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Abstract Hepatitis C virus (HCV) infection or HCV-
related liver diseases are now shown to cause more than
350,000 deaths every year. Adaptability of HCV genome to
vary its composition and the existence of multiple strains
makes it more difficult to combat the emergence of drug-
resistant HCV infections. Among the HCV polyprotein
which has both the structural and non-structural regions,
the non-structural protein NS5BRNA-dependent RNA poly-
merase (RdRP) mainly mediates the catalytic role of RNA
replication in conjunction with its viral protein machinery
as well as host chaperone proteins. Lack of such RNA-
dependent RNA polymerase enzyme in host had made it
an attractive and hotly pursued target for drug discovery
efforts. Recent drug discovery efforts targeting HCV RdRP
have seen success with FDA approval for sofosbuvir as
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a direct-acting antiviral against HCV infection. However,
variations in drug-binding sites induce drug resistance, and
therefore targeting allosteric sites could delay the emer-
gence of drug resistance. In this study, we focussed on
allosteric thumb site II of the non-structural protein NS5B
RNA-dependent RNA polymerase and developed a five-
feature pharmacophore hypothesis/model which estimated
the experimental activity with a strong correlation of 0.971
& 0.944 for training and test sets, respectively. Further, the
Güner-Henry score of 0.6 suggests that the model was able
to discern the active and inactive compounds and enrich
the true positives during a database search. In this study,
database search and molecular docking results supported by
experimental HCV viral replication inhibition assays sug-
gested ligands with best fitness to the pharmacophore model
dock to the key residues involved in thumbs site II, which
inhibited the HCV 1b viral replication in sub-micro-molar
range.

GraphicalAbstract HCVnonstructural proteinNS5BRNA-
dependent RNA polymerase (RdRP) mediates the catalytic
role of viral RNA replication. Lack of host RNA-dependent
RNA polymerase enzyme had made it an attractive and
hotly pursued target for drug discovery efforts. In this study,
we developed a five-feature pharmacophore (3D QSAR)
model for thumb site inhibitors of HCV RdRP, which esti-
mated the experimental activity with a strong correlation
of 0.971 & 0.944 for training and test sets, respectively.
Our database search and molecular docking results sug-
gested that the compounds 1 and 2 with best fitness to the
pharmacophore model were predicted to interact with key
residues involved in thumbs site II and could inhibit the
HCVRdRP activity. Further, the compounds 1 and 2 potently
inhibited HCV 1b viral replication in sub-micro-molar
range.
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Introduction

Hepatitis C virus (HCV) belongs to Flaviviridae family, and
its genome consists of 9.6-kb, single-stranded RNA with
positive polarity and encodes a large molecular mass pre-
cursor polyprotein. The precursor molecule upon proteolytic
processing yields three structural proteins (C, E1 and E2)
and seven non-structural proteins (p7, NS2, NS3, NS4A,
NS4B, NS5A and NS5B) [1,2]. Among these proteins,
non-structural protein 5B (NS5B) mediates HCV RNA-
dependent RNApolymerase (RdRp) and terminal transferase
activities and regulates HCV viral replication. Recent trends
have shown that HCV infections have afflicted more than
150 million people worldwide, which is approximately 3 %
of the world population [3]. Every year, Hepatitis C-related
liver diseases like liver cirrhosis and hepatocellular carci-
noma kills more than 350,000 people [4]. The conventional
HCV treatment during the past decade employed a combina-
tion of pegylated interferon and ribavirin which had imparted
only a 40–50 % sustained viral response (SVR) in HCV-
infected patients [5]. Though the introduction of direct-acting
antiviral(s) (DAA) in combination with interferon and rib-
avirin had increased the SVR of the patients, it required a
longer treatment regimen (48 weeks) and was often associ-
ated with concomitant adverse side effects on patients due to
use of interferon [6]. Current DAAdevelopmentwas targeted
on non-structural proteins such as NS3/4A serine protease,
NS5AandNS5BRNA-RdRpwhich are shown to be essential
for HCV replication [7]. More importantly, research efforts
targeting NS5B polymerase led to the identification of sofos-
buvir which has been recently approved by FDA for use in
a HCV treatment that was free from interferon [8]. Adapt-
ability of HCV virus to mutate key residues involved in drug
binding and the ability to vary its composition to diverse
HCV genetic strain populations as evidenced with the six
strains such as 1a, 1b, 2, 4, 3 and 6 present the possibility of
emergence of drug resistance. Therefore, continued efforts
are needed to develop DAA that can overcome mutations at

