determine biological relevance of core aal10 and NS5A
2a2258-2306, we investigated their relationship with
clinical background factors. Multiple variations in the
NS5A region aa 2258-2306 were significantly related to
pretreatment HCV RNA titer (p = 9E—05, Fig. 3;
Table 5). Interestingly, variation of the core aall0 was
significantly associated with the patients’ age (p = 0.03,
Table 6).

Discussion
In this study, based on analysis of complete HCV-ORF

sequences and comparison of SVR and non-SVR patients
in two independent study groups, we have shown that
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amino acid variations in the core and NS5A correlate most
significantly with the final outcome in the treatment for
genotype 2a chronic hepatitis C. The study is unique in that
the patients studied were all Japanese, excluding any effect
of racial differences and providing a clearer analysis of the
viral differences.

From the analysis of the characteristics of patients
infected with genotype 2a HCV, it was clear that most non-
SVR patients responded to the PEG-IFN/RBV therapy at
least transiently, given that most of these non-SVR patients
(89%) achieved EVR. This result demonstrated that most
non-SVR patients were relapsers, but were not null-
responders as observed frequently among genotype 1b
patients treated with PEG-IFN/RBV therapy. Therefore, we
compared the different viral responses according to the
final outcome of SVR or non-SVR.

Variation of core aa 110 was identified as the single
amino acid residue most significantly related to the final
outcome (p = SE—05). In recent studies of treatment of
genotype 1b infection with PEG-IFN/RBV, amino acid
variation in the core region was reported to be associated
with response. It is interesting that the core region was also
identified as a HCV gene associated with the response to
PEG-IFN/RBYV therapy of genotype 2a infection, although
the amino acid residues of core in genotype 1b were dif-
ferent, being aa 70 and aa 91. It is also interesting that
amino acids aa 70 and aa 91 are conserved as arginine and
leucine, respectively, in genotype 2a, as reported to be
associated with favorable PEG-IFN/RBV responses in
genotype 1b infection, consistent with the association with
a high SVR rate in genotype 2a infection. Very recently, a
correlation was reported between amino acid variations in
the core region and viral responses of genotype 2a HCV
infection [20]. Though the result seems discrepant from our
study, we suspect the inconsistent results were at least
partially attributable to the different groups used in com-
parison: we compared the difference between non-SVR
patients and SVR patients while they compared the dif-
ference between non-SVR and RVR patients.

In systemic searching for the viral “regions” associated
with the treatment outcome, NS5A aa2258-2306 was
identified by two independent studies. Interestingly, the
region overlaps the PKR-binding domain (PKR-BD),
including the ISDR, in which the number of amino acid
substitutions is known to be related to the response to IFN-
based therapy in genotype 1b, and also in genotype 2a [17,
18]. Therefore, we also confirmed that total number of
substitutions in the ISDR and PKR-BD is significantly
associated with the final outcome in this group of patients
when the two studies were combined.

Some viral regions other than core and NS5A also
showed the potential association with the final outcome.
Viral single amino acid substitutions of aa 773 in p7, aa

- 762 -



Hepatol Int (2011) 5:789-799

797

Table 5 Baseline
characteristics of patients with
NS5A aa 2258-2306 mutations
0—4 or 25 (groups 1 and 2)

* Mean = SD; ' Fisher’s exact
probability test; ¥ Student ¢ test;
$ mutation 04 n = 38,
mutation 25: n = 35; **
median (range); " Mann-
Whitney’s U test; T mutation
0-4: n = 39, mutation 25:

n =35

Table 6 Baseline
characteristics of patients
with core 110 T or N/S
(groups 1 and 2)

* Mean =+ SD; T Fisher’s exact
probability test; ¥ Student ¢ test;
¥ core 110 T: n = 31, core 110
N/S: n = 42; ** median
(range), " Mann—Whitney’s

