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1. ABSTRACT 

 
In a quest to identify novel compounds targeting 

HCV viral replicase, we evaluated a new series of 4-
thiazolidinone derivatives (18 compounds). Our in vitro 
NS5B RdRp inhibition analysis with a series of 2′,4′-
difluoro-4-hydroxybiphenyl-3-carboxylic acid [2-(5-nitro-
2-furyl / substituted phenyl)-4-thiazolidinone-3-yl] amides 
(1-7) yielded IC50 values ranging between 45-75 microM. 
Of these, lead compound 6: 2′,4′-difluoro-4-
hydroxybiphenyl-3-carboxylic acid[2-(2-fluorophenyl)-4-
thiazolidinone-3-yl]amide  exhibited an  IC50  value of 48 
microM and inhibited NS5B non-competitively with 
respect to UTP and exhibited a mixed mode of inhibition 
with respect to RNA. Molecular docking of thiazolidinone 
derivatives within the allosteric site of NS5B yielded 
significant correlation between their calculated binding 
affinity and IC50 values. Taken together, these data suggest 
that the 4-thiazolidinone scaffold may be optimized for 
generating new analogues with improved anti-NS5B potency.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Hepatitis C virus (HCV), identified in 1989 as the 
etiological agent of parenteral non-A non-B hepatitis, often 
causes the development of malignant chronic disease 
including liver cirrhosis and hepatocellular carcinoma 
frequently resulting in death (1-3). With an estimated 3% of 
the global population infected with HCV, including 4.1 
million in the United States alone, and no protective 
vaccine available at present, this disease has emerged as a 
serious global health problem (4,5). Although significant 
advances have been made in the development of treatments 
for chronic hepatitis C, their efficacy is not universal and 
only 50% success has been reported in achieving a 
sustained viral response for the current combination 
therapy with new pegylated (PEG) forms of interferon plus 
ribavirin (6-9). Moreover, this therapy has considerable 
liabilities including significant adverse side effects and 
high cost, thus highlighting the need to develop improved 
therapeutic options to combat HCV infections (10). 
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HCV is an enveloped, positive-stranded RNA 
virus. Its single-stranded ~9.6 kb RNA genome encodes a 
large polyprotein of ~3010 amino acids comprising 4 
structural proteins (Core, E1, E2, and p7) and 6 
nonstructural proteins (NS2, -3, -4A, -4B, -5A, and -5B) 
(11-13). One of the NS proteins, NS5B, an RNA-dependent 
RNA polymerase (RdRp) is the most studied target for anti-
HCV therapy as it is crucial and unique component of the viral 
replication machinery (7,9,14-19). NS5B, a 68 kDa 
membrane-associated protein contains motifs shared by all 
RdRps in which the catalytic domain is arranged around a 
central cleft in an organization that resembles a right hand, 
with the “palm” “finger” and “thumb” subdomains common to 
polymerases (20,21). Recombinant expression of active, 
soluble NS5B in a variety of systems has been achieved by 
various C-terminal deletions between 21 and 55 amino acid 
residues and its biochemical properties investigated (22-31). 
All of these reported recombinant HCV RdRps utilize a wide 
range of RNAs as template in vitro without preference, 
although they do prefer certain homo-polyribonucleotides to 
others and their activity is stimulated by GTP under specified 
conditions (29,31-34). Many screening assays for NS5B 
inhibitors utilize synthetic homopolymeric templates/primers 
(35-39). NS5B inhibitors thus far identified by these screening 
procedures can be broadly classified as either nucleoside (NI) 
or non-nucleoside (NNI) inhibitors (14,40).  

 
The 4-thiazolidinone class of NNIs constitutes a 

promising category of compounds with versatile biological 
activity profile. These include antimycobacterial, 
antibacterial, and antifungal activities (40-42). The 
antiproliferative property of these compounds has also been 
explored to develop them as anti–tumor and anti-
inflammatory agents specifically targeting the 
cyclooxygenase (COX) enzymes (43,44). Numerous 
studies have elucidated the potent antiviral properties of 
thiazolidinones against HIV-1 and in recent years these 
compounds have been extensively pursued as HIV-1 RT 
inhibitors (45-47). 

 
In this study, we have explored the therapeutic 

potential of the thiazolidinone scaffold against HCV NS5B 
employing a panel of 4-thiazolidinone derivatives which 
were  previously synthesized by Kucukguzel et al. (42,48). 
The inhibitory potency of 4-thiazolidinone ring system 
against HCV replicase has not been examined to-date. Our 
investigations have focussed on building the structure–
activity relationship (SAR) around 2- and 3-positions of the 
4-thiazolidinone template in contrast to the recently 
reported 4-oxo-2-thionothiazolidines which carry 
arylsulfonamido and arylidene substituents at 3- and 5-
positions, respectively (49). Here we report the potency and 
mode of action of these compounds against HCV NS5B 
RdRp. These investigations should aid in the development 
of novel 4-thiazolidinone compounds harboring potent anti-
NS5B activity. 

