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A series of thiazolone derivatives was designed and synthesized as potential HCV NS5B allosteric poly-
merase inhibitors at the allosteric site thumb II. Their antiviral activity was evaluated and molecular
modeling was utilized to give further envision on their probable binding modes in the allosteric binding
site. Among the tested molecules, compound 9b displayed sub-micromolar inhibitory activity with an
EC50 of 0.79 mM indicating excellent potency profile. It also showed good safety profile (CC50 � 75 mM and
SI � 94.3).

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Hepatitis C virus is a meticulous factor of liver disease and one of
the most important health issues worldwide [1]. HCV has approx-
imately 175million Global Disease Burdenwhich represents almost
3% of thewhole population in theworld. Each year 3e4million new
patients with HCV are diagnosed [2,3]. This disease will continue to
be a serious global health threat for many years to come because of
the chronic nature of the infection, its high prevalence, and the
significant morbidity of the resulting disease [4].

Among all HCV infected individuals, 85% of them remain
chronically infected, thus, 15% will undergo spontaneous clearance.
10%e20% of those chronically infected develop cirrhosis (a scaring
of the liver), and 1%e5% of them acquire liver cancer over years
[5,6]. The risk for developing cirrhosis 20 years after initial HCV
infection is estimated at around 10%e15% for men and 1%e5% for
women. Once cirrhosis is established, the rate of developing he-
patocellular carcinoma (HCC) is at 1%e4% per year. Approximately
280,000 deaths worldwide per year are related to HCV infection
: þ20 25080728.
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[7e9]. HCV related end-stage liver disease and HCC have become
the leading cause for liver transplantation worldwide [10e12].

The current standard of care (SoC) for HCV infection consists of a
combined therapy of injectable pegylated interferon alfa (pegIFN-
a) and ribavirin administered for 24e48 weeks depending on the
HCV genotype [13,14]. However, this therapy has many limitations,
being long, expensive, toxic, and only effective in around 50% of the
patients for the most common genotype [15,16]. Moreover, SoC
therapy is not suitable for people suffering from severe HCV related
cirrhosis, undergone organ transplant, children of <3 years and
specific contraindication to the medication [17]. For such a therapy,
patient compliance is quite questionable. With an escalating
number of patients who are infected with HCV for more than 15
years, many of whom are likely to develop advanced liver diseases
by 2012, there remains an urgent unmet need for more-effective,
less-toxic, and less-complex treatment regimens with shorter
durations.

The NS5B RNA-dependent RNA polymerase (RdRp) is the central
enzyme that is responsible for replication of the viral genome, and
has since become a target of choice for the screening and design of
small molecular inhibitors, which in principle, should interfere
with viral replication [18]. This biochemical activity has no known
mammalian equivalent, offering the opportunity to identify very
selective inhibitors of viral enzyme. Different allosteric sites on HCV
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NS5B have been identified, both at the palm and thumb domains.
Various institutions and pharmaceutical companies have reported
structurally diverse molecular inhibitors of NS5B, some of them
have successfully entered phase II clinical trials [19e22]. Thus NS5B
RdRp is a very tractable drug discovery target.

Recently, several non-nucleoside inhibitors (NNIs) bearing a
thiazole ring have been identified, optimized and biologically
evaluated for their anti-HCV activity. As many of them showed
subnanomolar activity, this tempted us to find other mechanisti-
cally unique scaffolds [19,21,22].

Several scaffolds have been reported to bind several of the
allosteric binding sites of NS5B, which are located on the thumb
sub-domains distant from the polymerase active site. Inhibitors
bound to such allosteric sites of enzymes are generally considered
to have fewer off-target side effects than nucleoside analogs due to
absence of binding to homologous cellular enzymes [23].

One of our endeavors in HCV programs was aimed to discover
novel thiazole derivatives as candidate molecules that can bind to
the allosteric site of HCV NS5B designated as “Thumb pocket II”.

Based on the previous SAR and molecular modeling studies, we
were endeavored to design, synthesize and biologically evaluate a
novel series of thiazole derivatives aiming to reach successful
candidates as HCV polymerase inhibitors.

Our structure-based design strategies for new scaffolds were
based on the diversification of initial hit 1 revealed by Valeant
Pharmaceuticals in 2006 with an IC50 value of 2.0 against HCV
NS5B. X-ray soaking experiments which revealed that it was bound
in a binding pocket which is on the protein’s surface 30 A� away
from the enzyme’s catalytic center, designated as “Thumb pocket II”
[24]. Our design strategy for new scaffolds is three folds: i. identi-
fication of the key interactions with the binding site, ii. exploration
of previous revealed SAR studies, and iii. diversification of the
structure with retention of the essential pharmacophoric groups in
order to identify further new scaffolds favoring the selectivity.

X-ray complex structure from soaking experiments of the re-
ported thiazolone hit compound (IC50 ¼ 2.0 mM), established its
binding mode in the allosteric site (PDB code 2HWH). Key in-
teractions include [24]: C]O, N of the thiazole ring and sulfon-
amide moiety form H-bonds with backbone eNHs of Tyr477,
Ser476 and the basic side chain eNH3

þ of Arg501, respectively,
while, the furan and the phenyl rings make hydrophobic contacts
with the side chains of Leu 419, Met423, Ile 482, Val485, Leu489,
Leu497, and Trp528 of the protein.

Additionally, as previously reported [25], close examination of the
inhibitoreprotein interactions revealed that in the vicinity of these
inhibitor-binding interactions there seems to be an additional pocket
that still needs further exploration. For our information, the entrance
of this pocket is flanked by two basic amino acid residues, His475 and
Lys533 [25]. Accordingly, Yan et al. concluded that an inhibitor prop-
erly designed to interact with these two amino acid residues could
represent a new molecular platform for probing this extra pocket.

SAR studies conducted on a large number of thiazolone de-
rivatives of hit 1, revealed the following [26,27]: i. A furan moiety
coupled to a thiazolone core by sp2� hybridized carbon linker is
essential for activity. ii. Replacement of the furan moiety with
phenyl groups extended with both aromatic and non-aromatic
heterocycle at the para position resulted in potency improve-
ment. iii. Replacement of the furan moiety with a pyridyl group
linked to the thiazolinone ring resulted in marked increase in po-
tency. iv. N-alkylation of the sulfonamide afforded compounds
which do not have interesting activities. v. The acidic moiety is
critical for activity as the replacement of the sulfonamide with an
amide afforded compounds with lower activities. vi. Substitution of
the phenyl ring with halogens or other hydrophobic groups
increased the potency.
1.1. Bioisosteric modifications

Thus, our structure-based design strategies aimed at identifying
the possible opportunities of diversification and optimization with
retention of the pharmacophoric groups of the lead compound
revealed by SAR study and X-ray soaking experiments. Accordingly,
a new series of molecules was designed based on modification of
the left part of the molecule by introducing different arylidene
moieties in place of the furyl ring, whereas, concomitant intro-
duction of different substituents on the phenyl ring brought
modification of the right portion of the molecule (Fig. 1).

