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Abstract
In an effort to find chemicals inhibiting the enzymatic activity of the hepatitis C virus (HCV) NS5B polymerase, a series
of thiobarbituric acid derivatives were selected from a library provided by Korea Research Institute of Chemical
Technology and characterized. The selected compounds exhibited IC50 values ranging from 1.7 to 3.8 μM, and EC50
values ranging from 12.3 to 20.7 μM against NS5B polymerase of type 1b strain. They showed little effect against type
2a polymerase. One of the compounds, G05, was selected and further characterized. It inhibited the synthesis of RNA
by recombinant HCV NS5B polymerase in a dose dependent manner. The CC50 value was 77 μM. The inhibition was
in a noncompetitive manner with the substrate UTP. The compound did not inhibit the elongation step of RNA
synthesis in a single-cycle processive polymerization assay. It inhibited the binding of NS5B polymerase to the
template RNA in a dose-dependent manner.
Findings
The hepatitis C virus causes chronic hepatitis in human,
and an estimated 170 million people are infected worldwide [1,2]. However, no vaccine has yet been successful,
and no specific inhibitor is currently available other
than interferon alpha and ribavirin, where the response
rate is lower than 50% and side effects have been
reported [3,4].
Nonstructural protein 5B is responsible for HCV genomic replication [5,6], which made it a major target for the
development of an antiviral therapy and many compounds
have been reported to inhibit this target. Non-nucleoside
inhibitors (NNIs) bind to an allosteric site and cause a
change in the conformation of the active site in the
enzyme, thereby inhibiting the initiation step, whereas pyrophosphate mimics bind to catalytic metal ions in the
active site of the protein, thereby inhibiting enzymatic
activity. Many NNIs have already been reported. One
example is benzimidazoles, which bind to the thumb
domain of NS5B [3,7-10], while another is thiophene derivatives which are reversible allosteric inhibitors that also
bind to the thumb domain [11], yet the binding sites in
the thumb domain for the two inhibitors are different.
X ray crystallographic studies have revealed that phenylalanine and dihydropyranone scaffold inhibitors bind to the
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same site in NS5B, although they have different chemical
structures [12,13]. Benzothiadiazine scaffold inhibitors are
also known to inhibit the initiation step of RNA synthesis
[14,15], yet the binding site and inhibition mechanism are
believed to be different from others [16].
While screening a chemical library provided by Korea
Research Institute of Chemical Technology, several thiobarbituric acid derivatives were found by the current
authors to have inhibitory effects on the HCV NS5B
polymerase. This study reports on the characterization
of inhibitory mechanism by the compounds.
6,500 compounds with representative chemical structures from the Korea Research Institute of Chemical
Technology (KRICT) were screened for their inhibitory
effect on the HCV NS5B polymerase. A bacterial cellbased assay was used for screening as described [17].
The structures of the hit compounds are shown in
Additional file 1. All 4 compounds were thiobarbituric
acid derivatives. The inhibition of RNA synthesis by
these compounds was biochemically tested in a [32P]UMP incorporation assay with a purified recombinant
NS5B and poly(A)-oligo(dT) template. Potent inhibition
against 1b type polymerase (Con-1) was exhibited with
IC50 values between 1.7 and 3.8 μM. But essentially no
inhibition was observed against 2a (JFH-1) type polymerase. The inhibitory effects on the 1b type HCV
subgenomic RNA replicon [18] was measured using a
real-time RT-PCR analysis of plus-strand RNA
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(Additional file 1). The EC50 values ranged from 12.3 to
21 μM, yet the level of cellular GAPDH RNA was not
changed at these concentrations. The EC50 values were
positively correlated with the IC 50 values, suggesting
there was little variation in the membrane permeability
of each compound. In the presence of the compounds
naïve Huh-7 cells showed an altered viability as measured by a standard MTT assay. The CC50 of G05 compound for naïve Huh-7 cells was 77 μM (Figure 1, a).
The G05 compound was not a nucleoside analogue, suggesting that it may include a noncompetitive mechanism
of inhibition. That was confirmed by measuring the
[ 32 P]-UMP incorporation by recombinant NS5B (Cterminal 21 amino-acids deleted form) in the presence
of various concentrations of G05. The Km for UTP
remained unchanged while the Vmax decreased
when the concentration of G05 increased (Figure 1, b).
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The Lineweaver-Burk plot (Figure 1, c) suggests that the
compound may interact with the HCV NS5B polymerase at a site other than the UTP binding site.
As a noncompetitive inhibitor, G05 may either inhibit
the initiation step or the elongation step of the polymerization reaction. We tested if the compound inhibited
the initiation step of RNA synthesis using heparin.
Heparin is a known polymerase inhibitor trapping free
enzyme dissociated from the template [19] and was used
to create a single processive reaction in this experiment.
The NS5B and poly(A)-oligo(dT) template were mixed
and preincubated at room temperature for 90 minutes
before adding 2.5 μg of heparin, 10 μCi of a-[ 32 -P]UTP, and 50 μM UTP for the polymerization reaction.
Thereafter, the G05 compound was added and the reaction mixture was further incubated and visualized after
running on a polyacrylamide gel. Since the nucleotide