 
3. MATERIALS AND METHODS 
 
3.1. Synthesis of inhibitors 

The 2′,4′-difluoro-4-hydroxybiphenyl-3-
carboxylic acid[2-(5-nitro-2-furyl / substituted phenyl)-4-

thiazolidinone-3-yl]amides (1-7); 2-(2′,4′-difluoro-4-
hydroxybiphenyl-3-carbonyl-hydrazono)-3-alkyl / aryl-4-
thiazolidinones (8-10); 2-[4-(4-methoxy-
benzoylamino)benzoylhydrazono]-3-alkyl-4-
thiazolidinones (11-13) and 2-substituted-3-{[4-(4-
methoxybenzoylamino)benzoyl]amino}-4-thiazolidinones 
utilized in this study (Table 1) were synthesized as 
described previously (42,48). The purity of the compounds 
was greater than 95% as assessed by 1H NMR and 13C 
NMR spectroscopy. The compounds were dissolved in 
100% dimethylsulphoxide (DMSO) as a 30-50 mM stock 
solution and stored at -20oC for no more than 2 weeks. 
Serial dilutions were made in DMSO just prior to the assay.  

 
3.2. Purification of recombinant replicase proteins  

Plasmid pThNS5BCdelta21 was transformed in 
Escherichia coli DH5alpha and used for purification of 
HCV NS5BCdelta21 as previously described (30,50). The 
plasmid pet24b-SARS-CoV-nsp12 was transformed in E. 
coli BL21 STAR DE3 (Invitrogen) to express a C-
terminally His-tagged SARS-CoV RdRp. The cells were 
cultured in LB medium supplemented with kanamycin (30 
microgram/mL) at 37°C until the culture density (A600) 
reached 0.6. After induction of expression with 0.2 mM 
isopropyl-beta-D-1-thiogalactopyranoside (IPTG), the cells 
were grown for 16 h at 18°C. Cells were harvested and the 
His-tagged nsp12 was purified by Ni-NTA affinity 
chromatography as described for HCV NS5B. Identity of 
the purified SARS-CoV-nsp12-His protein was confirmed 
by western blotting employing the His-probe (H3, Santa 
Cruz Biotechnology) mouse monoclonal primary antibody 
and goat anti-mouse horseradish peroxidase conjugated 
secondary antibody (Rockland Immunochemicals). 
Membrane-bound antibodies were detected with the ECL 
enhanced chemiluminescence kit (Santa Cruz 
Biotechnology). 

 
3.3. RNA-dependent RNA polymerase (RdRp) assay 

The RdRp activity of NS5B was evaluated by the 
standard primer-dependent elongation reactions employing 
poly rA/U12 template-primers (TP). Reaction mixtures 
containing 20 mM Tris-HCl (pH 7.0), 100 mM NaCl, 100 
mM Na-glutamate, 0.5 mM DTT, 0.01% BSA, 0.01% 
Tween-20, 5% glycerol, 20 U/ml of RNasin, 0.5 microM of 
poly rA/U12, 25 microM UTP, 2-5 microCi [alpha-32P]UTP, 
500 ng of NS5BCdelta21 and 0.5 mM MnCl2 with or 
without inhibitors in a total volume of 25 microliters were 
incubated for 1 h at 30°C. Reactions were quenched by the 
addition of ice cold 5% (v/v) trichloroacetic acid (TCA) 
containing 0.5 mM pyrophosphate (PPi), the denatured 
polymeric RNA products were transferred to GF-B filters 
and the amount of radioactive UMP incorporated into RNA 
products was quantified on a liquid scintillation counter 
(Packard). The concentrations of the compounds inhibiting 
50% of NS5B RdRp activity (IC50) were calculated from 
the inhibition curves as a function of inhibitor 
concentration. Nsp12 activity was similarly evaluated 
except that incubations were carried out at 25°C for optimal 
enzymatic activity. 