Moreover, as a continuum of our design strategy, we were
motivated to design amolecule that can interact specificallywith the
two basic amino acid residues His475 and Lys533 near the entrance
of the hydrophobic pocket to probe for extra binding with the
enzyme. We envisioned that a design of such a new scaffold would
constitute three iterative steps (Fig. 1). First, a fragment template
(part I) was selected as an anchor to the binding site for the purpose
of establishing the same interactionswith the protein as that of hit 1,
obviously it bears its same pharmacophoric groups. Second, an
acetylpiperazinyl spacer (part II) was introduced so that the mole-
cule elongates to reach the entrance of the hydrophobic pocket. The
design was completed by connecting an aromatic methoxyphenyl
moiety (part III) to the other side of the linker in order to pick up a
seemingly aromatic pep stacking with the hydrophobic pocket.

2. Results and discussion

2.1. Chemistry

Sulfonamides 6aei and 7a, b were prepared by the conden-
sation of the key intermediates 4aecwith different aldehydes in a
refluxing mixture of glacial acetic acid and anhydrous sodium
acetate. An alternative procedure was applied for the synthesis of
the titled molecules 6aei, where the intermediates 5aed were
reacted with 4-substituted-benzenesulfonyl chloride derivatives
in refluxing THF using TEA as a base (Schemes 1 and 2). The
former procedure afforded the titled compounds 6aei in a better
yield (64e81% vs. 45e60%).

The structures of the titled compounds were confirmed by
spectral and analytical data. The FT-IR spectra revealed a broad
peak for the NH of the sulfonamide group ranging from 3450 cm�1

to 3080 cm�1. Their 1H-NMR spectra showed a singlet corre-
sponding to the olefinic proton ranging from d 7.58 ppm to
d 7.89 ppm. Moreover, their EIMS spectra showed molecular ion
peaks corresponding to the molecular weight of each compound,
further confirming their structures.

The titled compounds 8a, bwere synthesized by acid hydrolysis
of the intermediates 7a, b. This was done by refluxing 7a, b in 2 N
HCl for 2 h in order to avoid the hydrolysis of the less active sul-
fonamide group.

The structures of the titled compounds were proved by analyt-
ical and spectral data. The FT-IR spectra revealed a forked peak at
3280 cm�1 and 3120 cm�1 for compounds 8a and 8b, respectively,
corresponding to the primary amino group. Their 1H-NMR showed
the appearance of a broad singlet integrated to two protons (eNH2)
at d 12.73 ppm and d 9.42 ppm for 8a and 8b, respectively. Their
EIMS spectra showed molecular ion peaks at m/z 394 and 435,
respectively, corresponding to their molecular weights, which
further confirmed their structures.

In the current study, the titled compounds 9a, b were prepared
by N-alkylation of the key intermediates 8a, b with 1-(2-
chloroacetyl)-4-(2-methoxyphenyl)piperazine in K2CO3 and
acetone (Scheme 2). The 1H-NMR of these final products 9a, b,
revealed the existence of the additional characteristic singlets for
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(eCH2eCOe) at d 4.66 ppm and d 4.69 ppm, respectively, as well as
the two multiplet signals of the piperazine protons (eNeCH2e

CH2eNe) at d 3.61e3.55 ppm and d 3.05e2.91 ppm for 9a and at
d 3.68e3.50 ppm and d 3.02e2.93 ppm for 9b. The EIMS of the
obtained products 9a, b showedmolecular ion peaks atm/z 626 and
667 which is consistent with their molecular weights.

2.2. Biological evaluation

Through analysis of the biological activities of the test com-
pounds shown in (Table 1), we can deduce the following by scru-
tinizing their EC50, CC50, SI and %Max values.

2.2.1. In the sulfonamide series (6aei)
Among the 9 new test compounds, 3 of them (compounds 6d,

6f, and 6i) demonstrated moderate inhibitory activity (50%) of the
HCV subgenomic replication in the Huh 5-2 cell line. But, unfor-
tunately, this was associated with marked cellular toxicity which
hampered the determination of any EC50 values for them.

The sulfonamides (6aec, 6e, 6g, and, 6h) were found to inhibit
HCV sub-genomic replicon replication with potency (EC50 ¼
16.63 mMe74.74 mM) and exhibited low toxicity (CC50 ¼ 68.04 mMe

>140 mM), in addition to their SI values (1.19e>8.37) which further
confirmed their tolerable cytotoxicity profile. Unfortunately, for
compounds 6a and 6h, the SS values of these compounds revealed a
detrimental “overall antiviral activity”.
Although compound 6b showed good cellular activity
(EC50 ¼ 58.75) and toxicity profile (CC50 � 115 and SI � 1.96), along
with a maximum percentage inhibition of 69.3%, yet, the most
appealing results were associated with sulfonamides (6c, 6e and
6g). These demonstrated potent anti-HCV activities of EC50 values
of 16.63 mM, 64.11 mM and 48.90 mM, individually, which was
further confirmed by the percentage of the maximum inhibitory
effect they produced (87.5%, 74.6%, and 69.9%). Furthermore,
although no EC90 values were obtained for any of them, yet, an EC70
of 55.71 mMwas obtained for compound 6c. The cytotoxicity profile
of the three compounds, designated by CC50 values of >140 mM,
>132 mM, and >121 mM showed low or no detected toxicity within
the experimental range. This was further confirmed by the SI values
of >8.37, >2.06, and >2.48. Furthermore, the SS values of >15.9,
>8.86, and >3.02, indicated an excellent “overall antiviral potency”.
The interpretation of their doseeresponse curves revealed that
they have selective (genuine) antiviral activity.

2.2.2. In the sulfanilamide series (8a, b and 9a, b)
Luciferase assay performed on compounds (8a, b and 9a, b)

revealed that all test compounds except for 8b demonstrated
inhibitory activity on HCV RNA replication (EC50 values of 95.67 mM,
22.68 mM, and 0.79 mM, respectively), whereas theMTS-based assay
proved that they lack cytotoxicity within the experimental range.
Comparing the cellular potencies of compounds 8a, b which bear
the polar para-amino group with those of compounds 9a, b whose
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amino group is substituted with a basic piperazinyl moiety which
bears a large hydrophobic o-methoxyphenyl group at its end,
provides guidelines for useful structureeactivity relationship
information.

Compounds 9a, b (EC50 ¼ 22.68 mM, and 0.79 mM) are much
more potent than their corresponding unsubstituted amines 8a, b
(EC50 ¼ 95.67 mM and >115 mM) along with a marked increase in
the maximum percentage inhibition of 9a, b (76.5% and 88.5%) over
those of 8a, b (58% and 13.1%).

This result indicates that the polar para-amino group in com-
pounds 8a, b may be problematic for cellular permeability. How-
ever, replacing it with a basic piperazinemoiety which bears a large
hydrophobic o-methoxyphenyl group resulted in 9a, b, that are
molecules combining good replicon potency and good pharmaco-
kinetics. This may be due to an extra interaction of the hydrophobic
substituted aromatic ring with the amino acid residues of the
binding site.