drug-binding sites and to obfuscate the emergence of drug
resistance due viral mutations on drug-binding sites [9].

X-ray crystallographic studies have revealed that NS5B
structure resembled a right hand and possessed a finger,
thumb and palm domains. These studies have shown that
there are at least four allosteric sites in NS5B polymerase for
inhibitor binding, namely palm site I, palm site II, nucleoside
or thumb site I and non-nucleoside or thumb site II besides the
RNA binding site (Supplementary Figure 1) [10–12]. NS5B
inhibitors are broadly classified as (i) nucleoside inhibitor
that competes with nucleotides at the active site and (ii) non-
nucleoside inhibitors that could bind either at the thumb site II
or palm site (Chart 1). Non-nucleoside inhibitors are docked
at the thumb site II that are involved in interaction with key
residues such as S476, Y477, L419, L482, L497 and W528
(Supplementary Figure 2) and allosterically inhibit the viral
RNA polymerase activity. NS5B has been shown to inter-
act with cyclophilin and share its cyclophilin-binding region
with that NS5A. It was indirectly inferred from NMR bind-
ing studies that NS5B thumb site region could be involved in
its interaction with NS5A, and ligand binding at thumb site
prevented the NS5B and NS5A interactions [13]. A recent
study exemplified that ligand binding at the thumb site II
induced the conformational changes, re-orient theC-terminal
tail, β-loop structural elements into the palm site of NS5B
polymerase. These conformational changes further stabilize
the closed state and allosterically inhibit the RNA binding
and NS5B polymerase activity [14]. In this study, using com-
bined approaches of pharmacophore modelling and virtual
screening methods, we present key features that are impor-
tant for inhibition of RNA polymerase activity. Further, our
database screening and evaluation of molecular interactions
at the thumb site II led us to the identification of novel chem-
ical entities that could bind to thumb site II of NS5B and
inhibit NS5B polymerase activity.

Materials and methods

Data collection for pharmacophore generation

Three hundred and ten HCV NS5B thumb site II inhibitors
were selected from the literature [5,15–44] with activity
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Chart 1 Nucleoside and non-nucleoside inhibitors that inhibit HCV RdRP

(IC50,µM) determined fromHCVgenotype 1bNS5BRdRP
inhibition assay [24]. Eighteen molecules [15,17,20,21,26,
28–31,34,35,38,44] with diverse structures (Fig. 1) and
a fourfold activity spread (0.002–92 µM) were used to
develop a pharmacophore model. The remaining 292 com-
pounds (Supplementary Data1) were used as test set for
validation of the model. Most of the modelling simulation
works were performed on linux workstation using Accel-
rys Discovery Studio 3.5 (DS3.5) modelling suite [45]. 2D
structures for all the ligands were sketched in Accelrys Draw
[46]. 3D coordinates were generated using ‘Prepare Lig-
ands’ module, and the obtained 3D conformations were
energy minimized using smart minimizer for 2000 steps
with CHARMm forcefield using the ‘Minimize Ligands’

module. A maximum of 255 conformations were generated
for each molecule using the BEST conformation method in
the ‘Generate Conformations’ module. The BEST search
method employed a poling algorithm [47] that samples
diverse low-energy conformations which are far from local
minimum.

