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Abstract
Background: Despite the great progress made in the last 10 years, alternative strategies might help improving definitive
treatment options against hepatitis C virus infection.
Methods: With the aim of identifying novel inhibitors of the hepatitis C virus-1b replication targeting the viral NS3
helicase, the structures of previously reported symmetrical inhibitors of this enzyme were rationally modified, and
according to docking-based studies, four novel scaffolds were selected for synthesis and evaluation in the hepatitis C
virus-1b subgenomic replicon assay.
Results: Among the newly designed compounds, one new structural family was found to inhibit the hepatitis C virus-1b
replication in the micromolar range. This scaffold was chosen for further exploration and different novel analogues were
synthesised and evaluated.
Conclusions: Different new inhibitors of the hepatitis C virus genotype 1b replication were identified. Some of the new
compounds show mild inhibition of the NS3 helicase enzyme.
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Introduction

Hepatitis C virus (HCV) is a primary cause of chronic
liver disease and it affects 3% of the global population.1

The infection, which becomes chronic in 60–85% of
cases, leads to hepatic steatosis, fibrosis, cirrhosis and
hepatocellular carcinoma.2,3 A vaccine is currently not
available, while the standard of care was for long a
combination of pegylated interferon and ribavirin.4

HCV genome encodes six non-structural proteins,
essential for the viral replication.5 In the past 10
years, safe and highly potent inhibitors of the HCV
replication have been developed, providing the basis
for a definitive cure against this infection; their main
targets are the NS3 protease,6,7 the NS5B polymerase,8

the NS4B protein9 and the NS5A protein.10

Nevertheless, the available combination treatments
with these agents are associated with high costs,11,12

and for each of them resistant viral strains have been
reported.13–17

Despite the abundance of structural information on
the HCV NS3 helicase,18 none of the few inhibitors of
this enzyme reported so far has been taken into clinical

development.19 This protein, essential for the viral rep-
lication,20,21 is responsible for the ATP-dependent
unwinding of double-stranded RNA sequences, an
intermediate in the viral nucleic acid synthesis.22,23

The NS3 helicase was chosen as target for the
rational design and synthesis of novel potential agents
against genotype 1b HCV. The structures of previously
reported symmetrical inhibitors of the HCV NS3 heli-
case24,25 were rationally modified into four novel scaf-
folds, which were then synthesised and evaluated in the
genotype 1b subgenomic replicon assay.
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Results and discussion

Rational design and synthesis

The HCV NS3 helicase is formed by three domains and
occupies the C-terminal portion of the NS3 protein. It
presents multiple ligand-binding regions, the main ones
being an ATP-binding site in the cleft separating
domain 1 from domain 2 and a single-stranded nucleic
acid-binding site at the interface of the three domains,26

as depicted in Figure 1.
The potential interference with the known nucleic

acid-binding cleft was evaluated for the design of
novel inhibitors of the HCV replication. To achieve
this result, the structures of previously reported sym-
metrical inhibitors of the HCV NS3 helicase were
chosen as a starting point for the design of novel poten-
tial anti-HCV agents.24,25 Due to their bulky

Figure 1. HCV NS3 helicase domains and main nucleic acid-
binding cleft in the 3KQH crystal structure.27

HCV: hepatitis C virus.

Figure 2. Structure of the known symmetrical HCV NS3 helicase inhibitors considered and their proposed modifications.
HCV: hepatitis C virus.
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occupational volumes, the most likely site of interfer-
ence with the enzyme is, for all these known com-
pounds, the main RNA-binding pocket. In particular,
as shown in Figure 1, the nucleic acid substrate occu-
pies this pocket in an extended conformation in the
high-affinity open structure of the enzyme, making
interactions with residues belonging to all three helicase
domains. Given their potential to interfere with the
binding of the nucleic acid substrate of the enzyme,
the structures of the known helicase inhibitors were
rationally modified in order to combine their central
linkers with two equal aromatic sulphonamide lateral
groups. This last feature has been identified as import-
ant for the antiviral activity of a different series of
agents against genotype 1b HCV recently found in
our research group (unpublished data). The newly
designed potential anti-HCV-1b scaffolds are described
in Figure 2, along with the structures of the parent
symmetrical helicase inhibitors.