Characteristic Mutation 04 Mutation 2 5 p value
(n = 40) (n = 38)
Gender (male/female) 22/18 16/22 Ns'
Age (years) 543 + 11.4* 53.5 £ 11.5 NSt
ALT (IU/N) 73.8 & 70.3 85.3 + 78.7 Ns#
Platelet (x10%/mm®) 180+ 5.9 21.0 £57 0.03%
Fibrosis score (0-2/>3)% 33/5 33/2 NsT
HCV RNA (KIU/ml) 1,100 (99-30,000)%* 380 (12-5,000) 0.02"
IFN dose (>80%/60-80%)" 31/8 33/2 Ns'
Ribavirin dose (>80%/60-80%)" 25/14 28/7 Nsf
RVR rate (%) 65.8 62.9 Ns'
EVR rate (%) 94.7 100 Ns'
Relapse rate (%) 35.9 7.9 0.0027
SVR rate (%) 57.5 92.1 0.0006"
Characteristic Core 110 T Core 110 N/S p value
(n = 33) (n = 45)
Gender (male/female) 18/15 20/25 Nst
Age (years) 50.4 £ 13.0* 564 + 9.5 0.032%
ALT (1UN) 64.5 & 48.2 88.8 + 86.2 Ns*
Platelet (x10*/mm®) 193 £ 49 19.5+ 6.6 Ns#
Fibrosis score (0-2/>3)* 30/1 36/6 NSt
HCV RNA (KIU/m]) 580 (54-3,600)%* 980 (12-30,000) Ns"
IEN dose (>80%/60-80%)" 26/3 38/7 NSt
Ribavirin dose (=80%/60-80%)" 23/6 30/15 NSt
RVR rate (%) 72.4 59.1 NSt
EVR rate (%) 100 95.5 NSt
Relapse rate (%) 3.0 38.6 9E—-05"
SVR rate (%) 97.0 57.8 5E—05"

U test; T core 110 T: n = 29

2099 in the NS5A, and aa 3013 in NS5B, or viral regions in
E1 aa 400403 and in E2 aa 724-744 were more frequent
in SVR. However, because these were not extracted as
significant in one of the two studies when analyzed sepa-
rately, additional studies are needed to confirm the asso-
ciation with the final outcome. On the other hand, we could
not find an association with the final outcome and the
PePHD or IRRDR, including the V3 regions (data not
shown) reported 1b HCV infection [21, 22].

It is interesting that the variation of the core region
showed clear association with age. Younger patients with
core aa 110T showed favorable responses, while older
patients with core aa 110 non-T showed unfavorable
responses. It is possible that different response rates
according to the patients’ ages in genotype 2a infection
might have been related to the core substitutions, although
further study is needed. In NS5A, it was reported that the
variations within the PKR-binding region, including those

within the ISDR, can disrupt the NS5A-PKR interaction,
possibly rendering HCV sensitive to the antiviral effects of
IFN [23]. Clinically, the number of substitutions within the
region has been reported to correlate with the serum HCV
RNA level [12]. We also confirmed that the number of
substitutions within the NS5A aa 2258-2306 was signifi-
cantly associated with the pretreatment HCV RNA titers.
Multivariate analysis of the combined group of patients
showed that variation of core aa 110, NS5A aa 2258-2306,
and total RBV dose >80% were independent variables
associated with the final outcome (Table 4). The associa-
tion of RBV dose and HCV relapse rate was reported
previously [24] and that result was confirmed in this study.
On the other hand, the total PEG-IFN dosage was not
identified when it was administered at greater than 60% of
the initially scheduled amount. Indeed, when the drug
dosage was excluded, the strongest association was seen
in the viral elements of core and NS5A, revealing the
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importance of these two regions in the treatment of geno-
type 2a HCV infection with PEG-IFN/RBV therapy.

On the other hand, our study still has some limitations.
In recent studies, IL.28B single nucleotide polymorphisms
were reported to be correlated significantly with the treat-
ment response in genotype 1b HCV infections [25, 26]. In
genotype 2a HCV infection, a correlation was also reported
to exist between the IL28B SNP and the treatment response
[27]. However, we could not investigate the association of
the IL28B single nucleotide polymorphisms in the treat-
ment response in genotype 2a HCV infections. In addition,
the number of analyzed patients was rather small, espe-
cially in non-SVR patients.