Construction of pharmacophore model

The ‘3D QSAR Pharmacophore Generation’ module
(Hypogen program) [48] was used to generate a valid phar-
macophore from 18 training set molecules with the following
features hydrogen bond acceptor (0-3), hydrogen bond donor
(0-3), hydrophobic aliphatic (0-3), negative ionizable (1-2)
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Fig 1 The 18 training set molecules that were used to develop NS5B thumb site II pharmacophore model

Fig 2 Best NS5B thumb site II pharmacophore model and its mapping
to active and inactive. a) Pharmacophore model with 5 features, 1 neg-
ative ionizable feature (blue), 1 hydrogen bond acceptor (green), 1 ring
aromatic feature (orange) and 2 hydrophobic aliphatic features (cyan).
The grey sphere represents the exclusion volume. The distances (in Å)

between the features are also shown. b) All features in the pharma-
cophore model are mapped to the most active molecule in the training
set (1, 0.002 µM). c) Only 2 out of 5 features in the pharmacophore
model are mapped to the most inactive molecule (18, 92µM)

and ring aromatic (0-3) with interfeature distance of 3 Å
as input parameters. Each run of the module generates ten
best phamacophore models ranked based on the correlation
between the experimental activity and the estimated activ-
ity predicted by each model. Hypogen algorithm used in
‘3D QSAR pharmacophore generation’ uses the user input
data i.e., training set, diverse conformational models, chem-
ical features, activity and above-mentioned parameters to
generate top ten pharmacophore models. Hypogen builds
simplestmodel that can correlate the estimated activitieswith
measured activities. The pharmacophore generation gener-
ally involves three phases: (1) a constructive phase—which
identifies the features that are associated with most active
compounds and builds hypotheses (models) that are common
among the most active compounds, (2) subtractive phase—

where the features that are common among the inactive
compounds are removed from the initial hypotheses, and
(3) optimization phase—where an attempt is made to refine
the initial hypotheses model with slight refinement by either
rotation or translation of feature type or add / remove cer-
tain feature and retains changes that lower the error involved
during regression of activity estimate. The final model con-
tains an ensemble or a set of generalized chemical features
in three-dimensional space as well as regression information
that helps predict the measured activity based on their fitness
to these features [48]. In order for the model to be accept-
able, the following control or cost metrics should be satisfied.
Configuration cost should be always less than 17. The config-
uration cost of themodel represents the entropy involvedwith
the training set employed. Whenever the configuration cost
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Table 1 Fitness scores and prediction of IC50 of training set molecules