Compound 9b was the best compound identified, with an EC50

of 0.79 mM indicating excellent potency profile. It also showed good
safety profile (CC50 � 75 mM and SI � 94.3). The value of the SS was
calculated to be >52.5 which further confirms that it has a good
“overall antiviral potency”. The interpretation of its doseeresponse
curve revealed that it has selective (genuine) antiviral activity.
3. Molecular modeling

3.1. Validation of Glide docking on HCV NS5B

Several crystal structures of HCV NS5B bound to thumb site II
allosteric inhibitors were solved. For instance, Yan and co-workers
reported crystal structures for HCV NS5B polymerase in complex
with four different thiazolone derivatives (1e4) [24,25,27] (Table 2).

Each of these complexes was subjected to a self-docking run to
validate the proposed docking methodology. In such runs the co-
crystallized ligand is removed from the complex, docked back
into the binding site and then heavy-atom RMSD to reference pose
are calculated. A docking simulation is described as successful if one
(ormore) of the top-ranked output poses exhibits RMSD lower than
2.0 �A to the experimentally solved pose.

In all cases, heavy-atom RMSD values between top-ranked
pose(s) and experimental crystal structure were lower than 1.7 �A
(Table 2). Moreover, in most cases the first-ranked pose or one of
the three top-ranked poses exhibited RMSD values lower than 0.7�A
(Fig. S1, Supporting Information). Glide, thus, seems to be appro-
priate for reliable prediction of docking poses for our compounds.
All docking scores and interaction fingerprints for modeled com-
pounds are shown in (Table 3).



Table 1
EC50, CC50, SI, SS, Max% and [ ] Max for the test compounds assayed for their anti-
HCV activity (genotype 1b) and cell viability.

Cpd. no EC50 (mM) CC50 (mM) SI SS Max% [ ] Max (mM)

6a 44.02 76.10 1.73 0.0329 61.8 77.09
6b 58.75 >115 >1.96 >3.03 69.3 91.70
6c 16.63 >140 >8.37 >15.9 87.5 140
6d ND 68.04 ND 0 50 68.04
6e 64.11 >132 >2.06 >8.86 74.6 132
6f ND 71.07 ND 0 50 71.07
6g 48.90 >121 >2.48 >3.02 69.9 121
6h 74.74 88.77 1.19 0.0986 54.5 98.21
6i ND 115 ND ND 49.8 126
8a 95.67 >127 >1.33 >0.55 58 120
8b >115 >115 ND ND 13.1 22.98
9a 22.68 >80 >3.52 >7.98 76.5 62.93
9b 0.79 >75 >94.3 >52.5 88.5 15.73

Reagents and conditions:i. THF, TEA, reflux, 24h. ii. 2 N HCl, reflux, 2h. iii. 1-(2-Chloroacetyl)-4-(2-
methoxyphenyl)piperazine, acetone, anhydrous K2CO3, reflux, 24h. 
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3.2. Sulfonamide series (compounds 6aei)

All sulfonamides series (6aei) demonstrated very similar
binding poses, where backbone NH’s of Ser476 and Tyr477 were
involved in H-bonds with thiazoline ring nitrogen and carbonyl
group, respectively. Sulfonamide oxygens impart favorable elec-
trostatic interactions with side chains of Arg501 and Lys533 as seen
in reported sulfonamide inhibitors (Fig. 2). Finally, the aromatic
moiety linked to sulfonamide group pointed towards hydrophobic
sub-pocket A (Leu419, Met423 and Trp528), while the second ar-
omatic moiety partially filled hydrophobic sub-pocket B (Ile482,
Val485, Leu489, Pro496 and Leu497).

Hydrophobic sub-pocket B seems to be large enough to
accommodate even bigger substituents (e.g. biphenyl in compound
6b) without compromising the crucial hydrogen-bonding between
thiazoline ring and backbone NH’s of Ser476 and Tyr477 (Fig. 5)
(Fig. S2, Supporting Information). Keeping in mind the versatility of
the hydrophobic sub-pockets, it’s not surprising to find out that the
nature of aromatic moieties and their substituents in the studied



Table 3
Docking scores and interaction fingerprints for the docking poses of modeled
compounds; residues defining interaction sub-sites are given below the table.

Cpd no. EC50 (mM) G_Score (kcal/mol) Polar sub-site Hyd.A Hyd.B

6a 44.02 �6.07 �19.04 �10.43 �8.03
6b 58.75 �6.13 �18.36 �11.66 �12.14
6c 16.63 �6.26 �19.04 �10.43 �8.03
6d ND �5.97 �17.56 �14.31 �9.97
6e 64.11 �5.70 �13.64 �11.14 �3.54
6f ND �6.19 �15.35 �10.92 �6.99
6g 48.90 �5.29 �15.67 �11.12 �7.13
6h 74.74 �6.57 �16.41 �10.51 �9.86
6i ND �6.19 �16.27 �11.39 �8.26
8a 95.67 �5.77 �19.37 �11.30 �7.87
8b >115 �5.94 �18.17 �11.48 �12.49
9a 22.68 �6.19 �24.78 �10.60 �7.76

�4.50a �21.13a �4.90a �8.82a

�8.75b �42.99b �9.13b �9.30b

9b 0.79 �5.14 �16.16 �10.82 �2.24
�4.70a �17.88a �7.75a �9.21a

�8.47b �26.47b �12.58b �10.14b

�6.89b �27.6b �10.19b �8.80b

Polar sub-site:
P

(Ser476, Tyr477, Arg501, Lys533).
Hyd.A (hydrophobic sub-site A):

P
(Leu419, Met423 and Trp528).

Hyd.B (hydrophobic sub-site B):
P

(Ile482, Val485, Leu489, Pro496 and Leu497).
a Semi-automated constrained docking.
b Induced-fit docking.

Table 2
Self-docking results for HCV NS5B complexes with selected thumb site II inhibitors.
Root-mean-squared-distance between top-ranked poses from automated docking
and experimental geometry confirms the reliability of the employed docking
procedure.

PDB code Ligand structure Resolution RMSD of
top-ranked
pose(s)

2HWH

(1)

2.3 �A 0.97e
1.11 �A

2HWI

(2)

2.0 �A 0.67e
1.64 �A

2O5D

(3)

2.2 �A 1.20e
1.26 �A

2I1R

(4)

2.2 �A 0.66e
1.26 �A
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compounds had little or no influence on their orientations in the
binding site, nor their docking scores (Fig. 6) (Fig. S3, Supporting
Information).

In addition to the expected docking pose (Fig. 3, left), compound
6g exhibited a different binding mode where the thiazoline ring is
inverted, thus losing an H-bond with Tyr477 NH. This loss is e at
least in part e compensated by a strong H-bond to Lys533 side
chain NH3

þ and a faceeface stacking of one aromatic moiety with
His475 side chain (Fig. 3, right). However, this re-orientation also
leads to loss of hydrophobic interactions with hydrophobic sub-
pocket B.

On the other hand, compounds 6h and 6i, as expected, exhibit
the same orientation seen in the co-crystallized ligands (Fig. S4,
Supporting Information).

3.3. Sulfanilamide series (compounds 8a, b and 9a, b)

All docking poses retrieved fromGlide docking of compounds 9a
and 9b to the rigid receptor (Fig. 5) showed that neither of them
could bind in a manner similar to their un-substituted amino an-
alogs 8a and 8b, respectively (Fig. 4). In both compounds the
thiazoline ring is far from its typical binding site near backbones of
Ser476 and Tyr477. In 9a the thiazoline substituent is pointed to-
wards hydrophobic sub-site A, while the long amino substituent
fills sub-site B; the opposite was observed in compound 9b. In both
cases, however, hydrophobic substituents are accommodated less
optimally in the binding site than the respective un-substituted
amines.