Figure 1 Mode of inhibition by G05 compound. (a) Naïve Huh7 cells were treated with various concentrations (up to 100 μM) of G05
compound and the viability was measured with standard MTT assay. (b) Huh7 cells harboring the HCV subgenomic replicon were treated with
G05 compound at a concentration of 5 15 or 30 μM. After 72 hours of incubation the amounts of (+) and (-) sense replicon RNA were measured
using a real-time RT-PCR. (b) [32P]-UMP incorporation measured after 90 minutes of incubation in the presence of G05 at 0 1.7 and 13.5 μM in
concentration. (c) The same assay with G05 at 0.1 0.25 and 0.5 μM in concentration and displayed as a Lineweaver-Burk plot. [I] concentration of
G05 compound.

Lee et al. Virology Journal 2011, 8:18
http://www.virologyj.com/content/8/1/18

mixture was added along with heparin, the level of RNA
synthesis could only be measured from the preformed
template-enzyme complex. In the presence of an
increasing concentration of the G05 compound, the
amount of newly synthesized RNA did not change
(Figure 2, a), which suggests that the compound inhibited the initiation step of RNA synthesis rather than the
elongation step. In the absence of heparin, the compound inhibited RNA synthesis in a dose-dependent
manner (Figure 2, b). The inhibition mode was further
supported by an initiation step assay. Inhibition of binding between recombinant NS5B and template RNA
was measured as follows; purified recombinant NS5B
was preincubated with G05 at various concentrations.
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In vitro transcribed 3’ UTR RNA was added to each
reaction and incubated before pulldown with Ni-NTA
agarose beads (Qiagen, USA). In the presence of an
increasing concentration of the compound, the binding
of NS5B to the template RNA decreased dose-dependently (Figure 2, b), showing a direct inhibition in the
initiation step.
The HCV NS5B polymerase is a well characterized
enzyme and a druggable target based on the identification of at least three allosteric binding pockets in addition to the active site [20]. Accordingly, when screening
a chemical library against HCV NS5B, we found a series
of thiobarbituric acid compounds to be potent inhibitors
of HCV NS5B polymerase. Based on the data presented
in this study, the compound would appear to bind to an
allosteric site in the enzyme and inhibit the initiation
step of RNA synthesis in a noncompetitive manner. In
addition to NS5B, the HCV replicase complex is also
known to include other viral proteins, such as NS3,
NS4A, and NS5A [21]. Plus, various cellular factors have
also been suggested to be involved [22]. However, in the
present results, G05 was found to be active against the
purified recombinant NS5B in a biochemical enzyme
assay, suggesting a direct interaction of the compound
with the enzyme rather than an indirect influence due
to interactions with cofactors. The compound was also
active in a subgenomic replicon cell-based assay, meaning that it exerted the same effect in a cellular environment. They were able to pass through the cellular
membrane and reach the perinuclear region where HCV
replicase complex was reported to localize [23]. This
study may provide some useful clues for development of
antiviral therapy for hepatitis C virus.

Additional material
Figure 2 G05 did not inhibit elongation step of RNA synthesis
but inhibited RNA binding of the polymerase. (a) The G05
compound reduced the amount of the newly synthesized RNA
strand in a dose-dependent manner. The compound was added to
a [32P]-UMP incorporation reaction using recombinant NS5B and
poly(A)-oligo(dT) template at a concentration of 1 5 10 or 15 μM
(lanes 2-5). (b) Single processive cycle conditions were set up with
heparin an RNA polymerase trapper. Lane 1; RNA product in the
absence of NS5B lane 2; RNA product in the presence of NS5B lane
3; RNA product in the presence of NS5B with the addition of
heparin prior to the template; lane 4; single processive reaction
without G05 compound lanes 5-7; single processive reaction at a
concentration of 1 5 or 10 μM G05 compound respectively.
(c) Inhibition of binding between recombinant NS5B and template
RNA was measured. Recombinant hexahistidine-tagged NS5B was
preincubated with G05 at various concentrations before adding 3’
YTP RNA. After incubation the mixture was pulled down with NiNTA resin and the RNA was analyzed in a gel electrophoresis. Lane
1; no inhibitor lane 2; 0.5 μM G05 added lane 3; 1 μM G05 added
lane 4; 5 μM G05 added lane 5; 10 μM G05 added.