Name Fitness Est IC50 Exp IC50 Error

Compound 1 9.53 1.30e−03 2.00e−03 −1.6

Compound 2 9.0 4.40e−03 2.00e−03 2.2

Compound 3 9.13 3.20e−03 3.00e−03 1.1

Compound 4 8.88 5.70e−03 0.01 −1.8

Compound 5 8.12 0.033 0.014 2.4

Compound 6 8.09 0.035 0.02 1.7

Compound 7 8.08 0.036 0.042 −1.2

Compound 8 7.08 0.36 0.11 3.3

Compound 9 6.37 1.9 0.25 7.4

Compound 10 6.74 0.78 0.49 1.6

Compound 11 7.03 0.41 0.73 −1.8

Compound 12 6.98 0.45 1.6 −3.5

Compound 13 5.92 5.2 5 1

Compound 14 6.29 2.2 6 −2.7

Compound 15 6.15 3.1 9.4 −3.1

Compound 16 5.28 22 29 −1.3

Compound 17 5.14 32 57 −1.8

Compound 18 4.67 92 92 1

was more than 17, one can only proceed further by changing
the training set data. In addition to configuration cost, three
other costs, namely the null cost, fixed cost and total cost, also
determine the validity of the model [48]. The null cost rep-
resents the highest cost for the phamacophore run as the cost
was computed on averaged value of activity of the training set
molecules without the structural weight to activity. The fixed
cost represents the cost from the simplest pharmacophore
model that fits the training set molecules perfectly. Total cost
refers to the cost computed by structural feature(s) contribu-
tion to activity for each of the compound in the training set.
For a model to be significant, the null cost should be greater
than the fixed cost by more than 40 bit units. A difference
of 40–60 bit units corresponds to a 75–90 % probability for
correlation between the experimental and estimated activity
values. Further, the total cost (the cost of the pharmacophore
model generated) should be close to the fixed cost in order
for the model to be significant. Furthermore, to ensure that
the best run is not random or a chance correlation, a random-
ization test using the Fisher validation (catscramble) test [48]
with confidence level of 98 % was carried out under the ‘3D
QSAR Pharmacophore Generation’ module. The program
randomizes the activity data of the training set molecules
and generates 49 random pharmacophore models. None of
these random models should have a higher correlation or
lower total cost than the best model. Next, the predictive abil-
ity of the model to estimate the activity of 293 compounds
(test set) that were not involved inthe training set was car-
ried out using ‘Ligand Pharmacophore Mapping’ module.

Fig 3 Estimated pIC50 against experimental pIC50 for compounds in
the training and test set. The best model had a correlation (r) of 0.971
for training set and 0.944 for test set

Table 2 Güner Henry scoring

Sl. no Parameter No. of
molecules

1 Total molecules in data set (D) 310

2 Total number of actives in data
set (A)

55

3 Total hits (Ht) 11

4 Active hits (Ha) 9

5 Yield of actives in percentage
[(Ha/Ht) × 100]

81.8

6 Coverage of actives in percentage
[(Ha/A) × 100]

16.4

7 Enrichment factor (E)
[(Ha × D)/(Ht × A)]

4.61

8 False negatives [A − Ht] 46

9 False positives [Ht − Ha] 2

10 Goodness of hit score
[(Ha/4HtA)(3A + Ht)
× (1 − ((Ht − Ha)/(D − A)))]

0.65

For the model to be robust for database search, there should
be strong correlation between the estimated and the experi-
mental activity of the test set compounds. The Güner-Henry
(GH) score was also calculated for the best model to deter-
mine the quality of the database screen. It uses a scoring
method that infers the quality of the yield and the coverage
of active compounds during a database search. The score has
a range of 0–1, with 0 being a null model and 1 being the
ideal model.

Database and virtual screening

After the validation of the pharmacophore model, the model
was used to screen the ChemDiv [49] and Interbioscreen
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Fig 4 Pharmacophore mapping
of best fitting novel compounds
from interbioscreen (IBS)
Library. As shown in A, B, most
of the important features except
ring aromatic feature (orange)
in the best pharmacophore had
fitting with corresponding atoms
of the ligands

libraries [50] derived from natural products compounds. The
database screening was done using ‘Search 3D Database’
module in Discovery Studio 3.5. The ‘Ligand Pharma-
cophore Mapping’/‘Screen Library’ module was used to
estimate the activity of the library. Thus obtained focused
library or the best hits were further analysed with molecular
docking studies to investigate the possible interaction with
HCV NS5B at thumb site II.

Docking studies

The HCV NS5B crystal structure (PDB ID: 4EO6 [51]) that
has resolution of 1.79 Å was used for molecular docking
studies. The protein was prepared for simulation studies by
deleting the heteroatoms, and charges and potentials were
assigned using CHARMm force field in Discovery Studio
3.5. The missing atoms / residues were corrected using
the ‘Build and Edit Protein’ module. The protein struc-
ture was energy minimized for 5000 steps (with the heavy
atoms constrained) using the conjugate gradient algorithm
with the ‘Minimization’ module in DS3.5. Genetic Opti-
mization for Ligand Docking (GOLD) 5.0 program [52,53]
was employed for evaluation of protein–ligand interaction
energies. The active site of 5 Å from the co-crystallized
ligand was defined as the binding site of thumb site II.
The docking parameters were optimized by stimulating
the binding mode of the co-crystallized ligand, and the
same parameters were used to dock the focused library.
The ChemPLP and GOLD scoring function(s) were used
to evaluate the molecular interactions of the ligand–protein
complexes.