In conclusion, by comprehensive investigation of the
complete HCV ORF in patients showing different respon-
ses to PEG-IFN/RBV therapy, we have demonstrated that
amino acid variation in the core and NS5A are significantly
associated with the final outcome of treatment of genotype
2a chronic hepatitis C. Considering this result, determina-
tion of those HCV regions before treatment might provide
further benefits for the patients infected with genotype 2a
HCV.
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Hepatitis C virus (HCV) is an etiologic agent of chronic liver disease, and approximately 170 million peo-
ple worldwide are infected with the virus. HCV NS3-4A serine protease is essential for the replication of
this virus, and thus has been investigated as an attractive target for anti-HCV drugs. In this study, we
developed our new induced-fit docking program (cenius), and applied it to the discovery of a new class
of NS3-4A protease inhibitors (1Cso = 1-10 pM including high selectivity index). The new inhibitors thus
identified were modified, based on the docking models, and revealed preliminary structure-activity rela-
tionships. Moreover, the cenius in silico screening performance was validated by using an enrichment fac-
tor. We believe our designed scaffold could contribute to the improvement of HCV chemotherapy.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) is an etiologic agent of chronic liver
disease,'? and approximately 170 million people worldwide are
infected with the virus.? Chronic hepatitis C can lead to severe liver
diseases, including fibrosis, cirrhosis, and hepatocellular carci-
noma.* The current standard therapy for chronic hepatitis C con-
sists of pegylated interferon in combination with ribavirin.’®
Unfortunately, this therapy results in sustained antiviral activity
in only about 50-60% of the patients, and is associated with serious
side effects. Thus, the development of alternative and more effec-
tive anti-HCV agents has been eagerly anticipated.

HCV NS3-4A serine protease is essential for the replication of
this virus, and has been investigated as an attractive target for
anti-HCV drugs. Several three-dimensional structures of HCV
NS3-4A protease have been deposited in the Protein Data Bank
(PDB).® Therefore, Structure Based Drug Design (SBDD) is a
promising approach for the discovery of new NS3-4A protease

* Corresponding author.
E-mail address: yokoyama@biochem.s.u-tokyo.ac.jp (S. Yokoyama).

0968-0896/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2011.09.023

inhibitors. The NS3-4A protease has the catalytic triad with the an-
ion hole, commonly found among serine protease family members.
The NS3-4A protease consists of two domains: a protease domain
of 180 residues and a helicase domain of 420 residues.” The prote-
ase domain contains the protease activity, and thus it is appropri-
ate to use only this domain as the receptor coordinates for SBDD.®
On the other hand, docking calculations to a complex with a
helicase domain have also been performed.® Different receptor
structures were used in the docking calculations, because no
experimentally determined full-length NS3-4A protease structures
complexed with small molecule inhibitors were available, as of
2011.

In recent years, many peptide or peptide-mimic inhibitors that
inhibit HCV NS3-4A protease have been developed, including SCH-
503034, VX-950," BILN-2061,'> TMC-435,"® ITMN-191'* and
MK-7009,'® as specifically targeted anti-viral agents for HCV
(STAT-C).'® These compounds, which competitively inhibit the
protease activity, were roughly classified into two types: the mimic
type inhibitors (SCH-503034, VX-~950), which have a peptide bond,
and the macrocyclic compounds (BILN-2061, TMC-435350,
ITMN-191, MK-7009), which have a macrocyclic ring. Recently,
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ACH-806'7 was reported as an HCV NS3-4A non-peptide inhibitor,
and it works in harmony with the NS3-4A protease inhibitor or the
NS5B polymerase. Clinical trials (Phase III) of SCH503034 and VX-
950 have been performed.'® However, cardiotoxicity in monkeys
was reported for BILN-2061, one of the macrocyclic compounds,
and thus its clinical development has been interrupted.'® More-
over, macrocyclic compounds also have a problematic ADME pro-
file, mainly due to their large molecular weights, and the
synthetic optimization of the inhibitors is difficult. In addition, var-
ious mutations, especially A156T in the active site,?° confer resis-
tance to these protease inhibitors, such as SCH503034, BILN-
2061 and VX-950?! Since drug-resistant viruses have readily ap-
peared in monotherapy, a multiple drug regimen has been widely
applied for anti-HCV therapy. Therefore, good ADME properties are
important for the next generation of HCV NS3-4A inhibitors.'®
Generally, since peptide inhibitors lack chemical stability in rela-
tion to racemization, peptide compounds are not being pursued
in the development of more effective anti-HCV drugs. Thus, a
new class of non-peptide inhibitors is still expected, and an inhib-
itor of this protease, designed by SBDD, would be valuable for anti-
HCV chemotherapy. For example, in recent years, Ismail and Hat-
tori designed a new inhibitor with an indole skelton by a molecular
modeling approach,?? based on the structure complexed with an
inhibitor bearing an indole skeleton (PDB code: 1W3C) reported
by Ontoria et al.23