Additional file 1: Chemical structures and inhibitory effects of
selected compounds. * The IC50 was measured by a [32P]-UMP
incorporation assay using poly(A)-oligo(dT) template and recombinant
NS5B and represents the concentration of the inhibitor showing a 50%
reduction in the recombinant NS5B polymerase activity. Unit = μM. # The
EC50 was measured by real-time RT-PCR analysis and represents the
concentration of the inhibitor showing 50% reduction in the RNA level in
a Huh7 cell harboring the HCV subgenomic replicon. Unit = μM.

Acknowledgements
The authors would like to thank Professor Ralf Bartenschlager for providing
the HCV subgenomic relicon and Professor Takaji Wakita for providing 2a
strain. This work was supported by Basic Science Research Program through
the National Research Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology (2009-0070937), 2010 GRRC fund, and
HUFS research fund of 2010.
Authors’ contributions
J-HL investigated the mechanism of action of the compound. SL and MYP
contributed in the screening stage of the compound. HM conceived of the

Lee et al. Virology Journal 2011, 8:18
http://www.virologyj.com/content/8/1/18

Page 4 of 4

study, and participated in its design and coordination. All authors read and
approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 24 November 2010 Accepted: 14 January 2011
Published: 14 January 2011
References
1. Choo QL, Kuo G, Weiner AJ, Overby LR, Bradley DW, Houghton M: Isolation
of a cDNA clone derived from a blood-borne non-A non-B viral hepatitis
genome. Science 1989, 244:359-362.
2. Tomei L, Altamura S, Bartholomew L, Biroccio A, Ceccacci A, Pacini L,
Narjes F, Gennari N, Bisbocci M, Incitti I, Orsatti L, Harper S, Stansfield I,
Rowley M, De Francesco R, Migliaccio G: Mechanism of action and
antiviral activity of benzimidazole-based allosteric inhibitors of the
hepatitis C virus RNA-dependent RNA polymerase. J Virol 2003,
77:13225-13231.
3. Fried MW, Shiffman ML, Reddy KR, Smith C, Marinos G, Gonçales FL,
Häussinger D Jr, Diago M, Carosi G, Dhumeaux D, Craxi A, Lin A, Hoffman J,
Yu J: Peginterferon alfa-2a plus ribavirin for chronic hepatitis C virus
infection. N Engl J Med 2002, 347:975-982.
4. Seeff LB, Hoofnagle JH: Appendix: The National Institutes of Health
Consensus Development Conference Management of Hepatitis C. Clin
Liver Dis 2003, 7:261-287.
5. Behrens SE, Tomei L, De Francesco R: Identification and properties of the
RNA-dependent RNA polymerase of hepatitis C virus. EMBO J 1996,
15:12-22.
6. Lohmann V, Körner F, Herian U, Bartenschlager R: Biochemical properties
of hepatitis C virus NS5B RNA-dependent RNA polymerase and
identification of amino acid sequence motifs essential for enzymatic
activity. J Virol 1997, 71:8416-8428.
7. Beaulieu PL, Bos M, Bousquet Y, DeRoy P, Fazal G, Gauthier J, Gillard J,
Goulet S, McKercher G, Poupart M, Valois S, Kukolj G: Non-nucleoside
inhibitors of the hepatitis C virus NS5B polymerase: Discovery of
benzimidazole 5-carboxylic amide derivatives with low-nanomolar
potency. Bioorg Med Chem Lett 2004, 14:967-971.
8. Beaulieu PL, Bos M, Bousquet Y, Fazal G, Gauthier J, Gillard J, Goulet S,
LaPlante S, Poupart M, Lefebvre S, McKercher G, Pellerin C, Austel V,
Kukolj G: Non-nucleoside inhibitors of the hepatitis C virus NS5B
polymerase: Discovery and preliminary SAR of benzimidazole
derivatives. Bioorg Med Chem Lett 2004, 14:119-124.
9. Di-Marco S, Volpari C, Tomei L, Altamura S, Harper S, Narjes F, Koch U,
Rowley M, De Francesco R, Migliaccio G, Carfí A: Interdomain
communication in hepatitis C virus polymerase abolished by small
molecule inhibitors bound to a novel allosteric site. J Biol Chem 2005,
280:29765-29770.
10. La Plante SR, Jakalian A, Aubry N, Bousquet Y, Ferland JM, Gillard J,
Lefebvre S, Poirier M, Tsantrizos YS, Kukolj G, Beaulieu PL: Binding mode
determination of benzimidazole inhibitors of the hepatitis C virus RNA
polymerase by a structure and dynamics strategy. Angew Chem In Ed
2004, 43:4306-4311.
11. Biswal BK, Cherney MM, Wang M, Chan L, Yannopoulos CG, Bilimoria D,
Nicolas O, Bedard J, James MN: Crystal structures of the RNA dependent
RNA polymerase genotype 2a of hepatitis C virus reveal two
conformations and suggest mechanisms of inhibition by nonnucleoside
inhibitors. J Biol Chem 2005, 280:18202-18210.
12. Love RA, Parge HE, Yu X, Hickey MJ, Diehl W, Gao J, Wriggers H, Ekker A,
Wang L, Thomson JA, Dragovich PS, Fuhrman SA: Crystallographic
identification of a noncompetitive inhibitor binding site on the hepatitis
C virus NS5B RNA polymerase enzyme. J Virol 2003, 77:7575-7581.
13. Wang M, Ng KK, Cherney MM, Chan L, Yannopoulos CG, Bedard J, Morin N,
Nguyen-Ba N, Alaoui-Ismaili MH, Bethell RC, James MN: Non-nucleoside
analogue inhibitors bind to an allosteric site on HCV NS5B polymerase
crystal structures and mechanism of inhibition. J Biol Chem 2003,
278:9489-9495.
14. Dhanak D, Duffy KJ, Johnston VK, Lin-Goerke J, Darcy M, Shaw AN, Gu B,
Silverman C, Gates AT, Nonnemacher MR, Earnshaw DL, Casper DJ, Kaura A,
Baker A, Greenwood C, Gutshall LL, Maley D, DelVecchio A, Macarron R,
Hofmann GA, Alnoah Z, Cheng HY, Chan G, Khandekar S, Keenan RM,