Cell culture and transfection

Huh.7 cells that contain the HCV genotype 1b sub-genomic
replicon [54], designated as Huh.8 cells, were a generous
gift from Prof. Charles M. Rice. Huh.8 cells were grown on

T75 cell culture flasks in a DMEM medium supplemented
with 10 % FBS. The cells were maintained in a humidified
incubator with 5 % CO2 at 37 ◦C. When the cells reached
80–90 % confluency, total cell count was determined using
the haemocytometer and 200,000 cells per well were seeded
into 6-well cell culture plates. The presence of HCV geno-
type 1b genome was verified by treating Huh.8 cells with
Cyclosporine A (CsA) as a control to monitor the HCV 1b
viral replication. Cells were incubated with inhibitors (CsA,
compound 1-5(0–500 nM)) for 3 days and then harvested
for downstream application. Experiments were performed in
triplicate, and the IC50 were determined by non-linear regres-
sion with dose-response inhibition model using GraphPad
Prism 5 software [55].

RNA extraction and RT-qPCR

Total RNA was extracted from treated cells using TRI-
ZOL reagent (Ambion, Life Technologies) as previously
described [56]. Briefly, cells were lysed using the appro-
priate amount of TRIZOL reagent. Chloroform was added
to the TRIZOL solution and centrifuged to obtain three
separate phases. RNA containing aqueous phase was iso-
lated by precipitation with isopropanol. The RNA pellet was
then washed with 75 % ethanol and re-suspended in DEPC-
treated water. Synthesis of total cDNA from total RNA
was performed using the Transcriptor First Strand cDNA
Synthesis Kit (Roche) according to manufacturer’s instruc-
tions. Random hexamer primers were used for the reaction.
Real-Time quantitative PCR (RT-qPCR) was set up using
SYBR� Select Master Mix (Applied Biosystems) accord-
ing to themanufacturer’s instructions onAppliedBiosystems
7500 Real- Time PCR machine. A standardized amount of
cDNA (400 ng), HCV genotype 1b primers, Forward primer
(5′-CGGTAGCTCTGAATCGTCGGCTGT-3′) and Reverse
primer (5′-CATCCTCACTAGCCTCTTCACTCACGG-3′)
which detects the viral NS5A gene was employed to eval-
uate the amount of HCV 1b viral replication.
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Table 3 Structures of 5 top ligands with best fitness to pharmacophore model and had good GOLD PLP scores

Sl. no Structure Estimate
IC50 (µM)

Fitness GOLD PLP
Score

Vendor ID HCV 1b replication inhi-
bition IC50 ± SEM (nM)

1

N

N
O

O

O
O

S

O

0.0053 8.90 76.88 STOCK1N-09906 272.8 ± 1.70

2
O N

N
O

O

O

O
O

O

0.0096 8.65 62.04 STOCK1N-54222 36.00 ± 1.77

3
O OO

O

O

N
O

0.024 8.25 69.8 STOCK1N-40747 Not determined

4

O
N

O

O

O
S

O O

0.031 8.14 69.72 STOCK1N-54416 Not determined

5

N

N

N

O
O

O

O

O O

S

0.039 8.04 68.3 STOCK1N-47746 Not determined

Results and discussion

Our best pharmacophore model had five features—one neg-
ative ionizable (blue), one hydrogen bond acceptor (green),
one ring aromatic (orange) and two hydrophobic aliphatic
(cyan) features and are spaced at specific distances from each
other (Fig. 2a). These features are necessary for binding to
thumb site II of NS5BRdRP. The best pharmacophoremodel
has a correlation (r) of 0.971 and a configuration cost of 10.4