 
Incorporation of UMP on poly rA/U12 template-

primer by NS5BCdelta21 at varying compound
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Table 1. Structure-activity relationship of the 4-thiazolidinone derivatives 
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R Binding Affinity HCV NS5B SARS nsp12 Compound 
 Gscore (kcal/mol)1 %Activity IC50(microM) %Activity 

1 Phenyl -6.08 20 73 56 
2 4-fluorophenyl -6.64 18 65 66 
3 4-chlorophenyl -0.69 42 over 100 78 
4 4-methylphenyl -4.45 16 63 88 
5 5-nitro2-furyl -5.01 25 78 NI2 
6 2-fluorophenyl -6.97 8 48 74 
7 3-fluorophenyl -4.34 23 77 88 
8 Methyl +0.27 55 - 73 
9 Allyl -0.94 48 - 42 
10 Ethyl +0.88 52 - 70 
11 Methyl - 61 - 49 
12 Ethyl - 76 - 47 
13 Allyl - NI2 - NI2 
14 5-nitro2-furyl - 60 - NI2 
15 4-fluorophenyl - 58 - NI2 
16 4-chlorophenyl - 78 - 88 
17 4-bromophenyl - 65 - 51 
18 4-hydroxy-3-ethoxyphenyl - 50 - 54 

Percent activity was determined at 0.5 mM concentration of the indicated compound. NS5B RdRp activity in the absence of the 
inhibitor was taken as 100 percent after subtraction of residual background activity (Activity in the absence of the enzyme). IC50 
values of the compounds 1-7 were determined from dose–response curves using 8-12 concentrations for each compound in 
duplicate. Curves were fitted to data points using nonlinear regression analysis and IC50 values were interpolated from the 
resulting curves using GraphPad Prism software. Values represent an average from at least three independent experiments. 1 A 
more negative Gscore indicates a better fit at the binding site. 2 NI = not inhibitory. 
 
concentrations was visualized qualitatively by gel analysis 
of reaction products essentially as described above for the 
HCV RdRp assay except that the elongation time was 
reduced to 20 min. Reactions were stopped by the addition 
of 25 mM EDTA-0.5% SDS, subjected to phenol-
chloroform extraction and ethanol precipitation and the 
recovered RNA products were dissolved in formamide gel 
loading buffer and resolved on a denaturing 12% 
polyacrylamide gel containing 7 M urea. The extent and 
pattern of synthesis was visualized by phosphorimaging 
(Molecular Dynamics). 
 
 The primer-independent de novo initiation 
activity of NS5B in the presence of compound 6 was 
reconstituted on HCV plus-strand 5′-UTR RNA template 
under conditions as previously described (38). Synthesis of 
the HCV plus-strand 5′-UTR run-off RNA transcript was 
carried out in vitro employing the HCV 5’ UTR PCR 
product carrying the T7 RNA polymerase promoter at its 5’ 

terminus as template and the  T7 RNA polymerase kit 
(Roche) in accordance with the manufacturer’s procedure.  

 
Reactions involving the modified order of 

addition reaction required pre-incubation of the reaction 
components specified in figure-legend 3 and were carried 
out essentially as described by Lee et al. (49).  

 
3.4. Cross-linking of NS5B to TP 

A synthetic rA20/U12 template-primer was 
employed for cross-linking of NS5B to RNA. The U12-
primer was 5΄-end-labeled with [gamma-32P] ATP using T4 
polynucleotide kinase, purified on a NAP-10 column (GE 
Healthcare), adjusted to the required specific radioactivity 
with unlabeled primer and annealed with equimolar 
concentrations of unlabeled rA20 template. Cross-linking 
reactions as a function of inhibitor concentration were 
carried out as described earlier (51). Briefly, 50 microliters 
reaction mixture containing 20 mM Hepes (pH 7.0), 50
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mM NaCl, 0.5 mM DTT, 0.01% BSA, 5% (v/v) glycerol, 
20 U/ml of RNasin, 200 nM of 32P-labeled U12/rA20 (15,000 
cpm/pmol), 1.5 micrograms of NS5BCdelta21 and 0.5 mM 
MnCl2 was incubated on ice for 10 min in the absence or 
increasing concentrations of the inhibitor and exposed to 
254 nm UV irradiation at a dose of 300 mJ/cm2 (Spectronic 
Corp.). The cross-linked species were resolved by SDS-
PAGE (8%). The dried gel was analyzed on a 
phosphorimager and the extent of cross-linking was 
quantified using ImageQuant software (Molecular 
Dynamics). 
 
