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Hepatitis C virus (HCV) infection is treated with a combination of peginterferon alfa-2a/b and ribavirin.
To address the limitations of this therapy, numerous small molecule agents are in development, which
act by directly affecting key steps in the viral life-cycle. Herein we describe our discovery of quinolone
derivatives, novel small-molecules that inhibit NS5b polymerase, a key enzyme of the viral life-cycle.
A crystal structure of a quinoline analog bound to NS5B reveals that this class of compounds binds to allo-
steric site-II (non-nucleoside inhibitor-site 2, NNI-2) of this protein.

� 2010 Elsevier Ltd. All rights reserved.
Hepatitis C virus (HCV), a member of the Flaviviridae family, is
estimated to infect 170 million individuals worldwide.1,2 The viral
genome, approximately 9.6 kb in size, is a single-stranded, posi-
tive-sense RNA that encodes structural and non-structural pro-
teins.3 Chronic infection by HCV often leads to severe liver disease
including hepatocellular carcinoma, cirrhosis, and liver failure.4,5

The current standard of care is a combination of peginterferon
alfa-2a/b and Ribavirin, which successfully eradicates the virus in
only about 50% of the patients infected with genotype 1.6–8 Conse-
quently, considerable pharmaceutical resources have been focused
upon the discovery of novel therapies, particularly direct-acting
agents specifically targeting essential viral proteins.9

The viral RNA dependent RNA polymerase (RdRp) encoded by
the non-structural protein 5b (NS5B) is essential for viral replica-
tion.10 Several specific NS5B polymerase inhibitors have shown
All rights reserved.
promising results in clinical trials11–13 and the polymerase is con-
sidered a well validated drug target. Reported inhibitors are either
nucleoside analogs which target the active site or non-nucleoside
inhibitors (NNIs) that bind to one of four allosteric sites (Fig. 1).
Two of these allosteric sites are located in the thumb region
(NNI-1 and NNI-2) and two are in the palm region (NNI-3 and
NNI-4) as determined by X-ray crystallography and in vitro resis-
tance studies.14–16

Recognizing the value of additional therapies, we initiated a
program directed towards the discovery of novel inhibitors of
NS5B polymerase. This Letter describes our discovery of small-
molecules that inhibit HCV replication by impairing the function
of NS5B polymerase.

We employed a SPA (Scintillation Proximity Assay)18a format
for our HTS campaign to screen for inhibitors of NS5B polymerase.
Among our confirmed ‘hits’ was compound 1 (Fig. 2), which inhib-
ited NS5B polymerase enzymatic function with an IC50 of 1.15 lM
against the wild-type (genotype 1b) enzyme. Upon testing this
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Figure 1. Representative non-nucleoside HCV polymerase inhibitors that have progressed to clinical trials and their respective allosteric binding sites.
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Figure 2. Analysis of hit compound 1 through site-directed mutagenesis and IC50

shifts led to the conclusion that this class of compound binds at allosteric site II of
NS5B polymerase.

Figure 3. Model of 1 bound to NNI-2 site observed for X-ray structure 1NHU.
Potential hydrogen bonding interactions are shown as dashed lines. Solvent
accessible region is marked by an arrow.
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compound against a panel of recombinant NS5B enzymes designed
with targeted mutations in allosteric sites NNI-1, NNI-2, and NNI-3
and evaluating the fold-change in enzyme inhibition over wild-
type, we were able to conclude that compound 1 was inhibiting
enzymatic activity by binding at site NNI-2 of the polymerase.

Two previously reported crystal structures of NNI-2 allosteric site
binders (PDB codes 1NHU19 and 1OS520) were used to develop a
binding mode hypothesis for compound 1. These X-ray structures re-
vealed the presence of two critical recognition elements in the bind-
ing pocket: (1) a conserved hydrogen bonding motif to the backbone
amide NH of Ser 476 and/or Tyr 477 and (2) a hydrophobic pocket
formed predominantly by Leu 419, Met 423 and Trp 528. Manual
docking of compound 1, while maintaining these interactions, sug-
gested a reasonable fit (Fig. 3). The C-4 carbonyl may form a hydro-
gen bond to the backbone amide NH of Tyr 477, the C-3 ketone
carbonyl forms a hydrogen bond to Ser 476, and the primary hydro-
phobic pocket is occupied by the phenyl of the C-3 phenyl ketone
group. This pose would place the 6- and 7-position substituents of
the quinolone oriented towards solvent. To improve potency by
optimizing hydrophobic interactions, we began our SAR investiga-
tions at the 1- and 3-positions of the quinolone ring.