15.

16.

17.

18.

19.
20.

21.

22.
23.

Sarisky RT: Identification and biological characterization of heterocyclic
inhibitors of the hepatitis C virus RNA-dependent RNA polymerase. J Biol
Chem 2002, 277:38322-38327.
Gu B, Johnston VK, Gutshall LL, Nguyen TT, Gontarek RR, Darcy MG,
Tedesco R, Dhanak D, Duffy KJ, Kao CC, Sarisky RT: Arresting initiation of
hepatitis C virus RNA synthesis using heterocyclic derivatives. J Biol
Chem 2003, 278:16602-16607.
Tomei L, Altamura S, Bartholomew L, Bisbocci M, Bailey C, Bosserman M,
Cellucci A, Forte E, Incitti I, Orsatti L, Koch U, De Francesco R, Olsen DB,
Carroll SS, Migliaccio G: Characterization of the inhibition of hepatitis C
virus RNA replication by nonnucleosides. J Virol 2004, 78:938-946.
Lee S, Lee J, Kee Y, Park M, Myung H: Partial reconstitution of hepatitis C
virus RNA polymerization by heterologous expression of NS5B
polymerase and template RNA in bacterial cell. Virus Res 2005,
114:158-163.
Lohmann V, Körner F, Koch J, Herian U, Theilmann L, Bartenschlager R:
Replication of subgenomic hepatitis C virus RNAs in a hepatoma cell
line. Science 1999, 285:110-113.
Bambara RA, Fay PJ, Mallaber LM: Methods of analyzing processivity.
Methods Enzymol 1995, 262:270-280.
Beaulieu PL: Non-nucleoside inhibitors of the HCV NS5B polymerase:
progress in the discovery and development of novel agents for the
treatment of HCV infections. Curr Opin Investig Drugs 2007, 8:614-634.
Moradpour D, Gosert R, Egger D, Penin F, Blum HE, Bienz K: Membrane
association of hepatitis C virus nonstructural proteins and identification
of the membrane alteration that harbors the viral replication complex.
Antiviral Res 2003, 60:103-109.
Moriishi K, Matsuura Y: Host factors involved in the replication of
hepatitis C virus. Rev Med Virol 2007, 17:343-354.
Gosert R, Egger D, Lohmann V, Bartenschlager R, Blum HE, Bienz K,
Moradpour D: Identification of the hepatitis C virus RNA replication
complex in Huh-7 cells harboring subgenomic replicons. J Virol 2003,
77:5487-5492.

doi:10.1186/1743-422X-8-18
Cite this article as: Lee et al.: Characterization of thiobarbituric acid
derivatives as inhibitors of hepatitis C virus NS5B polymerase. Virology
Journal 2011 8:18.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