3.5. Determination of the Ki and mode of inhibition 

The mode of inhibition by the most potent 
inhibitor was evaluated essentially in two series of 
experiments as described by McKercher et al.(38). The first 
series of experiments was performed by varying the 
template/primer (poly rA/U12) and inhibitor concentrations. 
The concentration of poly rA/U12 ranged from 0.2 to 2.5 
microM with a fixed concentration of UTP at 25 microM. 
In the second set of experiments, reaction velocities were 
determined at a fixed concentration of poly rA/U12 (0.25 
microM) and varying concentrations of inhibitor and UTP 
(ranging from 2.5 to 80 microM). In both series of 
experiments, the concentration of inhibitor 6 ranged 1-3 
times its IC50 value. Assays were carried out in the standard 
RdRp buffer containing 500 ng of NS5BCdelta21 and 3-6 
microCi [alpha-32 P] UTP. Aliquots were withdrawn at 
defined times, terminated by quenching with 5% (v/v) 
TCA-0.5 mM PPi and the incorporation of radiolabel UMP 
into RNA product was determined by GF-B filter binding 
assay. Data was plotted according to the methods of Dixon 
and Cornish-Bowden (52) in order to determine the mode 
of inhibition and the constant(s) of inhibition (Ki). The 
experiments were performed at least twice and values 
represent an average of at least triplicate samples. Standard 
deviations for all Ki were less than 10%. 

 
3.6. Molecular Modeling 

All computations were carried out on a Dell 
Precision 470n workstation with the RHEL 4.0 operating 
system using Glide 4.5 (Schrodinger, LLC, New York). 
Using a recently solved HCV NS5B polymerase co-crystal 
structure with N-benzylphenylalanine inhibitor as a 
template, compounds 1-10 were docked into the allosteric 
binding site of NS5B (PDB ID: 1NHU) (53) using the extra 
precision (XP) Glide 4.5 docking program . For docking 
experiments all the compounds were constructed using the 
fragment dictionary of Maestro 8.0 and geometry optimized 
using the Optimized Potentials for Liquid Simulations-all 
atom (OPLS-AA) force field (54) with the steepest descent 
followed by truncated Newton conjugate gradient protocol 
as implemented in the Macromodel 9.5. Water molecules of 
crystallization were removed from the complex, and the 
protein was optimized for docking using the protein 
preparation wizard provided by Schrodinger LLC and the 
Impact program (FirstDiscovery v4.5). Partial atomic 
charges for compounds as well as protein were assigned 
according to the OPLS-AA force field. Although details on 
the methodology used by Glide are described elsewhere 
(55-58), a short description is provided below. The binding 
site, for which the various energy grids were calculated and 

stored, is defined in terms of two concentric cubes: the 
bounding box, which must contain the center of any 
acceptable ligand pose, and the enclosing box, which must 
contain all ligand atoms of an acceptable pose.  Cubes with 
an edge length of 12 Å and centered at the midpoint of the 
longest atom-atom distance in the respective cocrystallized 
ligand defined the bounding box in the protein.  Similarly, 
the larger enclosing box was defined in terms of the 
cocrystallized ligand with an edge length of 30 Å.  Poses 
with a root mean square deviation (rmsd) of less than 0.5 Å 
and a maximum atomic displacement of less than 1.3 Å 
were eliminated as redundants to be able to increase 
diversity in the retained ligand poses.  The scale factor for 
van der Waals radii was applied to those atoms with 
absolute partial charges less than or equal to 0.15 (scale 
factor of 0.8) and 0.25 (scale factor of 1.0) electrons for 
ligand and protein, respectively.  The maxkeep variable 
which sets the maximum number of poses generated during 
the initial phase of the docking calculation were set to 
5000 and the keep best variable which sets the number of 
poses per ligand that enters the energy minimization was 
set to 1000.  Energy minimization protocol includes 
dielectric constant of 4.0 and 1000 steps of conjugate 
gradient.  Upon completion of each docking calculation, 
100 poses per ligand were allowed to generate. The top-
scored pose was selected using a Glidescore (Gscore) 
function. The Gscore is a modified and extended version 
of the empirically based Chemscore function (59). The 
docking methodology was validated by extracting the 
crystallographic bound N-benzylphenylalanine inhibitor 
and redocking it to the allosteric binding site of NS5B. 
This validation provided a root mean square deviation 
(rmsd) of 0.748 angstrom between the docked versus the 
experimental conformation. 
 