In addition to determining the NS5b inhibition potential, com-
pounds were also evaluated in a cell-based viral replication surro-
gate assay known as the replicon system.17,18b In parallel,
compounds were also evaluated for their cytotoxic effects in the
same cell line. Table 1 shows selected examples of analogs at the
1-position of the quinolone ring. Para-substitution on the benzyl
analogs (2) was important, with the bulky tert-butyl and methyl sul-
fone derivatives bringing the binding potency down to sub-micro-
molar levels. A polar amine substituent at the para-position results
in loss of potency, while adding a 2- or 3-substituent to a para-
substituted benzyl analog is well tolerated (compounds 3 and 4).
This SAR is consistent with the hypothesis that 1-position substitu-
ents fit in a small hydrophobic pocket. Among the non-aromatic sub-
stituents, the cyclopropyl-methyl compound 5 is inactive with
potency being regained to 9 lM with the larger cyclohexyl methyl
group in compound 6. The data obtained with the phenethyl substi-
tution (compound 7) suggests that the vector into the pocket is quite
narrow and requires a more linear substituent as potency is regained
with a phenylpropyl substitution (compound 8).

The poor replicon potency observed for compounds in Table 1
underscored the need to improve the binding potency and physical
properties of the series. Therefore, the 3-position phenyl ketone
was subjected to an exploratory SAR analysis. The proposed bind-
ing mode of compound 1 suggested that the ketone carbonyl
formed an important hydrogen bond to Ser 476. Analogs were syn-
thesized that retained this critical hydrogen bond acceptor, but
varied the distance and geometry between the quinolone ring H-
bond acceptor, and the terminal phenyl ring (Table 2).

The highlight of this SAR exploration was the discovery of the 3-
position benzyl ester which imparted improved binding potency.



Table 1
1-Position SAR of quinolone series

#
N

O

O

O

R1

O

IC50 (lM) EC50
18b,c (lM) GI50

18b,c (lM)

2 R

–H 170 na na
–Cl 1.1 11.7 15.5
–t-Bu 0.68 9.5 >25
–NH2 140 na na
–SO2Me 0.5 25.3 >50
–SO2NH2 0.85 >50 >25

3

CF3

F

0.41 >12 >25

4
Cl

Cl

1.1 na na

5 120 na na

6 9 38 22

7 Ph 110 na na

8 Ph 2.2 na na

Table 2
3-Position SAR of quinolone series; discovery of benzyl esters

#
N

O

R2

R1

Cl

IC50 (lM) EC50 (lM) GI50(lM)

R1 R2

1

O

6,7-Dimethoxy 1.7 11.7 15.5

9
O

O
6,7-Dimethoxy 16 >15 >15

10 O

O

Cl

6,7-Dimethoxy 0.02 1.2 28.3

11 N

O

Cl
R

6-Fluoro, 7-morpholinyl 16 (R = H) 330 (R = Me) na na

12
O

Cl
6,7-Dimethoxy 100 na na

13
S

Cl

O O

6,7-Dimethoxy > 150 na na

14
H
N

H
N

O

R

6-Fluoro, 7-N-methyl piperazinyl 26 (R = H) >150 (R = Cl) na na

15

H
N

R
O

6-Fluoro, 7-N-methyl piperazinyl 4.6 (R = H) 2 (R = Cl) na na
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The 4-chlorobenzyl ester (compound 10) with a binding potency of
20 nM provided us with a lead compound, notwithstanding the
presumed in vivo metabolic liability of the ester functionality.
The 4-chlorobenzyl group apparently occupies a critical pocket of
the protein as the smaller ethyl ester (compound 9, IC50 16 lM))
had poor activity. We explored alternative ways to access this
putative pocket using linkers other than an ester group. Selected
examples shown in Table 2 include amide, reverse amide, sulfone,
ether, and urea linkers (11–15). Exploration of alternative ways to
Figure 4. (a) X-ray structure of 16 bound to NNI-2 site (PDB accession code: 3PHE).
(b) Overlay with 1OS5 (white, also drawn in 2-D) showing overlapping regions of
the two ligands, conserved backbone conformation and rotamer differences of Ile
482 and Leu 419.
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access this putative pocket using linkers other than an ester group
resulted in potency losses of >100-fold and was not pursued
further.