From a three-dimensional point of view, many HCV NS3-4A
protease structures have been reported. In the PDB, 53 BLAST hits
(E-value <10.0) on a query sequence obtained from the NS3-4A
protease (PDB code 1DXW.A24) were found, as of January 2011. Al-
most all of the structures were determined by X-ray analyses. For
example, Cummings et al. determined the complex structure of
TMC-435 with the protease, and reported that the protease inhib-
itor interacts with the protease domain by forming non-covalent
bonds (PDB code 3KEE)> Moreover, Hangel et al. reported the
structure complexed with an inhibitor that interacts with the non-
catalytic cysteine of the protease.’® However, the structures of
some HCV NS3-4A proteases have also been determined by NMR
analyses. Among the BLAST hits, 3 structures determined by NMR
were found. Barbato et al. reported two structures (PDB codes
1BT7,%7 1DXW), and recently, Gallo et al. reported that of the
NS3 protease, in the absence of the NS-4A co-factor, complexed
with a non-covalent inhibitor (PDB code 2K1Q?%%).

Many programs are available to predict the binding modes of
small molecules. Docking programs, such as autopock,?® pock®°
and cowp,*! dock a ligand by changing their conformations to a fixed
coordinate receptor and evaluating the fit by various experiential
energy functions (i.e., Flexible Ligand Docking). These docking pro-
grams are useful for relatively non-flexible proteins; however, the
conformations of many proteins are changed by different ligand
molecules (induced fit). In such cases, conventional flexible ligand
docking is not suitable for the prediction of the binding mode. To
solve this induced fit problem, there are many docking programs
and protocols in which the dock changes not only the conforma-
tions of the ligand but also the coordinates of the receptor, to con-
sider the flexibility of the receptor (Flexible Receptor Docking or
Induced-Fit Docking). )

The induced-fitligand docking methods are mainly classified into
two groups,*2 soft-docking and ensemble docking. In soft-docking,
the flexibility of a receptor is considered by changing the repulsion
term of the protein ligand interaction in scoring functions, such as
the Lennard-Jones potential term. In ensemble docking, one ligand
is docked to multiple receptor conformation groups. For example,
the soft-docking program Glide? enables scaling of the VDW radii,
to relax the repulsion of the protein-ligand atoms. As an ensemble
docking method, RosettaLigand considers the induced fit of the side
chain, using a Backbone-dependent Rotamer Library.3*3> Moreover,

to release the volume occupied by the side chain, Glide performs an
alanine substitution of the side chain in contact with the docking li-
gand. The open space is used for the binding pocket in the first dock-
ing, for predicting tentative binding modes. After the ligand is
docked, the removed side chain is reconstructed by homology mod-
eling using Prime, and the ligands are re-docked into the constructed
protein models. These induced fit docking programs make it possible
to predict interactions in difficult predictions, by only using the
coordinates of one fixed receptor structure.