4. RESULTS  
 
4.1. Expression and purification of recombinant 
replicase proteins  
 The effect of the 4-thiazolidinone derivatives 
on the RdRp activity of NS5B was evaluated on His-
tagged HCV NS5B polymerase (genotype 1b), lacking 
the C-terminal 21-amino acid residues (NS5BCdelta21). 
Deletion of the last 21 hydrophobic residues of NS5B 
has been reported to enhance protein solubility (28), 
without compromising its kinetic properties or its ability 
to perform both de novo and primer-initiated RNA 
synthesis (60,61). Recombinant NS5BCdelta21 (64 kDa) 
purified on a Ni-NTA affinity chromatography column 
exhibited purity of more than 95% as visualized by 
Coomassie blue staining of the SDS-PAGE (Figure 1A, 
lane 1). On the other hand, purification of recombinant 
SARS nsp12 protein on a Ni-NTA affinity resin yielded 
two protein bands corresponding to 107 kDa and 74 kDa. 
Proteomic analysis of these two bands confirmed their 
identity as SARS nsp12 and E. coli formyl transferase, 
respectively (Figure 1A, lane 2). The identity of SARS 
nsp12 was also confirmed by imunoblotting employing 
anti-His antibody (Figure 1A, lane 3). The implication of 
this co-elution and functional analysis of SARS nsp12 
will be discussed elsewhere (manuscript under 
preparation). 
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Figure 1. 4-Thiazolidinone derivatives inhibit HCV NS5B 
RdRp activity. (A) Purification of recombinant 6X His-
tagged HCV NS5BCdelta21 (lane 1) and SARS-CoV nsp12 
(lane 2) proteins from E. coli BL21 (DE3) using a Ni-NTA 
affinity column. The positions of the purified proteins are 
indicated by an arrow to the right of the gel. The molecular 
weight markers are shown on the left of the gel. The 74 
kDa band in lane 2 indicated by an asterisk represents the 
co-purified protein E. coli formyl transferase. Purified 
nsp12 was confirmed by imunoblotting with anti-His 
antibody (lane 3). (B) Characterization of products of 
NS5B RdRp assay in a denaturing polyacrylamide gel in 
the presence and absence of indicated compound. Lane 1, 
NS5B activity in the absence of the inhibitors; lanes 2–8 
represent indicated compound concentrations of 10, 25, 50, 
100, 250, 500 and 1250 microM. The position of the U12-
primer is indicated by an arrow to the left of the gel. 
 
4.2. Identification of 4-thiazolidinones as inhibitors of 
HCV NS5B RdRp activity 

In a quest for inhibitors of HCV NS5B RdRp 
activity, we screened 18 compounds carrying the 4-
thiazolidinones scaffold (Table 1). The compounds were 
first dissolved into DMSO, and then transferred into the 
assay buffer. To get an idea of the inhibitory potency of 
these compounds, preliminary screening was conducted at 
compound concentrations of 0.5 mM. As seen in Table 1, 
while compound 13 showed no inhibitory activity, the 17 
other thiazolidinone derivatives exhibited a wide range of 
anti-NS5B potency (8-78% activity). The overall trend 
indicated a greater inhibition with compounds 1-7 in 
comparison to compounds 8-18. We therefore evaluated the 
IC50 values for compounds 1-7 by monitoring the total 
incorporation of radiolabeled UTP on poly rA/U12 as a 
function of inhibitor concentration. Compounds 1-7 yielded 
an IC50 value ranging from 45-100 microM (Table 1). Of 
these, compound 6 exhibiting an IC50 value of 48 microM 
was found to be the most potent, in contrast to compound 3 
(IC50 more than 100 microM), the least potent compound of 
this series. The other compounds exhibited near equipotent 
activity (63-78 microM). 

We were curious to examine if the inhibition 
mediated by the thiazolidinone derivatives resulted in 
abortive synthesis of the RNA products. This prompted us 
to investigate the nature and pattern of the RNA product 
synthesized by NS5B as a function of inhibitor 
concentration by gel based analysis of the reaction 
products. Similar assays have been reported by several 
groups in context of NS5B-inhibition mechanism on a 
variety of template-primers (38,49,62-64). Figure 1B 
depicts a representative image of this analysis. Both 
compounds 5 and 6 inhibited full-length product formation 
in a concentration-dependent manner (Figure 1B, lanes 2 to 
8). Consistent with their respective IC50 values, compound 
6, the most potent compound exhibited higher extent of 
inhibition compared to compound 5 at similar 
concentrations, with near absence of product synthesis at 
higher inhibitor concentrations (Figure 1B, lanes 6-8). The 
reactions containing inhibitors did not appear to produce 
shorter products as a result of abortive initiation or 
premature termination.  

