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ABSTRACT ARTICLE HISTORY
Human GSTP1-1 is one of the most important proteins, which Received 6 November 2017
overexpresses in a large number of human tumours and is involved Accepted 6 November 2017
in the development of resistance to several anticancer drugs. So, it
. ) . KEYWORDS
has become an important target in cancer treatment. In this study, 12 Anticancer: benzothiazole:
benzothiazole derivatives were synthesized and screened for their in docking; hGSTP1-1; GSTs;
vitro inhibitory activity for h\GSTP1-1. Among these compounds, two pharmacophore
of them (compounds #2 and #5) have been found to be the leads
when compared with the reference drug etoposide. In order to analyse
the structure-activity relationships (SARs) and to investigate the
binding side interactions of the observed lead compounds, a HipHop
pharmacophore model was generated and the molecular docking
studies were performed by using CDocker method. In conclusion, it
is observed that the lead compounds #2 and #5 possessed inhibitory
activity on the hGSTP1-1 by binding to the H-site as a substrate in
which the para position of the phenyl ring of the benzamide moiety
on the benzothiazole ring is important. Substitution at this position
with a hydrophobic group that reduces the electron density at the
phenyl ring is required for the interaction with the H side active
residue Tyr108.

Introduction

One of the major problems with cancer treatment is multidrug resistance, depending on
overexpression of glutathione transferases (GSTs). The GSTs are a family of widely distributed
Phase Il detoxification enzymes that catalyse the conjugation of the tripeptide glutathione
(GSH) to electrophiles, resulting in the formation of the corresponding GSH conjugates [1-6].
Human GST P1-1 (hGSTP1-1) is the most prevalent isoform and is frequently overexpressed
in human tumours, including carcinoma of the lung, kidney, ovary, colon, pancreas, stomach
and oesophagus. These may play a role in resistance to anticancer drugs such as etoposide
or doxorubicin, especially if associated with multidrug resistance proteins (VRP1, MRP2)
[7,8]. Additionally, they can inhibit the part of the apoptosis control system, Jun N-terminal
kinase and defend tumour cells by direct detoxification of anticancer drugs in this way [9,10].
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According to all these data, hGSTP1-1 can be a promising target for cancer treatment and
considerable efforts have been undertaken to find specific inhibitors of hGSTP1-1.

Ethacrynic acid (EA), which is an approved drug, inhibits hGSTP1-1 by binding directly to
the substrate binding site (H site) of the enzyme, as well as by depleting its cofactor (GSH)
via conjugation to the thiol group of GSH [11,12]. Recently, some heterocyclic compounds
such as di-substituted benzoxazole derivatives were reported as hGSTP1-1 inhibitors
[13-15].

Herein, we have described the synthesis of a series of 2-substituted benzothiazole deriv-
atives and investigated their inhibitory activities towards hGSTP1-1. According to in vitro
inhibitory activity results, two of the tested compounds (compounds #2 and #5) showed
inhibitory activity potency similar to the reference drug, EA. In order to perform the struc-
ture-activity relationships and describe the binding site features of these lead benzothiazole
derivatives on hGSTP1-1, pharmacophore analyses (HipHop) and molecular docking
(CDocker) studies were performed by using Discovery Studio (DS) 3.5 software [16].

Methods
Compounds

In this study, 12 derivatives of substituted benzothiazoles [2-(4’-bromo/methyl/nitro ben-
zamido)-4/6-substitutedbenzothiazoles and 2-(4’-bromo-N'-benzhydrazido) benzothiazole]
(compounds #1-12) were synthesized, with five of them (compounds #5-7,9 and 11) being
original. Structures of the synthesized benzothiazoles are presented in Figure 1.The synthesis
and characteristics of compounds are described below.

MW, 150 W
R, COOH +SOCl, —» R, COCl1 + SO, + HC1
benzene
a b
S
0°C
/>—X—NH2 + RIOCOCI
N water / ether / NaHCO5
[ b

0
I

S/>‘X-—NH—C4®7R1
N

R, 1-12

R,

X: -; -NH-; R1: -H; -Br; -CHj; -NO,; R2: -H; 4-CHj3; 6-F; 6-CH;3

Figure 1. The synthesis of the tested compounds.
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Synthesis