In order to explain the inability of compounds 9a and 9b to
maintain the reported binding mode of NS5B polymerase in-
hibitors, another semi-automated docking run was setup. In that
special docking run, a soft constraint was added so as to force
Glide to place the thaizoline ring close to its position in typical
inhibitors. In effect, Glide was allowed only to vary and optimize
the positioning of the two hydrophobic tails. As demonstrated in
(Fig. 6), the p-methoxyphenyl-piperazinyl side chain is too big to
fit in the relatively tight hydrophobic sub-pocket A. Alternatively;
significant twisting at the sulfonamide group was necessary to
avoid placing the piperazinyl tail where it clashes with the re-
ceptor. This leads to a strained conformation that almost totally
lost all interaction with sub-pocket A, only slightly compensating
this by weaker interactions with e.g. Pro479. Straining, loss of
hydrophobic interactions coupled with non-optimal H-bonding
with Ser476/Tyr477 pair leads to a substantially lower score being
assigned to these poses, which in turn explains why automated
docking discarded them previously. An extensive induced-fit
docking would, thus, seem to be necessary for both compounds
to give a better picture of their possible binding modes taking
into account re-adjustment of binding site residues side chains as
explained in methodology. In the top-ranked pose of 9a hydrogen
bonding to Ser476/Tyr477 pair was taken over by NH and
carbonyl groups of the linker (Fig. 7, left). Compound 9b exhibited
a similar pose to that of 9a (Fig. 7, right), in addition to another
lower score pose which looks like the typical binding mode with a
slightly shifted thiazoline ring engaging only one hydrogen bond
to backbone NH of Ser476 (Fig. 8). Additionally, significant
conformational change took place in the side chain of Arg501 to
allow for H-bond to carbonyl group of the linker and avoid
clashes with piperazinyl tail. The lower score of this mode could
be attributed to the factors discussed above; namely, higher in-
ternal strain, weaker H-bond to key residues and weak or no
interaction with sub-pocket A.



Fig. 2. Top-ranked docking poses for sulfonamides 6a (left) and 6b (right).
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4. Conclusion

The antiviral activity of the target compounds was evaluated
and molecular modeling was used to give further envision about
their probable binding modes in the allosteric binding site.

Analyzing the EC50 values for the tested compounds and
exploring their different binding modes in the binding pocket,
taking into consideration their docking scores, we can come to the
following SAR conclusion:

i. Modification of the left part of the thiazolone scaffold (series
6) did not result in significant variation of the biological ac-
tivity. The nature of the aromatic moieties and their sub-
stituents (6a vs. 6b & 8a vs. 8b) had minor effect on their
orientations in the binding site and thus their docking scores.
This was rationalized, as the docking studies revealed that
hydrophobic sub-pocket B is large enough to accommodate
bulky substituents offering no additional favorable interac-
tion with the binding site.

ii. On the contrary, the relative tightness of sub-pocket A forms a
good platform for molecular design. Introduction of a long
Fig. 3. Two top-ranked dockin
spacer (acetylpiperazinyl) and a large hydrophobic moiety (o-
methoxyphenyl) in compounds 9a, b resulted in marked
improvement of the antiviral activity, reaching EC50 ¼
0.79 mM for compound 9b. Exploration of their binding
modes in the binding site, revealed binding poses with high
docking scores and favorable interactions with the backbone
amino acid residues.
5. Experimental

5.1. Chemistry

Melting points were determined with Stuart Scientific appa-
ratus and are uncorrected. FT-IR spectra were recorded on a Per-
kineElmer spectrophotometer and measured by n0 cm�1 scale
using KBr cell. 1H NMR spectra were measured in d scale on a JEOL
300 MHz spectrometer. Unless otherwise stated, the spectra were
obtained on solutions in DMSO and referred to TMS. The electron
impact (EI) mass spectra were recorded on Finnigan Mat SSQ 7000
(70 ev) mass spectrometer. The peak intensities, in parentheses, are
g poses for compound 6g.



Fig. 4. Top-ranked docking poses for sulfonamides 8a (left) and 8b (right).
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expressed as percentage abundance. Analytical thin layer chroma-
tography (TLC) was performed on Merck Kieselgel 60PF254 silica on
Aluminum backed sheets. All Rf values were recorded from the
center of the spots. All TLC solvent proportions were measured
volume by volume. Column chromatography was performed using
Merk Silica gel (mesh size ¼ 0.032e0.064 mm). All reagents and
solvents were purified and dried by standard techniques. Solvents
were removed under reduced pressure in a rotary evaporator.
Elemental microanalysis was performed at the Microanalytical
Center, Cairo University; all the values were within range of �0.4.

5.1.1. 2-Aminothiazol-4(5H)-one (2)
Thiourea (7.6 g, 100 mmol) was dissolved in 50 mL 95% ethanol

by refluxing for 10e20 min. To the solution, ethylchloroacetate
(10.8 mL, 100 mmol) was added slowly through the condenser
while gentle reflux was continued. After the mixture had been
refluxed for 3 h longer, it was allowed to cool to rt. The formed solid
Fig. 5. Top-ranked docking poses for sulfanilamides 9a
was filtered by suction on a Buchner funnel andwashedwith 50mL
ethanol. The crude hydrochloride salt was dissolved in 120 mL of
hot, freshly boiled water. A boiling solution of sodium acetate tri-
hydrate (12.1 g, 88mmol) in 15mLwater was added to the previous
solution and the mixture was just heated to boiling. The resulting
clear solution was stored in the ice chest overnight. The crystalline
pseudothiohydantoin was filtered, washed with water and dried to
give 2 as white needle crystals; (9.3 g, 80%); mp 241e243 �C (as
reported) [28].

5.1.2. 4-Substituted-benzenesulfonyl chlorides (3aec) [29]
5.1.2.1. General procedure. To a solution of chlorosulfonic acid
(22.8 mL, 344 mmol) cooled to 0 �C by keeping it in a freezing
mixture of ice and salt, the substituted benzene (100 mmol) was
introduced dropwise from the dropping funnel at such a rate that
the temperature does not exceed 5 �C. When all the substituted
benzene has been added (w30 min), the reaction mixture was
(left) and 9b (right) from rigid-receptor docking.



Fig. 6. Semi-automated docking poses for sulfanilamides 9a and 9b (orange carbons) in comparison to their unsubstituted amino analogs 8a and 8b (white carbons), respectively.
Green-surface denotes hydrophobic sub-pockets A (Leu419, Met423 and Trp528) and blue denotes sub-pocket B (Ile482, Val485, Leu489, Pro496 and Leu497). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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stirred for 4 h. The reaction mixture was then poured over ice cold
water and kept overnight in the refrigerator. The precipitate formed
was filtered and washed with water (2 � 10 mL) to afford the titled
products (3aec).

3a; mp 69e70 �C (as reported) [30], 3b; mp 55e57 �C (as re-
ported) [31], 3c; mp 35e37 �C (as reported) [31].