 
To determine the specificity of these compounds 

for HCV NS5B, we examined the inhibitory effect of the 
compounds against non-structural protein 12 (nsp12), the 
RNA-dependent RNA polymerase (RdRp) of severe acute 
respiratory syndrome virus (SARS-CoV) (65,66). Details 
pertaining to the purification and characterization of a 
functionally active SARS-CoV nsp12 protein of 932 amino 
acids will be described elsewhere (Figure 1A, manuscript 
in preparation). The RdRp activity of nsp12 in the absence 
or presence of the individual compounds (0.5 mM) was 
evaluated on poly rA/U12. As seen in Table 1, the inhibition 
pattern with this panel of compounds differed substantially 
for these two RdRps.  While, all compounds showed 
substantially reduced potency against nsp12, four of the 18 
thiazolidinone derivatives displayed no inhibitory effect.  
Notably, compounds 1-7 found to be most potent against 
NS5B displayed substantially reduced efficacy against 
nsp12. According to a recent structural model, SARS-CoV 
RdRp lacks the equivalent hydrophobic non-nucleoside 
binding pocket of HIV-1 RT as well as the non-nucleoside 
inhibitor-binding pocket of HCV NS5B (67). Our data 
substantiates this model and suggests that non-nucleoside 
inhibitors of HIV-RT and HCV NS5B may not be effective 
against SARS-CoV RdRp.  

 
4.3. Mechanism of inhibition  
 To better understand the mechanism by which 
these compounds inhibit the RdRp activity of NS5B, the 
most potent inhibitor (compound 6) from this SAR study 
was selected for further characterization. Toward this 
objective, two different series of kinetic analyses were 
performed in which reaction velocities were measured over 
a range of concentrations of template/primer, NTP and 
compound 6. The data obtained were analyzed by Dixon 
and Cornish-Bowden plots for kinetic parameters and mode 
of inhibition (52). Reciprocal plots of reaction velocity 
revealed that compound 6 displayed a mixed mode of 
inhibition towards the template/primer, with a significant 
competitive component (Ki competitive = 55.7 microM) 
and a minor uncompetitive component (Ki uncompetitive = 
91.5 microM) as deduced from the location of the
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Figure 2. Evaluation of mode of inhibition and kinetic parameters of compound 6 with regard to template/primer and UTP 
substrates. Two sets of reactions were carried out. In one set, reaction velocities were measured at varying template/primer 
concentrations (0.2-2.3 microM) with the concentration of UTP fixed at 25 microM (Panel A). In another set, poly rA-U12 
concentration was kept constant at 0.25 microM and reaction velocities were measured at increasing concentrations of UTP 
substrate (2.5–80 microM) in the absence or presence of increasing concentrations (50–150 microM) compound 6 (Panel B). 
Kinetic parameters were analyzed from the Dixon and Cornish-Bowden plots of the reciprocal velocity at indicated 
concentrations of compound 6. Compound 6 exhibited a mixed mode of inhibition towards template/primer with a major 
competitive component (intercept on the Dixon plot above the x-axis) and a minor uncompetitive component (intercept 
extrapolated from the Cornish-Bowden plot below the x-axis) and corresponded to Ki competitive values of 55.7 microM and Ki 
uncompetitive values of 91.5 microM. In contrast, compound 6 displayed a non-competitive mode of inhibition with regard to 
UTP, reflected by an identical X-axis intercept on both the plots with Ki competitive= Ki uncompetitive=18.2 microM.  
 
intercepts on the Dixon and Cornish-Bowden plots above 
and below the x-axis, respectively (Figure 2A). In contrast, 
the compound 6 demonstrated non-competitive inhibition 
with UTP substrate (Ki competitive = Ki uncompetitive = 
18.2 microM), as all the lines converged reasonably well 
resulting in an X- intercept on both Dixon and Cornish-
Bowden plots (Figure 2B). A similar mechanism of 
inhibition has also been demonstrated for another HCV 
NS5B non-nucleoside inhibitor belonging to the 
benzimidazole-5-carboxamide series (38). 
 

To further clarify the mechanistic mode of 
inhibition by compound 6, we examined its binding 