For reaching the targeted compounds, 1 mmol of appropriate carboxylic acid (4-bromo/
methyl/nitro benzoic acid or non-substituted benzoic acid) (a), was exposed to a microwave
energy of 150 W at a pressure of 250 psi and a temperature of 150°C for 10 min in the mixture
of 0.3 ml thionyl chloride and 0.5 ml benzene. Then excess thionyl chloride was removed in
vacuo. The residue, acyl chloride (b), was dissolved in anhydrous diethyl ether (1 ml) and
solution added during 1 h to a stirred, ice-cold mixture of 2-amino-4/6-substituted benzo-
thiazole or 2-hydrazinobenzothiazole (1 mmol) (c), sodium bicarbonate (2 mmol), diethyl
ether (1 ml) and water (1 ml) [17]. The mixture was stirred overnight at room temperature
and then filtered. Then, the precipitate was washed with water, 2N hydrochloric acid and
water. Ethanol was used for recrystallization and crystals were dried in vacuo. Hence, the
final benzothiazole derivatives (Compounds #1-12) were yielded (Figure 1).

Instruments
The chemicals were purchased from the commercial vendors and were used without puri-
fication. The reaction of chlorination was carried out by using CEM Discovery SP microwave
apparatus. The reactions were monitored and the purity of the products was checked by
thin layer chromatography (TLC). SilicaGel 60 HF,,, chromatoplates (0.3 mm) were used for
TLC and the solvent systems were n-hexan:ethyl acetate (3:1) for 2-(4'-bromo/methyl/
nitrobenzamido-4/6-substituted benzothiazole (#1-11) and n-hexan:ethyl acetate (1:1) for
2-(4'-bromo-N'-benzhydrazido)benzothiazole (#12). Melting points were taken on a Buchi
Melting Point B-540 capillary apparatus and were uncorrected. "H-NMR and ">*C-NMR spectra
were obtained with a Varian Mercury 400 High Performance Digital FT-NMR-400 MHz spec-
trometer in dimethylsulphoxide-d, (DMSO-d); tetramethylsilane (TMS) was used as an inter-
nal standard. Elemental analyses were carried out with CHNS-932 (LECO) apparatus. The
results (C, H, N) were within +0.4% of the calculated values. Mass analysis was obtained by
Waters 2695 Alliance Micromass ZQ LC-MS using the Electrospray lonization (ESI) method.
In the enzyme studies, Mettler Toledo pH meter apparatus and the Shimadzu UV-2501
PC Spectrometer were used.

Characteristics of the compounds

2-Benzamidobenzothiazole (compound #1) [18]. Yield: 53% mp 188-189°C. '"H NMR
(DMSO-d,, 400 MHz) & (ppm): 7.33-7.37 (m, 1H, H-6), 7.46-7.50 (m, TH, H-5), 7.56~7.60 (m,
2H, H-3} H-5"), 7.66-7.70 (m, 1H, H-4"), 7.80 (d, /= 8.4 Hz, 1H, H-7),8.03 (d, /= 7.6 Hz, 1H, H-4),
8.16 (d, J = 7.2 Hz, 2H, H-2}, H-6"), 12.91 (s, TH, NH); 3*C NMR (DMSO-d,, 100 MHz) 6 (ppm):
120.31,121.73,123.67,126.17,128.31,128.63, 131.45, 132.86, 148.31, 158.86, 165.96; ESIMS
m/z 255.18 (M*+H, 100%). Analytically Calculated (Anal. Calcd.) (%) for C, ,H, N_OS: C, 66.12;

147710

H, 3.964; N, 11.016; S, 12.609. Found: C, 66.10; H, 3.736; N, 11.280; S, 12.670.