5.1.3. 4-Substituted-benzenesulfonamidothiazol-4(5H)-ones
(4aec)
5.1.3.1. General procedure. To a mixture of the corresponding
arylsulphonyl chloride (10 mmol) in THF (10 mL) and TEA (3 mL,
30 mmol), 2 (1.16 g, 10 mmol) were added. The reaction mixture
was refluxed until the disappearance of the starting material as
judged by TLC (w48 h). THF was evaporated under vacuum leaving
a solid material which was filtered, washed with water (2 � 10 mL)
and dried over anhydrous calcium chloride to afford the titled
products (4aec).

5.1.3.2. 4-Tolylsulfonamidothiazol-4(5H)-one (4a) [26]. TLC system
(CHCl3/MeOH 8.5:1.5). The product was separated as buff crystals,
(1.95 g, 72%); mp 182e184 �C.
5.1.3.3. 4-Chlorobenzenesulfonamidothiazol-4(5H)-one (4b) [32].
TLC system (CHCl3/MeOH 9.5:0.5). The product was separated as
yellow crystals, (1.85 g, 63%); mp 237e239 �C.

5.1.3.4. 4-Fluorobenzenesulfonamidothiazol-4(5H)-one (4c) [32].
TLC system (CHCl3/MeOH 9:1). The product was separated as yel-
low buff crystals, (1.62 g, 60%); mp > 280 �C.

5.1.4. (Z)-2-Amino-5-(arylmethylene)thiazol-4(5H)-ones (5aed)
5.1.4.1. General procedure. A mixture of 2 (1.16 g, 10 mmol), the
corresponding aldehyde (10 mmol) and anhydrous sodium acetate
(2.40 g, 30 mmol) in glacial acetic acid (15 mL) was refluxed for
16 h. The reactionmixturewas allowed to cool to rt, poured onto ice
cold water (100 mL) and stirred for 1.5 h. The precipitate was
filtered off, washed with water (3 � 10 mL), then with n-hexane
(2�10mL) and dried over anhydrous calcium chloride to afford the
titled products (5aed).

5.1.4.2. (Z)-2-Amino-5-(pyridine-3-ylmethylene)thiazol-4(5H)-one
(5a) [33]. TLC system (CHCl3/MeOH 9.5:0.5). The product was
separated as yellow orange crystals, (1.8 g, 76%); mp 284e286 �C.



Fig. 7. Top-scored induced-fit docking poses for compounds 9a (left) and 9b (right).
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5.1.4.3. (Z)-2-Amino-5-(4-methoxyphenylmethylene)thiazol-4(5H)-
one (5b). TLC system (CHCl3/MeOH 9:1). The product was sepa-
rated as yellow crystals, (1.82 g, 65%); mp > 300 �C; 1H NMR
(300 MHz, DMSO): d 9.17 (br, 2H, NH2), d 7.83 (d, 2H, Ar), d 7.74 (d,
2H, Ar), d 7.67 (d, 2H, Ar), d 7.50 (s, 1H, olefin), d 7.48e7.39 (m, 3H,
Ar); FT-IR (ύ max, cm�1): 3220 (NH2), 1670 (C]O); MS (Molecular
formula: C16H12N2OS, Mwt.: 280.34): m/z 280 (Mþ, 54%), 210
(100%), 165 (15%).
Fig. 8. Lower score induced-fit docking pose for compound 9b resembles typical co-
crystallized ligands.
5.1.4.4. (Z)-2-Amino-5-(2-chlorophenylmethylene)thiazol-4(5H)-one
(5c) [34]. TLC system (CHCl3/MeOH 9:1). The product was sepa-
rated as yellow buff crystals, (1.48 g, 72%); mp 265e267 �C.

5.1.4.5. (Z)-2-Amino-5-(4-biphenylmethylene)thiazol-4(5H)-one
(5d). TLC system (CHCl3/MeOH 8:2). The product was separated as
yellow crystals, (1.87 g, 80%); mp 272e274 �C; 1H NMR (300 MHz,
DMSO): d 7.74 (s, 1H, olefin), d 7.56 (d, J ¼ 8.4 Hz, 2H, Ar), d 7.09 (d,
J¼ 8.7 Hz, 2H, Ar), d 3.71 (s, 3H, eOCH3); FT-IR (ύmax, cm�1): 3340
(NH2), 1690 (C]0); MS (Molecular formula: C11H10N2O2S, Mwt.:
234.27): m/z 234 (Mþ, 23%), 203 (100%), 120 (17%).

5.1.5. (Z)-2-Arylsulfonamido-5-(arylmethylene) thiazol-4-(5H)-
ones (6aei)
5.1.5.1. General procedure

5.1.5.1.1. Method A. A mixture of 4aec (10 mmol), the corre-
sponding aldehyde (10 mmol) and anhydrous sodium acetate
(2.40 g, 30 mmol) in glacial acetic acid (10 mL) was refluxed for
16 h. The reactionmixturewas allowed to cool to rt, poured onto ice
cold water (100 mL) and stirred for 1.5 h. The precipitate
was filtered off, washed with water (3 � 10 mL), then with n-
hexane (2 � 10 mL) and dried over anhydrous calcium chloride.
Recrystallization frommethanol afforded the titled products (6aei)
(64e81%).

5.1.5.2. Method B. To a mixture of the corresponding arylsulphonyl
chloride 3aec (10 mmol) in THF (10 mL) and TEA (3 mL, 30 mmol),
5aed (10 mmol) was added. The reaction mixture was refluxed for
48 h. THF was evaporated under vacuum leaving a solid material
which was collected and dissolved in dil. HCl. The mixture was
stirred at rt for 1 h to dissolve any unreacted material. The solid
precipitate was filtered off, washed with water and dried over
anhydrous calcium chloride. Recrystallization from methanol
afforded the titled products (6aei) (45e60%).

5.1.5.3. (Z)-2-(4-Methylbenzenesulfonamido)-5-(pyridin-3-
ylmethylene)thiazol-4-(5H)-ones (6a). The titled compound was
separated as pale yellow crystals (2.62 g, 67%); mp 222e224 �C; 1H
NMR (300 MHz, DMSO): d 7.89 (s, 1H, olefin), d 7.73 (d, 2H, Ar),
d 7.62ed 7.58 (m, 4H, Ar), d 7.45 (d, 2H, Ar), d 2.40 (s, 3H, CH3); FT-IR
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(ύ max, cm�1): 3120 (NH), 2890 (CeH aliphatic), 1700 (C]O); MS
(Mwt.: 392.88): m/z 394 (Mþ2, 6.3%), 392 (Mþ, 15%), 168 (100%).
Anal. Calcd for C17H13ClN2O3S2: C, 51.97; H, 3.34; N, 7.13; Found: C,
51.62; H, 3.58; N, 6.94.