properties under varying conditions of pre-incubation with 
reaction components. Modification of the order of reagent 
addition, substantially affected the ability of compound 6 to 
inhibit the RdRp activity of NS5B, specifically under 
conditions of NS5B-RNA pre-incubation. As seen in Figure 
3A, when compound 6 was pre-incubated with NS5B 
before the addition of template-primer, a modest drop in its 
IC50 value from 48 microM to 41.5 microM was observed 
(E+I). In addition, under these conditions a gradual near 
complete inhibition of NS5B activity was observed at 
compound 6 concentrations above 500 microM. This 
pattern of inhibition did not alter significantly when all 
three components were added together without pre-
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Figure 3.  Effect of RNA on compound 6 Activity. (A) Dependence of inhibition curves on NS5B-RNA (TP+E) and NS5B-
Inhibitor (E+I) complex formation was examined by pre-incubating the indicated components for 30 minutes at 4oC followed by 
evaluation of the NS5B RdRp activity. UMP incorporated into product was expressed as percent of control (no inhibitor) and 
plotted versus increasing concentrations of compound 6. In another set, inhibition curves were obtained in the absence of pre-
incubation of the reaction components (None). (B) Dose response curve displaying the IC50 of compound 6 in a NS5B de novo 
initiation assay employing HCV plus-strand 5′-UTR RNA template. The points on the curve represent an average of three 
independent determinations. (C) Effect of compound 6 on NS5B-RNA binary complex formation was evaluated by 
photochemical crosslinking. NS5B (1.5 microgram) was incubated with 30 nM [5′-32P] labeled rA20/U12 (200K Cerenkov cpm) in 
a binding buffer containing increasing concentrations of compound 6 and exposed to UV radiation. The cross-linked species were 
resolved by SDS-PAGE and the extent of NS5B-RNA cross-linking in the presence of the inhibitor was visualized by 
phosphorImaging and evaluated using Image-Quant software (Molecular Dynamics). Lane 1 in each set represents the control 
reaction carried out in the absence of the compound. Lanes 2–9 represent compound 6 concentrations of 5, 10, 25, 50, 100, 150, 
200 and 400 microM, respectively. 
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Figure 4. Docked model of the most potent compound 6 within the allosteric binding site of HCV NS5B polymerase. Hydrogen 
bonds are shown as dotted yellow lines while distances are shown as dotted pink lines. Active site amino acid residues are 
represented as sticks with the atoms according to the color scheme as carbon – green, nitrogen – blue, oxygen – red and sulfur – 
yellow while the inhibitor is shown as ball and stick model with the same color scheme as above except carbons are represented 
in orange. 
 
incubation. In contrast, the inhibition curves dramatically 
changed under conditions of NS5B-RNA pre-incubation, 
prior to the addition of compound 6 (TP+E) and was 
reflected in an upward shift of the IC50 value from 48 to 80 
microM. We observed that the activity of a substantial 
fraction of NS5B was not decreased even at very high 
concentrations of the inhibitor under condition of 
NS5B+RNA pre-incubation. This observation is consistent 
with the kinetic data and mode of inhibition suggesting that 
pre-incubation with RNA partially protected the enzyme 
from inhibition. A similar scenario has been reported for 
NNIs of NS5B polymerase based on benzimidazole and 
benzylidene scaffolds (38,49). Compound 6 also inhibited 
the primer-independent de novo initiation activity of NS5B 
on HCV plus-strand 5′-UTR RNA template (Figure 3B), 
though the efficacy was somewhat reduced (IC50 = 80 
microM) when compared to primer elongation efficacy on 
homopolymeric RNA template (IC50 = 48 microM). 

 
To understand if compound 6 mediated inhibition 

occurred at the step of NS5B-RNA binding, we cross-
linked 5′-32P-labeled rA20/U12 to NS5B by UV irradiation in 
the presence of increasing amounts of the compound 6 and 
resolved the cross-linked species on a SDS-polyacrylamide 
gel as described earlier (51,68). As seen in Figure 3C (lanes 
2 to 9), the NS5B–RNA complexed species decreased in 
direct proportion to inhibitor concentration, suggesting that 
inhibition may be mediated at the step of RNA binding step 
among others. This is in agreement with the competitive 

mode of TP binding and the protective effect displayed by 
RNA when pre-incubated with the enzyme. 

 
4.4. Molecular Docking and Analysis of the Binding 
mode of compound 6 

To investigate the differences in potency of the 4-
thiazolidinone derivatives at a structural level and draw 
meaningful inferences from the SAR of these compounds, 
we performed docking studies. The binding affinity of the 
inhibitors is shown in Table 1. Compound 6 exhibited the 
high binding affinity in contrast to the lowest binding 
affinity obtained for the inactive compounds 3 and 8-10. 
These values correlated well with the inhibitory potency of 
the compounds, thus validating the Glide molecular 
docking protocol. 

 
We also analyzed the binding mode of compound 6 (Figure 
4). Compound 6 was found to be engaged in a series of 
hydrogen bonding, hydrophobic, and van der Waals 
interactions with a shallow binding pocket which is close in 
space but clearly distinct from the binding site of GTP and 
the indole/benzimidazole-based ligands. The ortho-
fluorophenyl moiety of the inhibitor was found to make 
hydrophobic contacts with Leu419, Met423, Trp528, and 
Cbeta, Cgamma, Cdelta, and Cepsilon atoms of Arg422 and 
Arg501 residues. The 4-thiazolidinone moiety forms 
hydrophobic and van der Waals interactions with Leu419, 
Tyr477, and Ile482 residues. The carbonyl oxygen of the 4-
thiazolidinone moiety was found to be engaged in hydrogen
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Table 2.  Structures and XPGlide-predicted Gscores of the newly designed analogues 
New analogues 1-4 

 

 

New analogues 5 and 6 
 

 