All four new scaffolds were analysed with molecular
docking simulations with the Glide SP module in
Maestro.28 A 12 Å docking grid was generated from
the 3KQH crystal structure, using as centroid the area
defined by residues Arg393, Glu493 and Trp501. The
presence of the newly inserted hydrophobic sulphona-
mides should maximise the potential interactions with
the target site, as indicated by docking results
(Figure 3(a) to (d)).

The predicted binding mode found for all the struc-
tures suggests a good spatial occupation of the target
site of the HCV NS3 helicase, with an optimal fitting of
the region at the interface of the three main domains,
and with the potential of forming hydrophobic and
hydrogen bond interactions with several residues,
including Trp501, Arg393, Glu493, Thr411, Ser287,
Asn556 and Phe557.

As docking results support the potential interference
with the target site of the enzyme, all four new scaffolds
were selected for synthetic development.

The new symmetrical structures were synthesised
according to two different procedures, a general one
for scaffolds [3]–[5], and a second one for [6]. In the
case of structural families [3]–[5], different hydrophobic
substituents in the para position of the sulphonamide
aromatic rings were explored. The presence of a hydro-
phobic group in this position should facilitate the inter-
action of the molecule with Trp501.

The common synthetic strategy applied for the scaf-
folds of [3]–[5] is shown in Scheme 1, along with the
procedure to obtain [6].

Common intermediates [9a–h] were obtained
through a nucleophilic displacement between the differ-
ent sulfonyl chlorides [7a–h] and para-phenylenedi-
amine [8], performed at 0!C in anhydrous
environment using Diisopropylethylamine (DIPEA)

and Dichloromethane (DCM) as base/solvent
system. A second nucleophilic substitution reaction
between [9a–h], used in excess, and the different sym-
metrical acyl chlorides [10]–[12] gave the desired sym-
metrical products [3a–b], [4a–c] and [5a–h], isolated in

Figure 3. Predicted binding mode in the 3KQH crystal struc-
ture for the newly designed compounds: (a) [3a], (b) [4a], (c)
[5a] and (d) [6].
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variable yield after chromatographic purification or
recrystallisation.

Derivative [6] was obtained with a two-step synthesis
involving two nucleophilic displacement reactions, the
first one between sulfonyl chloride [7a] and ethylenedi-
amine [13], from which intermediate [14] was obtained
in good yield after stirring the reaction mixture in
dichloromethane at room temperature for 2 h in the
presence of triethylamine as base, and the second one
between alkyl amine [14] and succinyl chloride [12].
Desired product [6] was obtained in good yield after
chromatographic purification.

Biological activity

All the newly synthesised compounds were evaluated
for their potential effect against genotype 1b HCV rep-
lication in the Huh5-2 replicon system (Table 1).29 The
HCV protease inhibitor Telaprevir (VX-950) was
included as positive control. For most of the analogues
prepared, their potential interference with the HCV
NS3 helicase unwinding activity was also evaluated
(Table 1). Primuline30 and aurintricarboxylic acid31

were included as positive controls.
Among the four new structural families designed, the

most interesting compound was initially found to be
[5a], which is associated with an antiviral effect against
the genotype 1b HCV replication in the micromolar
range. The activity pattern observed for its analogues
[5b] and [5c] indicates retention of some antiviral activ-
ity both with a para-methyl substituent in the sulphona-
mide phenyl ring ([5b]) and with an unsubstituted
phenyl sulphonamide ([5c]). Some antiviral activity