5.1.5.4. (Z)-2-(4-Methylbenzenesulfonamido)-5-(4-methoxyphenyl-
methylene)thiazol-4-(5H)-one (6b). The titled compound was
separated as yellow crystals (3.51 g, 81%); mp > 300 �C; 1H NMR
(300 MHz, DMSO): d 7.91 (d, J¼ 7.8 Hz, 2H, Ar), d 7.82 (s, 1H, olefin),
d 7.76 (m, 4H, Ar), d 7.51 (m, 3H, Ar), d 7.43 (m, 4H, Ar), d 2.35 (s, 3H,
CH3); FT-IR (ύ max, cm�1): 3310 (NH), 2860 (CeH aliphatic), 1670
(C]O); MS (Mwt.: 434.53): m/z 434 (Mþ, 20%), 210 (100%). Anal.
Calcd for C23H18N2O3S2: C, 63.57; H, 4.18; N, 6.45; Found: C, 63.22;
H, 3.85; N, 6.73.

5.1.5.5. (Z)-5-(2-Chlorophenylmethylene)-2-(4-methylbenzenesul-
fonamido)thiazol-4-(5H)-one (6c). The titled compound was
separated as pale yellow crystals (2.51 g, 70%); mp 192e194 �C; 1H
NMR (300 MHz, DMSO): d 10.16 (br, 1H, NH), d 8.96 (s, 1H, Ar),
d 8.72 (d, J ¼ 5.4 Hz, 1H, Ar), d 8.25 (d, J ¼ 8.7 Hz, 1H, Ar), d 7.85 (t,
J ¼ 6.6 Hz, 1H, Ar), d 7.68 (s, 1H, olefin), d 7.48 (d, J ¼ 8.1 Hz, 2H, Ar),
d 7.11 (d, J ¼ 7.8 Hz, 2H, Ar), d 2.28 (s, 3H, CH3); FT-IR (ύ max,
cm�1): 3400 (NH), 2900 (CeH aliphatic), 1620 (C]O); MS (Mwt.:
359.42): m/z 359 (Mþ, 4%), 205 (67%), 135 (100%). Anal. Calcd for
C16H13N3O3S2: C, 53.47; H, 3.65; N, 11.69; Found: C, 53.21; H, 3.93;
N, 11.50.

5.1.5.6. (Z)-5-(4-Biphenylmethylene)-2-(4-methylbenzenesulfon-
amido)thiazol-4-(5H)-one (6d). The titled compoundwas separated
as pale yellow crystals (2.87 g, 74%); mp 192e194 �C; 1H NMR
(300 MHz, DMSO): d 9.84 (br, 1H, NH), d 7.84 (d, J ¼ 7.2 Hz, 2H, Ar),
d 7.71 (s, 1H, olefin), d 7.61 (d, J¼ 7.2 Hz, 2H, Ar), d 7.40 (d, J¼ 6.9 Hz,
2H, Ar), d 7.12 (d, J ¼ 8.1 Hz, 2H, Ar), d 3.69 (s, 3H, -OCH3), d 2.37 (s,
3H, CH3); FT-IR (ύ max, cm�1): 3450 (NH), 2850 (CeH aliphatic),
1680 (C]O); MS (Mwt.: 388.46):m/z 388 (Mþ, 45%), 234 (50%),164
(100%). Anal. Calcd for C18H16N2O4S2: C, 55.65; H, 4.15; N, 7.21;
Found: C, 56.08; H, 4.43; N, 7.56.

5.1.5.7. (Z)-2-(4-Chlorobenzenesulfonamido)-5-(pyridin-3-ylmeth-
ylene)thiazol-4-(5H)-one (6e). The titled compound was separated
as orange crystals (2.42 g, 64%); mp 220e222 �C; 1H NMR
(300 MHz, DMSO): d 8.92 (s, 1H, Ar), d 8.69 (d, 1H, Ar), d 8.12 (d, 1H,
Ar), d 7.91 (t, 1H, Ar), d 7.83 (s, 1H, olefin), d 7.58 (d, 2H, Ar), d 7.35 (d,
2H, Ar); FT-IR (ύ max, cm�1): 3080 (NH), 1690 (C]O); MS (Mwt.:
379.84): m/z 380 (Mþ, 5%), 231 (56%), 174 (83%), 74 (100%). Anal.
Calcd for C15H10ClN3O3S2: C, 47.43; H, 2.65; N, 11.06; Found: C,
47.06; H, 2.83; N, 10.78.

5.1.5.8. (Z)-2-(4-Chlorobenzenesulfonamido)-5-(4-methoxyphenyl-
methylene)thiazol-4-(5H)-one (6f). The titled compound was
separated as yellow crystals (2.88 g, 72%); mp 176e178 �C; 1H NMR
(300 MHz, DMSO): d 7.90 (d, J ¼ 8.4 Hz, 2H, Ar), d 7.73 (d, J ¼ 8.7 Hz,
2H, Ar), d 7.68 (s, 1H, olefin), d 7.54 (d, J ¼ 8.4 Hz, 2H, Ar), d 7.11 (d,
J ¼ 8.7 Hz, 2H, Ar), d 3.84 (s, 3H, eOCH3); FT-IR (ύmax, cm�1): 3220
(NH), 2800 (CeH aliphatic), 1710 (C]O); MS (Mwt.: 408.88): m/z
408 (Mþ, 2%), 231 (26%),148 (100%). Anal. Calcd for C17H13ClN2O4S2:
C, 49.94; H, 3.20; N, 6.85; Found: C, 49.62; H, 3.11; N, 7.24.

5.1.5.9. (Z)-2-(4-Chlorobenzenesulfonamido)-5-(2-chlorophenyl-
methylene)thiazol-4-(5H)-one (6g). The titled compound was
separated as white crystals (3.34 g, 81%); mp 195e197 �C; 1H NMR
(300 MHz, DMSO): d 9.58 (br, 1H, NH), d 7.90 (d, J ¼ 8.7 Hz, 2H, Ar),
d 7.78 (s, 1H, olefin), d 7.68 (d, J ¼ 8.7 Hz, 2H, Ar), d 7.48 (m, 4H, Ar);
FT-IR (ύmax, cm�1): 3240 (NH),1680 (C]O);MS (Mwt.: 413.3):m/z
413 (Mþ, 3%), 202 (35%), 174 (7%), 167 (100%). Anal. Calcd for
C16H10Cl2N2O3S2: C, 46.50; H, 2.44; N; 6.78; Found: C, 46.78; H,
2.65; N; 7.13.

5.1.5.10. (Z)-2-(4-Fluorobenzenesulfonamido)-5-(4-methoxyphenyl-
methylene)thiazol-4-(5H)-one (6h). The titled compound was
separated as bright yellow crystals (2.51 g, 65%); mp 243e245 �C;
1H NMR (300 MHz, DMSO): d 7.98 (m, 2H, Ar), d 7.75 (s, 1H, olefin),
d 7.63 (d, J ¼ 8.7 Hz, 2H, Ar), d 7.46 (t, J ¼ 8.8 Hz, 2H, Ar), d 7.09 (d,
J ¼ 8.7 Hz, 2H, Ar), d 3.84 (s, 3H, eOCH3); FT-IR (ύmax, cm�1): 3100
(NH), 2900 (CeH aliphatic), 1720 h(C]O); MS (Mwt.: 392.42): m/z
392 (Mþ, 2%), 235 (50%), 164 (100%). Anal. Calcd for C17H13FN2O4S2:
C, 52.03; H, 3.34; N, 7.14; Found: C, 51.84; H, 3.21; N, 7.46.