In this study, we developed our new induced-fit docking pro-
gram (cenws), and applied it to the discovery of a new class of
HCV NS3-4A protease inhibitors. In our program, the induced fit
of protein side chains was considered by incorporating the dy-
namic information in solution. Among the available experimental
coordinates of the NS3-4A protease, the NMR structure (PDB code
1DXW) was chosen as the receptor ensemble for docking. The col-
lision tolerance was set for each atom of the receptor, based on the
degree of preservation of the side chain torsion angle in the ensem-
ble. Moreover, Essential Interaction Pairs (EIPs) were newly de-
fined to interact with not only the active site but also the
hydrophobic atoms on the planar beta sheet of the protease, as a
constraint for ligands. The cenws docking system enables induced
fit docking (Fig. 1), and combines ensemble docking to use the con-
formation cluster of the receptors, and soft-docking to set the coef-
ficient for every atom of the receptor and to relax the collisions
between protein and ligand atoms. The cenws docking system using
EIPs was employed for the in silico screening of the NS3-4A prote-
ase inhibitors, and the selected compounds were evaluated by HCV
NS3-4A enzymatic and cell-based assays. The new inhibitors thus
discovered were modified based on the docking models, and re-
vealed their preliminary structure-activity relationships.

2. Result and discussion

This study was performed by combining in silico and in vitro
screening techniques. For the in silico screening part, we developed

Inputted ligand

Generation of the initial ligand
conformation in the binding site.

Random selection of the
» receptor

_| Conformation ~ change
7| of the ligand

Ensemble of the 'l

receptor coordinates

3

A 4
Evaluation of ligand binding mode
by the GENIUS Score

l

8000™ step of
iteration?

l Yes
Predicted
protein-ligand complex

Figure 1. Flowchart of the cenws docking system.
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y

e . .
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/The cytotoxicity assay and the replicon\
assay were performed for the protease
inhibitors (in vitro). We obtained initial hit
compounds.

- /

A 4

N
K2D-Similarity search was performed for the
hit compounds using MDL ISIS Base.(in

silico)

The protease inhibition, cytotoxicity and
replicon assays were performed for the
similar compounds to the query.(in vitro)

'

NS3-4A protease inhibitors with a new
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/)

Figure 2. Flowchart of HCV NS3-4A in silico and in vitro.

a new method for induced fit docking, called the cenus docking sys-
tem (Fig. 1 and see details in the Section 4), and the system was
utilized for HCV NS3-4A protease in silico screening, based on
NMR structural ensembles. Subsequently, the EIP for HCV NS3-4A
protease inhibitors was set. For the in vitro assays, the protease
inhibition activity and efficacy in HCV infected cells (i.e., the repli-
con) were assessed for the compounds selected in the in silico
screen. Finally, preliminary syntheses to analyze the structure-
activity relationships for the effective compounds in the in-vitro
assays were performed (Fig. 2, see details in the Section 4).

2.1. Setting of ligand binding site and EIP for in silico screening

Since this research commenced before the structure complexed
with a non-covalent inhibitor was reported (PDB code 2K1Q),
1DXW.A was used for the docking receptor. In the cenws docking
system, the definition of a binding site was required, as in other
docking algorithms. The binding site for docking was defined at
16.0 A around every atom of the ligand (3-amino-5 and 5-di-flu-
oro-2-keto-pentan-1-oic acid) contained in the coordinates. The
ensemble of receptor coordinates was clustered, in order to ana-
lyze the induced fit of the receptor. The atoms conserved in the
average torsion angle range from —18 to 18 degrees in 99% of the
population were collected from the binding site, and were ignored
in the calculation of the collision term (Table S1 Supplementary
data). ‘

Next, the EIP used in this study was set up for the docking con-
ditions of cenius. The receptor conformation group revealed that the
active site residues displayed minimal fluctuations between the

(a): 20 NMR structures (PDB code: 1DXW)

# anion hole, anchor zone
KEYATM 0.3 100 2.58 NE2 HISA_57
KEYATM O.co2 1002.60 N GLYA_137

# hydrogen-bond interactions

KEYATM DONOR 100 3.40 O ARGA_I55
KEYATM ACPTR 1002.60 N ALAA_157

KEYATM DONOR 1002.60 O ALAA_157

# hydrophobic interactions on the beta-sheet
KEYATM C.3 1002.60 CB ALAA_166
KEYATM C.3 1003.80 CB VALA_158

(b) The indicated interaction points on the NS3-4A protease.