New analogues R1 R2 R3 X Gscore kcal/mol 
1 -H -H -COOH - -8.48 
2 -H tetrazol-2-yl -H - -7.50 
3 -H -H tetrazol-2-yl - -7.24 
4 -CH3 -H -H - -7.64 
5 - - - -CH2- -9.97 
6 - - - -C=O -8.60 

 
bonding interaction with the backbone atoms of Ser476 (O-
--HN, 2.10 angstrom, 155.0°). The –C=O and –NH groups 
of the hydrazide function were located at the hydrogen 
bonding distances from the side chain of Lys533 and the 
backbone of the Leu474, respectively. The biphenyl moiety 
is hosted in a pocket formed by the Ala376, Asn527, 
Lys533, and His475 residues. One of the phenyl rings of 
the biphenyl moiety was positioned to form pi-pi stacking 
interaction with His475. The para-fluoro substituent of the 
biphenyl moiety is engaged in strong electrostatic 
interaction with the side chain of Asn527. Interestingly, a 
recent study by Louise-May et al. has reported a spatially 
related similar binding mode by 5,4-dialkyl substituted 
thiophene analogues (69), thus supporting structure-based 
approach as a powerful tool to obtain novel lead 
compounds.   
 
5. DISCUSSION 
 

The binding mode of inhibitor 6 suggests ways to 
improve upon potency of thiazolidinone derivatives. 
Crystallographic data on NS5B-N-benzylphenylalanine 
complex suggest that Met423 side chain is very flexible 
and should accommodate bulkier groups (larger than ortho-
fluorophenyl moiety) at the 2-position of the thiazolidinone 
moiety. Increasing the conformational flexibility of the 
thiazolidinone inhibitors may lead to potent analogues 
through cooperative binding within the allosteric site of 
NS5B. The conformational flexibility of the most potent 
inhibitor 6 can be achieved by bioisosteric replacement of 
the rigid amide function with freely rotatable functions 
such as an ethylene (-CH2-CH2-) or ketomethylene (-
COCH2) bridge between the biphenyl and thiazolidinone 
rings. The C-2 and C-5 positions of the thiazolidinone 
moiety establishes suboptimal hydrophobic interaction with 
the Leu419, Tyr477, and Leu482 residues, hence, a 
possibility of extending these positions by hydrophobic 
substituents would generate high binding affinity analogues 
through additional hydrophobic contacts. Further, a –
COOH or a tetrazole group on the biphenyl moiety could 
potentially increase the affinity through ionic interaction of 
these groups with the side chain guanidine group of Arg422 

and epsilon-NH2 of the Lys533.  Based on this structural 
insight, we hypothetically designed modified analogues of 
the most potent inhibitor (compound 6) and docked into the 
allosteric site of HCV NS5B polymerase. As seen in Table 
2, the Gscores of these modified analogues were 
significantly improved over compound 6, suggesting that 
these analogues may presumably be better inhibitors than 
compound 6.  This aspect is awaiting experimental 
verification pending synthesis of these analogues.  

 
In conclusion, from the systematic SAR 

screening of the 4-thiazolidinone scaffold-based 
compounds employing HCV NS5B RdRp enzymatic 
assays, we identified a lead compound 6 which inhibited 
NS5B non-competitively with respect to UTP and exhibited 
a mixed mode of inhibition with RNA. Although the 
compound was not very potent (IC50 = 48 microM), 
characterization of its binding mode by biochemical and 
computational experiments suggest that the 4-
thiazolidinone scaffold may be optimized for generating 
new analogues with improved anti-NS5B potency. Based 
on these studies, we are now in the process of synthesizing 
modified analogues of lead compound 6 in our laboratory 
for evaluating their effectiveness as potent NS5B RdRp 
inhibitors. 
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Abbreviations: HCV: hepatitis C virus; NS5B: HCV non-
structural protein 5B; RdRp: RNA-dependent RNA 
polymerase; SAR: structure–activity relationship; PEG-
IFN-alpha: pegylated interferon alpha;  Ni-NTA: nickel-
nitrilotriacetic acid; DMSO: dimethylsulphoxide; IPTG: 
isopropyl-beta-D-thiogalactopyranoside; DTT: 
dithiothreitol; TP: template-primer; NTP: nucleoside 
triphosphate; TCA: trichloroacetic acid; NI: nucleoside 
inhibitor; NNI: non-nucleoside inhibitor; COX: 
cyclooxygenase enzyme; HIV-1 RT: human 
immunodeficiency virus type 1; SDS-PAGE: sodium 
dodecyl sulphate-polyacryalamide gel electrophoresis; 
PDB: protein data base; E: Enzyme 
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