can be observed also for [3b] and [4b], both showing a
4-methyl substitution in the aromatic sulphonamide,
but their close analogues [3a], [4a] and [4c] are asso-
ciated with a complete loss of activity. In order to fur-
ther investigate the antiviral potential associated with
[5a], its scaffold was further modified with the explor-
ation of different hydrophobic groups in the para pos-
ition of the phenyl sulphonamide ([5d–f]) and with the
increase of the occupational volume of this group with
the insertion of a condensed aromatic ring ([5g, h]). The
most successful modification found so far is a tert-butyl
substituent in the para position of the phenylsulphona-
mide group ([5d]),which shows improved EC50 and
EC90 values and a good selectivity index> 10. The pres-
ence of a biphenylsulphonamide substituent ([5f]) is
associated with activity retention, while the remaining
three modifications attempted ([5e], [5g], [5h]) are asso-
ciated with loss of activity, suggesting a negative influ-
ence of a bicyclic or heterocyclic aromatic ring for the
activity of this scaffold.

Compounds [3a], [3b], [4c] and [5b] also show some
inhibition of the HCV NS3 helicase unwinding activity
at high concentrations, but a trend for this effect is not
evident from the data obtained so far. While [3a] and
[4c] do not show any antiviral activity in the replicon
assay, possibly due to issues in the entrance to the cel-
lular environment, [3b] and [5b] are showing some bio-
logical activity in both the assays, cellular and
enzymatic. The observed IC50 values in the helicase
assay for these two compounds are significantly
higher than the range of activities found in the replicon
system. The lack of correlation between the two sets of
data suggests that the antiviral effect of the new

Scheme 1. Reagents and conditions: (i) DIPEA, anhydrous DCM, 0!C, 30 min, 53–93%; (ii) NEt3, anhydrous DCM, rt, 30 min,
36–69%; (iii) NEt3, anhydrous DCM, 0!C 1 h, rt 2 h, 59%; (iv) NEt3, anhydrous DCM, rt 1 h, 78%. DCM: Dichloromethane; DIPEA:
Diisopropylethylamine; NEt3: Triethylamine; rt: room temperature.
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structures presented in this study might be due to the
interference with a different target, viral or cellular,
other than the HCV NS3 helicase.

Conclusions

Starting from a rational approach, four new structural
scaffolds were designed as potential inhibitors of the geno-
type 1b-HCV replication targeting the viral NS3 helicase.
The newly designed compounds show the presence of the
two equal phenylsulphonamide lateral groups, linked
together with different symmetrical amide functions. For
each new structural family, a small series of new deriva-
tives was synthesised and evaluated in the HCV-1b sub-
genomic replicon and the helicase unwinding assay. One
of these scaffolds showed antiviral activity in the micro-
molar range and was chosen for further development.
Data found so far suggest that antiviral activity for
these structures is associated with the presence of two
equal phenylenediamine rings in the linker, connected
by a central succinamide group. A hydrophobic substitu-
ent in the para position of the two terminal phenyl groups

is important for activity retention. The best new succina-
mide analogues found, [5d] and [5g], bear a 4-tert-butyl-
phenyl and a 4-biphenyl substituent on the two
sulphonamide groups, respectively, and were found to
inhibit HCV-1b replication with EC50 values in the
range of the low micromolar.

Preliminary enzymatic evaluations suggest that the
antiviral effect associated with the newly prepared com-
pounds is mainly unrelated to the interference with the
NS3 helicase activity, with other viral or cellular targets
likely involved.

Experimental

All experimental procedures are described in detail in
the Supporting Information, along with compound
characterisation.
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Table 1. Antiviral effect of the test compounds on genotype 1b hepatitis C virus replication in the Huh5-2 replicon system.