Figure 3. (a) The line representations are the ensemble of 20 NMR structures of the
NS3-4A protease domain. All hydrogen atoms were removed. The fraction residue
on the beta sheet, Arg 123, is shown as an orange stick representation. The catalytic
triad residues, His57, Asp81, and Ser139, are shown as a pink stick representation.
The hydrophobic residues on the beta sheet, Val158 and Ala166, are shown as a red
stick representation. The residue involved in the anion hole formation, Gly 137, is
shown as a blue stick representation. The residues involved in the hydrogen-bond
interaction, Arg155 and Ala157, are colored green on the beta sheet. Val158 and
Ala166 are shown as red stick representations. The inhibitor, 3-amino-5,5-di-
fluoro- 2-keto-pentan-1-oic acid, which forms a covalent bond with Ser139, is
shown as a yellow stick representation. (b) The line that begins with*KEYATM"
means one of the EIPs. The second column string, such as 0.3, 0.co2, means the
designated atom type that the docking ligand must have in the docking calculation.
The third column means the constraint value for the EIP term in the cenws scoring
function. The fourth column means the equivalent distance of pairwise atoms
between receptor and ligand. The 5-th and 6-th columns mean the atom type and
the amino acid involved in the protein-ligand interaction on the receptor,
respectively.

NMR structures. On the other hand, for Arg123 on the B sheet,
the fluctuation between each coordinate was large (Fig. 3a). The
hydrophobic residues (Val158, Ala166) on the B sheet are exposed,
as a result of the motion of Arg123. The EIP was then prepared, by
reference to the interactions generated as a result of the dynamics
(Fig. 3b).

The final EIP is described below. Since the HCV NS3-4A protease
is a serine protease, it contains the catalytic triad and the oxyanion
hole that cleave the peptide bond of the substrate, as in other ser-
ine proteases. In order to obtain the interaction with the oxyanion
hole, Gly137 was assigned to the EIP setting. Furthermore, we set
an EIP with a hydrophobic interaction between the atoms on the
B sheet (Val158, Ala166) and the atoms of the ligand (Fig. 3b). This
EIP was used for the docking conditions.
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2.2. Docking by cenws docking system

In silico screening by cenius, using the obtained EIP, was per-
formed for 166,206 compounds. Based on their cenwus docking
scores, 42,504 compounds were ranked, because compounds lack-
ing the atoms specified in the EIP could not be docked. The ranked
compounds were also verified by visual inspection from top to bot-
tom, because the EIP term is not always valid for all docking com-
pounds. Finally, 97 compounds were selected, based on their high
scores in the docking calculation, as meeting the criteria specified
in the obtained EIP and the visual inspection.

2.3. In vitro evaluation of the selected compounds

Among the 97 compounds, 27 compounds showed more than
50% protease inhibition activity at 100 pM. In addition, compounds
CP3-0032 (1) and CP3-0084 (2) (Fig. 4) exhibited HCV growth
inhibitory activity at 13 and 23 pM in the replicon assay, respec-
tively, and lacked toxicity (CCso(MTS) >125 pM). (Table 1) Com-
pounds 1 and 2 have a common skeleton, featuring an acyl
diazene (-N=N-) and a biarylester (Fig. 4). To clarify the struc-
ture-activity relationship of this chemical series, similar com-
pounds were selected from commercially available compounds.
In total, 140 compounds were selected as derivatives with the
common substructure and a similar skeleton by a 2D-similarity
search, and the protease inhibition assay was performed. Among
the similar compounds, eight compounds (3-10) exhibited prote-
ase inhibition activities ranging from 1.01 to 64.3 pM of the ICsp
values. The 1Csp, ECsp, CCsp and selectivity index values for these
compounds are summarized in Table 1. Among these compounds,

(0] >, N
(o] N O
Soane e
CP3-0032:1 @Hko o
? S

e
@AZ@ANE&O

cl CP3-0084;2

@\\N,N\“/\O
(o]

(¢]
o S

CP3-3284-125 (3) and CP3-3284-126 (4) exhibited strong inhibi-
tion of the protease activity at ICso=1.06 and 1.01 puM, respec-
tively. Moreover, in the replicon assay, their ECso values were
19.5 and 12.5 uM, respectively (Table 1). However, these com-
pounds showed relatively strong toxicity in the ATP assays. In con-
trast, CP3-3284-53 (10) exhibited moderate protease inhibition
activity (ICsg=8.59 uM), as compared with compounds 3 and 4;
however, in the cell-based assays, the ECsq was 12.0 uM with a
high selectivity index (>9.3).

