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Abstract—A novel series of thiazolone-acylsulfonamides were designed as HCV NS5B polymerase allosteric inhibitors. The struc-
ture based drug designs (SBDD) were guided by docking results that revealed the potential to explore an additional pocket in the
allosteric site. In particular, the designed molecules contain moieties of previously described thiazolone and a newly designed acyl-
sulfonamide linker that is in turn connected with a substituted aromatic ring. The selected compounds were synthesized and dem-
onstrated low lM activity. The X-ray complex structure was determined at a 2.2 Å resolution and converged with the SBDD
principle.
� 2007 Elsevier Ltd. All rights reserved.
Hepatitis C virus (HCV) is a small positive-stranded
RNA virus whose viral genome encodes a single poly-
protein.1 NS5B polymerase—one of the non-structural
proteins released by the proteolytic processing of this
polyprotein—is responsible for the replication and tran-
scription of the viral genome and is critical for viral
infectivity.2,3 Thus, a small molecule that inhibits
NS5B polymerase may prevent HCV from replicating
and consequently stop viral infection. Novel anti-HCV
therapies utilizing a small molecule inhibitor with such
a mechanism of action are not yet available, but would
be ultimately desired for the treatment of the growing
HCV patient population worldwide.

Our structure-based drug design (SBDD) effort focusing
on an allosteric site of NS5B had resulted in the discov-
ery of thiazolone-carboxylic acid (A) and its isosteric tet-
razole derivatives as inhibitors of this enzyme.4,5 X-ray
complex structures established the predicted binding
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mode of these inhibitors, that is, they bind to the site
on the thumb subdomain distant from the active site.
Inhibitors of different scaffolds interacting with this
same binding pocket have also been reported by oth-
ers.6–8 All of these disclosed scaffolds, though structural-
ly diverse, hydrogen-bond with Ser476, Tyr477, and
Arg501, either directly or via a water molecule, and in
the same region, make similar hydrophobic contacts
with the side-chains of Leu419, Met423, Ile482,
Val485, Leu489, Leu497, and Trp528 (Fig. 1a). Close
examination of the inhibitor–protein interactions
revealed that in the vicinity of these inhibitor-binding
interactions there seems to be an additional pocket that
has yet to be fully explored by the reported inhibitors.9

Notably, this added pocket is flanked by two basic res-
idues, His475 and Lys533, near its entrance (Fig. 1a).
An inhibitor with a suitable moiety to establish interac-
tions specifically with these two residues will represent a
new molecular platform for the exploration of this extra
pocket. More importantly, a corresponding X-ray com-
plex structure of such a novel inhibitor with NS5B will
provide further structural insights for the future design
of novel and specific HCV NS5B inhibitors.

Therefore as a continued SBDD support for our in-
house anti-HCV program targeting the above-men-
tioned NS5B allosteric site, we envisioned that a design
of such a new scaffold would constitute three iterative

mailto:yshunqi@yahoo.com
mailto:nhyao@yahoo.com


Figure 1. (a) Surface representation of X-ray structure of an analog of A; (b) Predicted binding mode of a new design molecule from docking.

S
N

O

O

R1

HN
SBDD

R2

A

O

OH

S
N

O

O

R1

HN

R2B

Linker

R2

Linker:

New Design

HN
S

O OO

S
N
H

O O O

1

2

Scheme 1. SBDD of novel acylsulfonamides as NS5B inhibitors.
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steps (Scheme 1). First, a fragment template, that is, part
B in Scheme 1, was selected as an anchor to the binding
site for the purpose of establishing the same interactions
with the protein as previously described for A.4 Second,
an acylsulfonamide (1) or its reverse form (2) that has a
comparable pKa with –COOH was identified as a candi-
date linker with B in order to hydrogen-bond with the
basic side-chain of Lys533. The design was completed
by connecting an aromatic moiety to the other side
of the linker in order to pick up a seemingly aromatic
p–p stacking with His475.

The predicted binding mode by GOLD docking for an
exemplary molecule agreed with the initial design princi-
ple (Fig. 1b).10 Namely, the thiazolone moiety interacts
with NS5B in the same way, as anticipated, as A.4 The
acylsulfonamide moiety hydrogen-bonds extensively
with the basic side-chains of Arg501 and more impor-
tantly Lys533 as it was designed to do. Additionally,
the added phenyl ring connected with the linker on the
model inhibitor appears to engage in an anticipated p
stacking with His475. It is worthy noting that GOLD
docking seems to favor the face-edge stacking
(Fig. 1b), but cursory assessment of Protein Data Bank
(PDB) revealed that the other possibility, the face-face
stacking, is equally plausible.11

To test the validity of the design principle, a small
focused set of thiazolone-acylsulfonamides, as well as
one exemplary compound with linker 2, was synthe-
sized. Previous SAR on scaffold A showed that the opti-
mal groups for R11/R12 are F/H or Cl/Cl4,5 and the same
R11/R12 groups were therefore adopted. General proce-
dures for the synthesis of the desired compounds are
shown in Scheme 2 and Scheme 3.