5.1.5.11. (Z)-2-(4-Fluorobenzenesulfonamido)-5-(2-chlorophenylme-
thylene)thiazol-4-(5H)-one (6i). The titled compound was sepa-
rated as buff crystals (2.96 g, 75%); mp 272e274 �C; 1H NMR
(300MHz, DMSO): d 9.25 (br,1H, NH), d 7.97e7.61 (m, 4H, Ar), d 7.58
(s, 1H, olefin), d 7.56e7.45 (m, 4H, Ar); FT-IR (ύ max, cm�1): 3120
(NH), 1730 (C]O); MS (Mwt.: 396.84): m/z 398 (Mþ2, 5%), 396
(12%), 203 (36%), 170 (43%), 168 (100%). Anal. Calcd for
C16H10ClFN2O3S2: C, 48.42; H, 2.54; N, 7.06; Found: C, 48.13; H, 2.87;
N, 7.39.

5.1.6. (Z)-4-Acetamidophenylsulfonamido-5-(arylmethylene)
thiazol-4(5H)-one (7a, b)
5.1.6.1. General procedure. To a mixture of the corresponding 4-
acetamidobenzenesulphonyl chloride (2.32 g, 10 mmol) in THF
(10 mL) and TEA (3 mL, 30 mmol), 5c, d (10 mmol) was added. The
reaction mixture was refluxed for 24 h. THF was evaporated under
vacuum leaving a solid material which was collected and dissolved
in dil. HCl. The mixture was stirred at rt for 10 h to dissolve any
unreacted material. The solid precipitate was filtered off, washed
with water and dried over anhydrous calcium chloride. Recrystal-
lization from methanol afforded the titled products (7a, b).

5.1.6.2. (Z)-4-Acetamidophenylsulfonamido-5-(2-chlorophenylme-
thylene)thiazol-4(5H)-one (7a). TLC system (CHCl3/MeOH 9.5:0.5).
The product was separated as white crystals, (2.95 g, 68%);
mp > 280 �C.

5.1.6.3. (Z)-4-Acetamidophenylsulfonamido-5-(4-biphenylmethyle-
ne)thiazol-4(5H)-one (7b). TLC system (CHCl3/MeOH 9.5:0.5). The
product was separated as white crystals, (2.96 g, 62%); mp> 280 �C.

5.1.7. (Z)-4-Aminophenylsulfonamido-5-(arylmethylene)thiazol-
4(5H)-ones (8a, b)
5.1.7.1. General procedure. The respective 7a, b (10 mmol) was
refluxed in 2 N HCl (20 mL) for 2 h. The reaction mixture was left to
cool then filtered to get rid of any unreacted material. Na2CO3 was
added to the filtrate until effervescence stopped. Herein, the crude
product precipitated. The mixture was kept in the refrigerator
overnight, then it was filtered, the residue washed with water
(2 � 10 mL) and dried over anhydrous calcium chloride. Recrys-
tallization from ether afforded the titled products 8a, b.

5.1.7.2. (Z)-4-Aminophenylsulfonamido-5-(2-chlorophenylmeth-
ylene)thiazol-4(5H)-one (8a). The titled compound was separated
as orange crystals (2.82 g, 72%); mp 180e182 �C; 1H NMR (300MHz,
DMSO): d 12.73 (br, 2H, -NH2), d 7.92 (s,1H, olefin), d 7.64 (d, 2H, Ar),
d 7.55 (d, 2H, Ar), d 7.52e7.47 (m, 4H, Ar), FT-IR (ύmax, cm�1): 3280
(NH2), 1690 (C]O); MS (Molecular formula: C16H12ClN3O3S2, Mwt.:
393.87): m/z 394 (Mþ, 6%), 204 (51%), 168 (100%).

5.1.7.3. (Z)-4-Aminophenylsulfonamido-5-(4-biphenylmethylene)
thiazol-4(5H)-one (8b). The titled compound was separated as pale
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yellow crystals (2.91 g, 67%); mp > 300 �C; 1H NMR (300 MHz,
DMSO): d 9.42 (br, 2H, eNH2), d 9.17 (s, 1H,eNHeSO2), d 7.84 (s, 1H,
olefin), d 7.82e7.75 (m, 5H, Ar), d 7.65e7.60 (m, 4H, Ar), d 7.47e7.42
(m, 4H, Ar), FT-IR (ύ max, cm�1): 3120 (NH2), 1670 (C]O); MS
(Molecular formula: C22H17N3O3S2, Mwt.: 435.52): m/z 435 (Mþ,
2%), 280 (15%), 210 (100%).

5.1.8. (Z)-N-(5-Arylmethylene-4-oxo-4,5-dihydrothiazol-2-yl)-4-
{2-[4-(2-methoxyphenyl)piperazin-1-yl]-2-oxoethylamino}
benzenesulfonamides (9a, b)
5.1.8.1. General procedure. To a mixture of the respective (8a, b)
(10 mmol) and K2CO3 (2.96 g, 20 mmol) in dry acetone (10 mL), 1-
(2-chloroacetyl)-4-(2-methoxyphenyl)piperazine (2.68 g,10mmol)
was added. The reaction mixture was refluxed for 24 h, left to cool
and then filtered. The filtrate was evaporated under vacuum. The
crude product was washed with water (2 � 10 mL) and dried over
anhydrous calcium chloride. Recrystallization from ether afforded
the titled compounds (9a, b).

5.1.8.2. (Z)-N-[5-(2-Chlorobenzylidene)-4-oxo-4,5-dihydrothiazol-2-
yl]-4-{2-[4-(2-methoxyphenyl)piperazin-1-yl]-2-oxoethylamino}ben-
zenesulfonamide (9a). The titled compoundwas separated as bright
yellow crystals (4.25 g, 68%); mp 210e212 �C; 1H NMR (300 MHz,
DMSO): d 7.72 (s, 1H, olefin), d 7.62e7.29 (m, 7H, Ar), d 6.93e6.88
(m, 5H, Ar), d 4.66 (s, 2H, eCH2eCOe), d 3.77 (s, 3H, eOCH3), 3.61e
3.55 (m, 4H, piperazine), 3.05e2.91 (m, 4H, piperazine), FT-IR (ύ
max, cm�1): 3310 (NH), 2870 (CeH aliphatic), 1670 (C]O); MS
(Mwt.: 626.15): m/z 626 (Mþ, 3%), 470 (4%), 280 (15%), 210 (100%).
Anal. Calcd for C29H28ClN5O5S2: C, 55.63; H, 4.51; N,11.18; Found: C,
56.07; H, 4.25; N, 10.83.

5 .1.8 .3 . (Z ) -N- [5- (B iphenyl -4-ylmethyl ene) -4-oxo-4 ,5-
dihydrothiazol-2-yl]-4-{2-[4-(2-methoxyphenyl)piperazin-1-yl]-2-
oxoethylamino}benzenesulfonamide (9b). The titled compound was
separated as buff crystals (3.86 g, 58%); mp 232e234 �C; 1H NMR
(300MHz,DMSO): d7.84 (s,1H, olefin), d7.82e7.73 (m, 5H, Ar), d7.68e
7.64 (m, 4H, Ar), d 7.49e7.41 (m, 4H, Ar), d 6.96e6.91 (m, 4H, Ar), d 4.69
(s, 2H, eCH2eCOe), d 3.79 (s, 3H, eOCH3), 3.68e3.50 (m, 4H, piper-
azine), 3.02e2.93 (m, 4H, piperazine), FT-IR (ύmax, cm�1): 3100 (NH),
2920 (CeH aliphatic), 1710 (C]O); MS (Mwt.: 667.80): m/z 667 (Mþ,
6%), 514 (3%), 280 (23%), 210 (100%). Anal. Calcd for C35H33N5O5S2: C,
62.95; H, 4.98; N, 10.49; Found: C, 62.67; H, 5.20; N, 10.78.