bits. The configuration cost (10.4 bits) of the model is well
within the specified 17 bits, indicating that the program was
able to handle complexity involved with the training set. The
null, fixed and total costs are 151, 72.1 and 78.2 bits, respec-
tively. The total cost of the pharmacophore run was closer
to the fixed cost, and the cost difference (78.9) between the
null cost and fixed costs indicates that there is a probability
of more than 90% of true correlation. The Hypogen program
(in 3DQSARPharmacophoreGeneration) computes afitness
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Fig 5 Binding mode of best ligands at thumb site II of NS5B RdRP. a
The 4-butoxy-benzoyl amino fragment of the scaffold was engaged in
hydrophobic interactions with groove residues L419,M423, I497, I482,
V485, L489 and P496. Further, its carbonyl group was also involved
in hydrogen bonding interaction with R501 residue. The carboxyl and
carbonyl groups on ‘2-amino-acetyl amino’ substituent were mainly
involved in bonded interactions with side-chain oxygen and main-chain
amide atoms of S472. Furthermore, the 4-methylsulfanyl moiety on
butyric acid could project into crevices between His475 and K533 and

stabilize the ligand binding. b Chromene nucleus in this ligand was
docked at the hydrophobic groove lined by L419, M423, I497, I482,
V485, L489 and P496 residues. Further, 2-oxo group was also engaged
in hydrogen bonding to P496 residue. The carbonyl moieties on 2-[2-
acetylamino]-acetylamino3-methyl butyric acid were mainly involved
in bonding interactions with residues such as R501, W428 and S476,
and stabilized the ligand binding at thumb site and inhibition of the
HCV RdRP activity and viral replication

score for each ligand based on geometric fit of each ligand
(in the training set) to the centre of the feature spheres. It esti-
mated the activity of the ligands by simple regression of the
fitness score to the activity. The higher the fitness score, the
higher was the predicted activity (Table 1). Our best model
was able to predict the experimental activity of the training
set molecules with a strong correlation of 0.971. Likewise,
the best model was also able to predict the activity of the
test set molecules with a good correlation of 0.941 (Fig. 3).
The most active compound 1 in the training set mapped to
all the features in the best pharmacophore model (Fig. 2b).
In contrast, the most inactive ligand, compound 18, missed
three features such as the hydrogen bond acceptor (green)
and the two hydrophobic aliphatic features (cyan) (Fig. 2c),
which explains its lack of activity. The Fisher validation or
cat scramble test with 98% confidence limits verified that the
best pharmacophore model was a statistically significant and
was not a chance correlation. None of the 13 random mod-
els that were generated had a correlation that was higher than
the best pharmacophore model, and likewise none of the ran-
dom models had a total cost value lower than the best model
(Supplementary Figure 3a, 3b). Further, the predictive ability
of the best model was also verified using 292 test set com-
pounds. The best model was able to recognize the active and
inactive compounds and estimate their experimental activi-
ties with a correlation of 0.944 (Fig. 3). The ability of the best
model to discern actives and in-actives was further quanti-
fied using GH scoring, and our results (Table 2) indicate that

the best model had a GH score of 0.65 and could differen-
tiate between the actives (true positives) and the in-actives
(false positives). 3D Database screening with an in-house
virtual library prepared interbioscreen natural product-based
collection gave a focused library of 321 molecules. Ligand
pharmacophore mapping was done to evaluate the fitness of
focused library to the best model and provided an estimate
of their activity on HCV RdRP. The best fitting molecules
S1N-09906 and S1N-54222 were predicted to have an IC50

of 0.0096 and 0.0053µM, respectively. As shown in Fig. 4a
and b, the best hits were shown to map most of the features
except the ring aromatic feature and are estimated to possess a
sub-micro-molar activity. The lack of fitness to ring aromatic
feature might not be that critical to the activity prediction in
comparison to lack of fitness to aliphatic features which hin-
dered the activity to a greater extent (Fig. 3c, Supplementary
Figure 4a, 4b).