The synthesis of thiazolone-acylsulfonamides 8–13, sym-
bolized by C, was started with commercially available
amino-acids (3) (Scheme 2). Protection of amino acid
3 gave 4, a compound which underwent coupling reac-
tion with sulfonamides upon treatment with EDC to af-
ford acylsulfonamide intermediate 5. De-protection of 5
was carried out under acidic conditions to provide ami-
no acylsulfonamide 6, which was coupled with 7 to af-
ford desired products using previously described
procedures.4

Compound 21 was synthesized in nine steps from amino
acid 14 with reasonable overall yield (Scheme 3). Amino
acid 14 was first Boc-protected and its COOH was then
reduced to produce amino alcohol 15.12 Bromination of
15 with CBr4 in the presence of PPh3 readily formed
16.13 Treatment of 16 with KSAc, followed by chlorina-
tion and amination, provided sulfonamide intermediate
19.14–16 Coupling reaction of 19 with PhCOCl under
DIEA/DMAP, followed by de-protection under acidic
condition, gave 20, which was allowed to react with 7
to furnish the final compound 21.4
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The resultant compounds 8–13 and 21 were evaluated
for the inhibition against BK strain of HCV NS5B poly-
merase using a previously described protocol.17 As
shown in Table 1, these compounds inhibited NS5B
with potencies in the low lM range. It seems, from the
limited SAR available, that para-substituted R2 (8, 9,
and 13) resulted in better potency than the meta-substi-
tuted ones (10, 11, and 12). Interestingly, compound 21,
with a reverse acylsulfonamide linker 2, had an IC50 of
16.0 lM. This inhibitory activity is comparable to those
of the most potent compounds (8, 9, and 13) with acyl-
sulfonamide linker 1, suggesting that both linkers might
be interchangeable, in general, for future designs of nov-
el inhibitors against other disease targets.

Encouraged by the moderate potency and more impor-
tantly, aiming to substantiate the SBDD principle for
this new series of inhibitors, we turned our attention
to understanding the mechanism of action structurally.
As such, an X-ray complex structure of NS5B with com-
pound 13 was obtained at a resolution of 2.2 Å from
soaked crystals.18 The resulting structure revealed that
the compound was bound to an allosteric site at the
thumb domain as anticipated (Fig. 2a and b). This



Table 1. IC50 values against HCV NS5B polymerase

Compound R11/R12 R2 IC50
a (lM)

8 F/H 4-Me 9.3

9 Cl/Cl 4-NO2 6.6

10 F/H 3-NO2 15

11 F/H 3-COOMe 14

12 F/H 3-COOH 12

13 F/H 4-NO2 7.0

21 16

a IC50 values are means of three experiments, standard deviation is less

than 10% of the IC50 values.
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binding site is about 30 Å away from the active site that
includes a conserved catalytic GDD motif located in the
palm domain. The electron density was evident for
inhibitor 13 and the surrounding amino acids, and the
inhibitor structure fits adequately into the electron den-
sity map (Fig. 2c). In particular, the electron density
map of the side-chain of Lys533 is unambiguous, and
it was the first time we saw such well-defined density
for its long linear side-chain, indicating a favorable sta-
bilizing force in that area between the linker atoms of
the inhibitor 13 and NS5B.

The overall binding mode of 13 with NS5B established
by the X-ray crystallographic study concurs with previ-
ously determined binding conformation and that pre-
dicted by GOLD docking. The determined complex
structure showed, as expected, that the thiazolone moi-
ety of 13 binds to the pocket of NS5B similarly as the
compound described before.4 Namely, the C@ O and
lone-pair N on the thiazolone ring hydrogen-bond with
–NHs of backbone Tyr477 and Ser476, respectively
Figure 2. X-ray complex structure of HCV NS5B with 13 at a resolution of 2.2

13, electron density of the inhibitor in solid-shape with green color; (b) ribbo

electron-density map contoured at a 2r level; (d) binding mode of 13 with rem

VMD1.8 and rendered by POV-Ray3.5.19–21
(Fig. 2c and d), whereas the ethyl-furan extends to a
hydrophobic channel defined by residues of Met423,
Ile482, Val485, Leu489, and Leu497. In the same region,
the 4-F-phenyl of 13 is positioned nearly parallel with
the indole-ring of Trp528 in a p–p stacking, as indicated
clearly by the electron-density map, and further contact-
ed by hydrophobic side-chains of Leu419, Met423, and
Tyr477.

We were pleased to find that the newly incorporated
moieties were bound in the predicted mode. In particu-
lar, the designed linker (1) makes extensive hydrogen-
bonding with the protein. The deprotonated N and
one of the O atoms on the sulfonamide engage in hydro-
gen-bonding with the basic side-chain of Arg501, and
both O atoms on –SO2NH� form hydrogen-bonds with
�NH3

þ of Lys533 (Fig. 2d). Interestingly, the 4-NO2-Ph
involves a possible face–face p stacking with His 475,
which is in contrast with edge-face stacking predicted
initially by GOLD docking (Fig. 1b). Because both
stacking patterns are well represented in the PDB data-
base and in the absence of a higher resolution X-ray
complex structure, a definitive assignment of a stacking
pattern would be elusive. Furthermore, a superimposi-
tion of the bound structure of 13 and the top-scored
docking pose of a model structure afforded a RMSD
of less than 1.0 Å (Fig. 3). Such a small RMSD value re-
veals a remarkable convergence of the initial structure-
based drug design and the subsequently established
complex structure by X-ray cryptography.22

In conclusion, a novel series of thiazolone-acylsulfona-
mides were designed as HCV NS5B polymerase
Å. (a) Molecular surface representation of NS5B with bound inhibitor

n representation; GDD motif represents the activated site of NS5B. (c)

oval of electron-density map for clarity. The pictures were generated by



Figure 3. Superimposition of X-ray structure of bound inhibitor 13

and the top-scored GOLD docking pose of the model structure; atom-

type coloring scheme is for 13, and yellow color is for the model.
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allosteric inhibitors. The structure-based drug designs
were guided by docking results that revealed the poten-
tial to explore an additional pocket in the allosteric site.
In particular, such designed molecules contain moieties
of previously described thiazolone, and a newly designed
acylsulfonamide linker that is in turn connected with a
substituted aromatic ring. The selected compounds were
synthesized and demonstrated to be active with low lM
potency. The X-ray complex structure was established at
a 2.2 Å resolution and converged with the initial SBDD
principle.
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