Comp. Ar X Y EC50 (mM)a,b EC90 (mM)b,c CC50 (mM)b,d SIe Helicase IC50 (mM)d

[3a] 4-Cl-Ph p-Ph p-Ph >180 – >180 – 362

[3b] 4-Me-Ph p-Ph p-Ph 39.9" 20.6 >153 >153 >3.8 515

[4a] 4-Cl-Ph CH¼CH p-Ph >155 >155 >155 – >1000

[4b] 4-Me-Ph CH¼CH p-Ph 53.1" 13.8 >124 >124 >2.3 >1000

[4c] Ph CH¼CH p-Ph >173 >173 >173 – 508

[5a] 4-Cl-Ph (CH2)2 p-Ph 20.4" 12 141 >154 >7.5 >1000

[5b] 4-Me-Ph (CH2)2 p-Ph 66.8" 37.8 >165 113 1.7 380

[5c] Ph (CH2)2 p-Ph 34.3" 3.9 >130 >173 >5 >1000

[5d] 4-tBu-Ph (CH2)2 p-Ph 12.8" 3.3 24.1" 14.1 >145 >11.3 n.d.

[5e] 4-CF3-Ph (CH2)2 p-Ph 54" 46 121 >140 >2.6 >1000

[5f] 4-Biphenyl (CH2)2 p-Ph 13.3" 1.6 63.7" 12.1 >137 >10.3 >1000

[5g] 1-Naphthyl (CH2)2 p-Ph 33.6" 7.9 >147 >147 >4.4 >1000

[5h] 8-Quinoline (CH2)2 p-Ph >147 >147 >147 – >1000

[6] 4-Cl-Ph (CH2)2 (CH2)2 >181 >181 >181 – >1000

(VX-950) – – – 0.8" 0.2 – 47 58.8 –

Primuline – – – – – – – 10" 2

Aurintricarboxylic acid – – – – – – – 0.3" 0.1

aEC50¼ 50% effective concentration (concentration at which 50% inhibition of virus replication is observed).
bThe EC50, EC90, CC50 and IC50 values are the mean" SD of at least 2–3 independent experiments.
cEC90¼ 90% effective concentration (concentration at which 50% inhibition of virus replication is observed).
dCC50¼ 50% cytostatic/cytotoxic concentration (concentration at which 50% adverse effect is observed on the host cell).
eSI¼ the ratio of CC50 to EC50.

Bassetto et al. 5



Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

References

1. World Health Organization. Hepatitis C factsheet 164.
July 2015. http://www.who.int/mediacentre/factsheets/
fs164/en/ (accessed 15 August 2016).

2. Nguyen TT, Sedghi-Vaziri A, Wilkes LB, et al.
Fluctuations in viral load (HCV RNA) are relatively
insignificant in untreated patients with chronic HCV
infection. J Viral Hepat 1996; 3: 75–78.

3. The Global Burden of Hepatitis C Working Group.
Global burden of disease (GBD) for hepatitis C. J Clin
Pharmacol 2004; 44: 20–29.

4. Marrero JA. Viral hepatitis and hepatocellular carcin-
oma. In: Shetty K and Wu GY (eds) Chronic viral hepa-
titis: diagnosis and therapeutics. 2nd ed. Heidelberg,
Germany: Springer, 2009, pp.431–447 .

5. Suzuki T, Ishii K, Aizaki H, et al. Viral life cycle. Adv
Drug Deliv Rev 2007; 59: 1200–1212.

6. U.S. Food and Drug Administration. www.fda.gov
(accessed 12 May 2016).

7. FDA approves new treatment for hepatitis C virus. Food
and Drug Administration, 22 November 2013.

8. FDA approves Sovaldi for chronic hepatitis C in FDA
New Release. U.S. Food and Drug Administration, 6
December 2013.

9. Rai R and Deval J. New opportunities in anti-hepatitis C
virus drug discovery: targeting NS4B. Antiviral Res 2011;
90: 93–101.

10. Lok AS-F. HCV NS5A inhibitors in development. Clin
Liver Dis 2013; 17: 111–121.

11. Gritsenko D and Hughes G. Ledipasvir/Sofosbuvir
(Harvoni): improving options for hepatitis C virus infec-
tion. Pharm Ther 2015; 40: 256–259, 276.

12. Hagan LM, Sulkowski MS and Schinazi RF. Cost ana-
lysis of sofosbuvir/ribavirin versus sofosbuvir/simeprevir
for genotype 1 HCV infection ineligible/intolerant indi-
viduals. Hepatology 2014; 60: 37–45.