The benzyl ester 10 proved to have poor solubility in physiolog-
ical media. Introducing a methyl-piperazine group at the 7-posi-
tion afforded compound 16 (IC50 0.016 lM) with improved
binding affinity and solubility. The structure of this compound
was solved in complex with a construct of NS5B from which the
C-terminal 21 residues had been removed.
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The structure was refined using data to 2.2 Å resolution
(R = 0.219; FreeR = 0.264; RMSbonds = 0.005 Å; RMSangles = 0.74�,
PDB accession code: 3PHE). There were four independent mole-
cules in the asymmetric unit and each showed clear electron den-
sity for the inhibitor. The crystal structure revealed a binding mode
consistent with our earlier hypothesis. The ligand occupies the
NNI-2 binding site located in the thumb region (Fig. 4a). Overall,
the protein structure is very similar to that observed for 1OS5
and 1NHU. Two hydrogen bonds exist between the ligand carbonyl
oxygen atoms and the backbone amide NH atoms of Ser 476 and
Tyr 477. The benzyl ester occupies a hydrophobic pocket lined by
Leu 419, Met 423, and Trp 528. Residues Leu 497 and Met 423
adopt conformations similar to those observed in 1OS5, not
1NHU ( Fig. 4b). This allows for a pocket to accommodate the



Table 3
Optimization of benzyl ester series

#
N

O O

O Ar

R2

R3

IC50 (lM) EC50 (lM) GI50 (lM)

Ar R2 R3

10 4-Cl-phenyl 4-Cl 6,7-Dimethoxy 0.02 1.2 28.3
17 4-Cl-phenyl 4-Cl 6-Fluoro, 7-morpholinyl 0.020 1.7 >12
18 4-Cl-phenyl 4-Cl 6-Fluoro, 7-piperazinyl 0.010 0.12a 1.1
19 4-Tolyl 2-F, 4-CF3 6,7-Dimethoxy 0.008 0.23 20
20 2-Tolyl 2-F, 4-CF3 6,7-Dimethoxy 0.015 0.71 31
21 3-Tolyl 2-F, 4-CF3 6,7-Dimethoxy 0.06 1.2 7.3

a 1a replicon EC50 = 0.41 lM.
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methyl sulfone, which makes mostly hydrophobic interactions
with Val 485, Leu 489, and Leu 419. Leu 419 and Ile 482 adopt dif-
ferent rotamers than seen in the 1OS5 structure, allowing for better
hydrophobic packing with the quinolone ring. Finally, the pipera-
zine is largely solvent exposed, confirming our earlier hypothesis
that the 6- and 7-positions project towards solvent.

A final round of optimization led to improvement in replicon
potency. With evidence that the 6,7-positions of the quinolone
scaffold were indeed solvent exposed, we sought to improve the
replicon potency of our lead benzyl ester compounds by attaching
a variety of polar substituents in this region of the molecule. The 7-
morpholinyl substituted analog (17) did not offer improvement in
replicon potency but the charged 7-piperazinyl substituted analog
(18) improved replicon potency to 0.12 lM, albeit with a compro-
mised safety window. This compound was also tested in the geno-
type 1a replicon and had a comparable potency of 0.41 lM.
Improvement in binding affinity also led to improved replicon po-
tency. This is exemplified in analogs with 2-fluoro, 4-trifluoro-
methyl benzyl substitution at the 1-position (19–21). Compound
19 with the most improved enzyme potency at 8 nM also had
improved replicon potency (replicon 1b EC50 = 0.23 lM) and a
100-fold safety window. The 2-, 3- and 4-tolyl substitution off
the benzyl ester (compounds 19–21) showed that 4-substituted
benzyl ester has the best binding potency, while 2- and 3-substitu-
tion results in a relative potency loss.

Scheme 1 describes the preparation of compound 3, which exempli-
fies the synthesis of keto-quinolone compounds shown in Table 1.21

Scheme 2 describes the preparation of the benzyl ester 16
which serves to exemplify syntheses of key quinolone compounds
with a benzyl ester substituent at the 3-position. The details for
synthesis of this and other key compounds in Tables 2 and 3 have
been described previously.18c

In conclusion, we have described the discovery of a novel class
of compounds that inhibit HCV viral replication. This class of com-
pounds binds to the allosteric site NNI-2 of NS5B polymerase as
confirmed through a co-crystal structure of compound 16 to
NS5B. Preliminary optimization led to attractive lead compounds
with sub-micromolar replicon potency in genotypes 1a and 1b.
Recognizing the possible in vivo liability of the key benzyl ester
substitution in these lead compounds, we initiated SAR directed
towards replacing this ester functionality. Our efforts in this area
will be the subject of a future disclosure.
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