Ourmolecular docking resultswith best fitting ligands had
high interaction or fitness scores with thumb site residues
of NS5B polymerase. The best fitting ligand (1, Stock1N-
09906) bears a 4-butoxy-benzoylamino moiety linked to
2-amino-acetyl amino fragment via 4-methylsulfanyl butyric
acid (Table 3). On the one hand, the 4-butoxy-benzoylamino
scaffold was predicted to orient into the thumb site II pocket
and was engaged in hydrophobic interactions with residues
L419, M423, I497, I482, V485, L489 and P496. Further,
its carbonyl group was also involved in hydrogen bond-
ing interaction with R496 (Fig. 5A). On the other hand,
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the carboxyl and carbonyl groups on the 2-amino-acetyl
amino substitution were engaged in hydrogen bonded inter-
actions with S472 side chain oxygen and main chain amide
atoms.The 4-methylsulfanyl moiety on butyric acid could
project into crevices between His475 and K533 and stabilize
the ligand binding. Similarly, Stock1N-054222 (2, Table 3)
bearing a ‘4-butyl-2-oxo-2H-chromen-7yloxy’ nucleus was
oriented into the hydrophobic groove (L419, M423, I497,
I482, V485, L489, P496 residues) with strong hydrophobic
interactions. Further, the 2-oxo group on chromene was also
involved in hydrogen interaction with L497, while the 2-[2-
acetylamino]-acetylamino-3-methyl butyric acid fragment
on7thpositionof chromenenucleusmaintained thehydrogen
bonding interactions at the thumb site. The carboxyl group
on butyric acid was not only involved in hydrogen bonding
interactions with R501 side chain atoms but also main-
tained close contacts withW528 main chain carbonyl atoms,
respectively (Fig. 5B). Likewise, the carbonyl moieties on
2-[2-acetylamino]-acetylamino-3-methyl butyric acid were
engaged in hydrogen bonding interactions with R423 and
S476, respectively. Other best fitting ligands belonging to
this scaffold (3, 4 and 6, Table 3) also showed similar inter-
actions at thumb site II.

In order to assess the efficacy of our top ranking ligands,
HCV 1b viral replication inhibition studies using HCV 1b
replicon assay systemwere carriedout andour results showed
that the compounds 1 and 2, which are within the top five
compounds tested (Table 3), were able to potently inhibit
HCV 1b viral replication at 1µM concentration. Further,
dose-response studies in comparison with cyclosporine have
revealed that compounds 1 and 2 inhibited the HCV 1b viral
replication in nanomolar range with an IC50 of 272.8± 1.70
(SEM) nM, 36.00 ± 1.77 (SEM) nM, respectively (Supple-
mentary Figure 5). Recent studies have highlighted that the
mutations (M423T or L419M) on thumb site of NS5B poly-
merase could lower the ligand binding affinity (1, 2) and are
susceptible to drug resistance [56]. Our best compounds (1,
2) bear no structural similarity to the ligands (VX-222 and
ANA598) that lacked sensitivity to thumb sitemutations [56].
Further, both the compounds 1 and 2 are not only involved
in close van derWaals contacts with hydrophobic residues in
the vicinity of M423 residue but also extend their hydropho-
bic interactions with other residues (His475 and K533) in
the hydrophobic cavity. We speculate that these additional
hydrophobic interactions could enable the compounds 1 and
2 to overcome the effect of mutations such at M423T or
L419M as shown in previous studies [57]. Further, in vitro
binding studies using compounds 1 and 2 on the wild-type
and M423T HCV NS5B polymerases might provide further
insights into drug resistance by M423T mutation at HCV
thumb site. Taken together, both the hydrophobic as well as
hydrogen bonding interactions with S476 and R501, which
are involved at thumb site II, could firmly lock the ligands

at thumb site II, stabilize the closed or inactive conforma-
tion and allosterically inhibit the RNA polymerase activity
of NS5B.

Conclusions

Combined approaches of ligand- and structure-based drug
development are often used to identify novel chemical enti-
ties in academia and industry. Our ligand-based 3D QSAR
pharmacophore profiling on thumb site II inhibitors enabled
us to identify key features that are required to bind thumb site
II and allosterically inhibit the HCV RdRP-mediated viral
replication.Our pharmacophoremodel not only predicted the
experimental activity with good correlation but also enriched
the probability of finding true positives. Together with virtual
screening and viral replication inhibition studies, we were
able to identify two scaffolds (Table 3) that are predicted to
bind at thumb site II of NS5B polymerase and inhibit the
viral replication in nanomolar range.
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