5.2. Biological evaluation

Biological evaluation studies were performed at the Rega insti-
tute, Katholique university of Leuven, Faculty of Medicine, Belgium.

5.2.1. Cell culture and dose-response assays
One day before addition of the test compounds, Human hepa-

toma cells (Huh5.2) containing the hepatitis C virus genotype 1b
1389luc-ubi-neo/NS3-30/5.1 replicon were sub-cultured in Dul-
becco’s modified Eagle medium (DMEM) (Cat. N� 41965039) sup-
plemented with 10% fetal calf serum (FCS), 1% non-essential amino
acids (11140035), 1% penicillin/streptomycin (15140148) and 2%
Geneticin (10131027); Invitrogen. Cell lines were grown for 3e4
days in 75 cm2 tissue culture flasks (Techno Plastic Products),
harvested and seeded in assay medium (DMEM, 10% FCS, 1% non-
essential amino acids, 1% penicillin/streptomycin) at a density of
6500 cells/well (100 ml/well) in 96-well tissue culture microtiter
plates (Falcon, Beckton Dickinson for evaluation of anti-metabolic
effect and Culture Plate, Perkin Elmer for evaluation of antiviral
effect). The microtiter plates were incubated overnight (37 �C, 5%
CO2, 95e99% relative humidity), yielding a non-confluent cell
monolayer.
The evaluations of the anti-metabolic as well as the antiviral
effect of each compound were performed in parallel. Four-step, 1-
to-5 test compound dilution series were prepared. Following
assay setup, the microtiter plates were incubated for 72 h (37 �C, 5%
CO2, 95e99% relative humidity).

5.2.2. Assay protocols
5.2.2.1. Luciferase assay. For the evaluation of antiviral effects, viral
RNA replication was determined using Firefly luciferase assay.
Assay mediumwas aspirated and the cell monolayers were washed
with PBS (phosphate-buffered saline). The wash buffer was aspi-
rated, 25 ml of GloLysis Buffer (Cat. N�. E2661, Promega) was added
after which lysis was allowed to proceed for 5 min at rt. Subse-
quently, 50 ml of Luciferase Assay System (Cat. N�. E1501, Promega)
was added and the luciferase luminescence signal was quantified
immediately (1000 ms integration time/well, Safire2, Tecan). Rela-
tive luminescence units were converted to percentage of untreated
controls.

5.2.2.2. Viability assay. For the evaluation of the anti-metabolic
effects, the assay medium was aspirated, replaced with 75 ml of a
5% MTS (Promega) solution in phenol red-free medium and incu-
bated for 1.5 h (37 �C, 5% CO2, 95e99% relative humidity). Absor-
bancewas measured at awavelength of 498 nm (Safire2, Tecan) and
optical densities (OD values) were converted to percentage of un-
treated controls.

5.3. Molecular modeling

5.3.1. Building ligands
All studied ligands were constructed as 2D structures on

ChemBioDraw Ultra and converted into corresponding SMILES
strings, fromwhich 3D structures were generated using openbabel
[35]. The 3D structures were imported into Maestro [36] and were
subjected to geometry optimization using MacroModel [37]
employing OPLS_AA 2005 force field with GB/SA solvent contin-
uum model [38] as potential function. Minimization converged to
threshold gradient of 0.0001 kJ/mol �A. Protonation states for both
sulfonamides and carboxylate compounds were assigned by Epik
[39]. Sulfonamides exhibited higher predicted pKa values (5.5e7.0)
compared to their carboxylate analogs (w2.0), and hence theywere
modeled in their neutral form, while carboxylates were modeled as
the negatively ionized species.

5.3.2. Preparing enzyme structures
Complexes of HCV NS5B polymerase with various ligands were

downloaded from the Protein Data Bank. For each crystal structure
hydrogens were added, water molecules were removed and bond
orders for proteins and ligand were corrected using Maestro Pro-
tein Preparation Wizard. Prime [40] was used to fill in missing
residues (e.g. residues 149e153 and 565e570 in 2HWH). Partial
charges were calculated from OPLS_2005 force field while pro-
tonation states and oxidation states for metals were assigned by
Epik [39]. Orientations of added hydrogens were extensively
sampled for optimal H-bond formation and the model was then
refined by minimization to RMSD threshold of 0.3 �A.

5.3.3. Automated Glide docking
For the purpose of docking ligands to protein active sites, the

molecular docking program Glide (Grid-based LigandDocking with
Energetics) [41] was used in this study. Crystal structure of HCV
NS5B polymerase with the carboxylate derivative 2 was used for
docking grid generation (PDB: 2HWI, resolution 2.0 �A). Terminal
hydroxyl groups of binding site serine, threonine and tyrosine
residues were treated as ‘rotatable groups’ within the generated



G.H. Al-Ansary et al. / European Journal of Medicinal Chemistry 68 (2013) 19e32 31
grid. Number of poses allowed to pass through the initial Glide
screens was increased from the default 5000 to 50,000. The energy
window for keeping initial poses was set to 100.0 kcal/mol and the
best 1000 poses for each ligand were kept for energy minimization.
Finally, atoms with partial charges <0.15 were scaled down in size
by a factor of 0.8 to soften the potential for non-polar parts of the
ligand. Output for each ligand included a maximum of 10 distinct
poses.

Since compounds 9a and 9b are relatively bigger in size and
hence some degree of receptor re-adjustment might be necessary
to accommodate them in the binding site of NS5B polymerase,
induced-fit docking of Schrödinger Suite was applied. The induced-
fit docking methodology combines Glide and Prime technologies
[42]. After initial Glide docking, amino acids within 5.0 �A radius
around any suggested pose were considered as flexible, and their
side chain conformations were optimized by Prime. Up to 50 poses
were retained for each calculation within an energy window of
40.0 kcal/mol to allow for larger diversity in output poses. Poses
were finally energy minimized, re-scored, and prioritized by Glide
SP scoring. Glide calculates per-residue interaction energies as the
sum of OPLS_2005 non-bonded terms (van der Waals, Columbic
and H-bond terms) for all residues within 12.0�A distance from any
found pose. Interactions fingerprints were calculated for studied
compounds by summing per-residue interaction energies for
amino acids comprising the NS5B polymerase allosteric thumb II
polar sub-site (Ser476 þ Tyr477 þ Arg501 þ Lys533), hydrophobic
sub-site A (Leu419 þ Met423 þ Trp528), and hydrophobic sub-site
B (Ile482 þ Val485 þ Leu489 þ Pro496 þ Leu497). Interaction
fingerprints for studied compounds are given in Table 3.
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