13. Gao M. Antiviral activity and resistance of HCV NS5A
replication complex inhibitors. Curr Opin Virol 2013; 3:
514–520.

14. Vermehren J and Sarrazin C. The role of resistance in
HCV treatment. Best Pract Res Cl Ga 2012; 26: 487–503.

15. www.gilead.com/$/media/Files/pdfs/medicines/liver-dis
ease/harvoni/harvoni_pi (accessed 15 August 2016).

16. Issur M and Gotte M. Resistance patterns associated
with HCV NS5A inhibitors provide limited insight into
drug binding. Viruses 2014; 6: 4227–4241.

17. Poveda E, Wyles D, Mena A, et al. Update on hepatitis C
virus resistance to direct-acting antiviral agents. Antiviral
Res 2014; 108: 181–191.

18. Pyle AM. RNA helicases and remodeling proteins. Curr
Opin Chem Biol 2011; 15: 636–664.

19. Li K, Frankowski KJ, Belon CA, et al. Optimization of
potent hepatitis C virus NS3 helicase inhibitors isolated
from the yellow dyes thioflavine S and primuline. J Med
Chem 2012; 55: 3319–3330.

20. Lam AM and Frick DN. Hepatitis C virus subgenomic
replicon requires an active NS3 RNA helicase. J Virol
2006; 80: 404–411.

21. Kolykhalov AA, Mihalik K, Feinstone SM, et al.
Hepatitis C virus-encoded enzymatic activities and con-
served RNA elements in the 3’nontranslated region are
essential for virus replication in vivo. J Virol 2000; 74:
2046–2051.

22. Tai CL, Chi WK, Chen DS, et al. The helicase activity
associated with hepatitis C virus nonstructural protein 3
(NS3). J Virol 1996; 70: 8477–8484.

23. Morris PD, Byrd AK, Tackett AJ, et al. Hepatitis C virus
NS3 and simian virus 40 T antigen helicases displace
streptavidin from 50-biotinylated oligonucleotides but
not from 30-biotinylated oligonucleotides: evidence for
directional bias in translocation on single-stranded
DNA. Biochemistry 2002; 41: 2372–2378.

24. Tunitskaya VL, Mukovnya AV, Ivanov AA, et al.
Inhibition of the helicase activity of the HCV NS3 protein
by symmetrical dimeric bis-benzimidazoles. Bioorg Med
Chem Lett 2011; 21: 5331–5335.

25. Phoon CW, Ng PY, Ting AE, et al. Biological evaluation
of hepatitis C virus helicase inhibitors. Bioorg Med Chem
Lett 2001; 11: 1647–1650.

26. Kim JL, Morgenstern KA, Griffith JP, et al. Hepatitis C
virus NS3 RNA helicase domain with a bound oligo-
nucleotide: the crystal structure provides insights into
the mode of unwinding. Structure 1998; 6: 89–100.

27. Lin C and Kim JL. Structure-based mutagenesis study of
hepatitis C virus NS3 helicase. J Virol 1997; 73:
8798–8807.

28. Schrödinger, Cambridge, MA. www.schrodinger.com
(accessed 3 August 2016).

29. Bartenschlager R. Hepatitis C virus replicons: potential
role for drug development. Nat Rev Drug Disc 2002; 1:
911–916.

30. Li K, Frankowski KJ, Belon CA, et al. Optimization of
potent hepatitis C virus NS3 helicase inhibitors isolated
from the yellow dyes thioflavine S and primuline. J Med
Chem 2012; 57: 3319–3330.

31. Shadrick WR, Mukherjee S, Hanson AM, et al.
Aurintricarboxylic acid modulates the affinity of hepatitis
C virus NS3 helicase for both nucleic acid and ATP.
Biochemistry 2013; 52: 6151–6159.

6 Antiviral Chemistry and Chemotherapy 0(0)