2.4. Synthesis of compounds 10, 11, 12 and 13

Since the purity of compound 10 was unknown (we assumed
100% purity in the in vitro assay), compound 10 was synthesized
(Scheme 1 and see details in the Section 4). In addition, compounds
11, 12 and 13 were synthesized, and a preliminary synthetic mod-
ification was performed for compound 10, based on the predicted
binding mode. First, to enhance the hydrophobic interaction be-
tween these compounds and the receptor, a methyl (compound
11) or ethyl (compound 12) group was introduced to the central
benzene ring. Moreover, this compound contained multiple nitro
groups (Fig. 4). Next, the effect of introducing a nitro group to com-
pound 10 was examined (compound 13). However, the inhibition
activity was not significantly different (Table 1). Generally, since
a nitro group is disadvantageous from the viewpoint of solubility,
this functional group is removed or converted to an amino group,
which can form a hydrogen bond to the receptor atoms.

In summary, compound 1, compound 2 and the CP3-3284 series
(3-10) obtained in this research represent a new, unique class of
non-peptide HCV NS3-4A inhibitors, because no similar HCV

o | oy )
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o °
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2 CP3-3284-53-501;11
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CP3-3284-125;3

Syt

O

CP3-3284-131;5
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Figure 4. 2D Structures of the discovered protease inhibitors.
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Table 1
In-vitro assay data of the discovered protease inhibitors
ID; serial number Inhibition at 100 pM(%) 1Cso ECso CCs (MTS) CCso (ATP) NS ALogP®
CP3-0032;1 38 13 >125 >9.6 5.63
CP3-0084;2 429 23 >125 >5.4 6.58
CP3-3284-125;3 1.06 19.5 >125 40 2.1 6.25
CP3-3284-126;4 1.01 12.5 >125 19 1.5 6.74
CP3-3284-131,5 123 a3 >125 6.24
CP3-3284-132;6 4.08 121 >125 6.72
CP3-3284-142;7 64.3 8.5 >125 9 1.1 5.34
CP3-3284-65;8 8.07 >125 >125 8.72
CP3-3284-66;9 227 135 57 36 2.6 713
CP3-3284-53;10 8.59 12 >125 >80 >9.3 5.80
CP3-3284-53-501;11 171 6.29
CP3-3284-53-502;12 11.9 6.74
CP3-3284-53-503;13 8.34 6.29
2 The selectivity index (SI) is the ratio of the smaller CC50 value (either CC50(MTS) or CC50(ATP)) to the EC50 value.
b ALogP was calculated by PipeLinePilot 8.0.1(Accelrys Software Inc.).
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Scheme 1. Synthetic routes of Compounds 10-15.

NS3-4A inhibitors (Tanimoto coefficient >= 0.7) are currently regis-
tered in SciFinder.>®

2.5. Features of the hit compounds
The CP3-3284 series compounds have a skeleton with a diazene

in common. In addition to the diazene, compounds 3, 4, 5 and 6
have a benzothiophene ring, and their predicted binding modes

with the NS3-4A protease were almost the same, involving a
hydrophobic interaction between the skeleton and various resi-
dues, such as Val158 or Ala166. (Fig. 5a,b, those of compounds 3
& 6 are in Figs. S1 and S2).

The predicted binding mode of compound 10 involved interac-
tions with Val158 and Ala166, which are close to the side chain of
Arg123 (Fig. 5a). One of the reasons why the predicted binding
mode was not stable is that the side chain of Arg123 is also not
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stabilized, since it is influenced by the multiple side chain confor-
mations in the receptor ensembles (Fig. 5b). Moreover, most of the
side chain atoms of Arg123 were ignored in the collision term of
the cenius docking system (Table S1). Therefore, an undesirable an-
gle in the hydrogen bond between the N atom of Arg123 and the O
atom of NO, (Fig. 5a) would be observed in the flexible region of
the receptor. The diazene moiety of the identified inhibitors
formed a hydrogen bond with the oxygen atom of the main chain
of Ala157, and the carbonyl! group of the inhibitors also formed a
hydrogen bond with the nitrogen atom of the main chain of
Ala157 (Fig. 5a).

The ICsq values of compounds 3 and 4 were 4- to 12-fold lower
than those of compounds 5 and 6. In compounds 3 and 4, the dia-
zene and benzothiophene are ortho-substituted on the central ben-
zene ring, while they are para-substituted in compounds 5 and 6.
The ortho-substituted benzothiophene moiety is predicted to
interact more tightly with a hydrophobic surface.

In the replicon assay, the ECsq values of the four compounds (3-
6) were approximately 10-fold larger than their ICso values. In
terms of hydrophobicity, very high calculated logP values (6.24-
6.74) were observed for these compounds. Generally, hydrophobic
compounds demonstrate good cell permeability. However, strong
hydrophobicity also causes non-specific binding to the cell mem-
brane. Therefore, these compounds would be less potent in the
cell-based assay, as compared to the enzyme assay. In terms of cell
toxicity in the ATP assay, compounds 3, 4, 7, and 9 were more toxic
than compound 10. To clarify the preliminary structure-activity
relationship, the R1 or R2 part (Fig. 6) of compound 10 was modi-
fied, by introducing methyl, ethyl, and nitro groups (Fig. 4). The
inhibition activity of the derivatives was not significantly changed.
In compound 7, which has a naphthalene ring instead of the central
benzene ring, the inhibition activity was decreased to 64.3 uM, be-
cause the atomic collision increased due to the larger volume of the
sub-structure, extended by changing the substituent from benzene
to naphthalene. The nitrobenzene group was commonly found at
the T1 position of the active compounds (Fig. 6). The nitrobenzene
group is an electron-poor aromatic ring, and is suitable to tightly
bind to the electron-rich aromatic ring of His57. The nitro group
also formed a weak hydrogen bond with Arg123 (Fig. 5a). In a fu-
ture study, we will generate new compounds by introducing other
electron-deficient substituents to interact with His57 and more
powerful H-bonding acceptors to interact with Arg123, based on
these structure-activity relationships.

(a) One of the predicted binding modes of CP3-3284-53

Ty= *@NO *’J\O"O—NOZ *JO‘Q_NOZ
2

Figure 6. The common scaffold among CP3-3284 series. T1 means substructures in
the CP3-3284 series.

2.6. Consideration of the predicted binding modes of the hit
compounds

Since the CP3-3284 series compounds inhibited the protease
activity and the cell viability, these compounds were considered
to be promising as competitive inhibitors of the HCV NS3-4A pro-
tease. In a recent study, the interactions around the catalytic triad
have been regarded as being important in NS3-4A protease inhib-
itor design.’®'? Since the NS3-4A protease involves four connec-
tions of the HCV protein precursors, such as NS3-NS4A, NS4A-
NS4B, NS4B-NS5A and NS5A-NS5B,37 it is likely to identify pep-
tide-type inhibitors. Generally, docking software emphasizes
hydrophilic interactions, such as H-bonds, as compared with
hydrophobic interactions, such as the interaction on the planar B
sheet. To evaluate that kind of interaction and to identify the com-
pounds that interact with the planar B sheet more accurately, it is
necessary to determine the residues that interact with the ligand.>®
To overcome the problems with the conventional docking soft-
ware, we set the hydrophobic interactions with the planar p sheet
(Val158 and Ala166). Since the potent compounds 3 and 6 (ICsg
values 1.06 and 4.08 pM, respectively) were discovered to form
hydrophobic interactions between the 3-chlorobenzothiophene
ring and the B sheet (the predicted binding modes are included
in the Supplementary data), our pharmacophore constraints (that
is, the EIPs) were effective to detect a new class of non-peptide
inhibitors that interact with the planar B sheet.

(b) All of the predicted binding modes of CP3-3284-53

Figure 5. Predicted binding modes of CP3-3284-53(10); Ribbon representation: one of the conformations of the NS3-4A protease. Thick stickrepresentation: predicted
binding mode(s) of CP3-3284-53. Purple: the catalytic triad, red: hydrophobic residue on the 8 sheet.
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