2

2-(4"-Bromobenzamido)benzothiazole (compound #2) [19].  Yield: 51% mp 239-240°C. 'H
NMR (DMSO-d,, 400 MHz) 6 (ppm): 7.34 (t, TH, H-6), 7.45-7.49 (m, 1H, H-5),7.77 (d, /= 9.2 Hz,
3H, H-3! H-5' H-7), 8.01 (d, J = 8.4 Hz, 1H, H-4), 8.07 (d, J = 8.0 Hz, 2H, H-2, H-6'), 12.99 (s, 1H,
NH); *C NMR (DMSO-d,, 100 MHz) & (ppm): 120.27, 121.78, 123.74, 126.23, 126.82, 130.38,
131.23, 131.66; ESIMS m/z 333.24 (M*+H, 100%), 335.24 (M*+H+2, 83%). Anal. Calcd. (%) for
C,,HyBrN,0OS: C,50.47; H,2.723; N, 8.407; S, 9.624. Found: C, 50.01; H, 2.657; N, 8.746; 5, 9.631.
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2-(4"-Methylbenzamido)benzothiazole (compound #3) [19,20]. Yield: 27% mp 188-189°C.
H NMR (DMSO-ds, 400 MHz) 6 (ppm): 2.38 (s, 3H, CH3), 7.20 (d, J = 8.4 Hz, 2H, H-3', H-5'),
7.26-7.29 (m, 3H, H-5, H-6, H-7), 7.83-7.86 (m, 1H, H-4), 7.89 (d, /= 8.0 Hz, 2H, H-2', H-6"), NH
proton was not monitored; '>*C NMR (DMSO-d,, 100 MHz) & (ppm): 21.58, 120.69, 121.34,
123.92, 126.01, 127.92, 129.15, 129.68, 131.91, 143.94, 147.75, 159.74, 165.78; ESIMS m/z
269.33 (M*+H, 100%). Anal. Calcd. (%) for C,.H,_N.OS: C, 67.14; H, 4.508; N, 10.44; S, 11.95.

15 11212
Found: C, 66.86; H, 4.245; N, 10.61; S, 11.82.

2-(4"-Nitrobenzamido)benzothiazole (compound #4)[19,20].  Yield: 42% mp 295-296°C (No
information about melting point in the references). 'H NMR (DMSO-d,, 400 MH2) 6 (ppm):
7.34-7.38 (m, 1H, H-6), 7.46-7.50 (m, 1H, H-5), 7.78 (d, J= 7.6 Hz, 1H, H-7), 8.02 (d, J = 8.0 Hz,
1H, H-4), 8.33-8.39 (m, 4H, H-2! H-3! H-5! H-6"), 13.25 (s, 1H, NH); 3C NMR (DMSO-d6, 100
MHz) & (ppm): 118.83,119.73,121.86, 123.53, 123.84, 126.32,129.84, 131.06, 137.99, 144.91,
149.69, 152.77; ESIMS m/z 300.21 (M*+H, 100%). Anal. Calcd. (%) for C, ,H.N,0,S: C, 56.18; H,

141 19"V3V3
3.031; N, 14.039; S, 10.714. Found: C, 55.83; H, 3.238; N, 14.08; S, 10.73.

2-(4"-Bromobenzamido)-4-methylbenzothiazole (compound #5).  Yield: 55% mp 190-191°C
(Decomposed at 171-172°C). '"H NMR (DMSO-dé, 400 MHz) & (ppm): 2.62 (s, 3H, CH,), 7.21-
7.29 (m, 2H, H-5, H-6), 7.77 (d, /= 8.8 Hz, 2H, H-3} H-5"), 7.82 (d, /= 7.6 Hz, 1H, H-7),8.08 (d, J =
8.4 Hz, 2H, H-2, H-6), 12.98 (s, TH, NH); *C NMR (DMSO-d,, 100 MHz) 6 (ppm): 18.07, 119.06,
123.68,126.70,126.77,129.94,130.43,131.13,131.61; ESIMS m/z 347.31 (M*+H, 100%), 349.25
(M*+H+2, 96%). Anal. Calcd. (%) for C,;H, BrN,OS - 1.1HOH: C, 49.08; H, 3.625; N, 7.632; S,

1571

8.736. Found: C, 48.79; H, 3.824; N, 8.023; S, 8.791.

2-(4"-Nitrobenzamido)-4-methylbenzothiazole (compound #6).  Yield: 71% mp 237-238°C.
'H NMR (DMSO-d,, 400 MHz) & (ppm): 2.61 (s, 3H, CH,), 7.21-7.28 (m, 2H, H-5, H-6), 7.82 (d, J
=8.0Hz, TH, H-7),8.32-8.36 (m, 4H, H-2} H-3} H-5, H-6'), 13.23 (s, TH, NH); "*C NMR (DMSO-d,,
100 MHz) 6 (ppm): 17.96, 119.10, 123.48, 123.79, 126.72, 129.88, 149.65; ESIMS m/z 314.20
(M*+H, 100%). Anal. Calcd. (%) for C. .H..N.O.S- 1.1HOH: C,57.5; H, 3.539; N, 13.411; S, 10.234.

157711 °373
Found:C, 57.35; H, 3.581; N, 13.27; S, 9.985.

2-(4"-Bromobenzamido)-6-fluorobenzothiazole (compound #7). Yield: 47% mp 271-272°C.
'H NMR (DMSO-d,, 400 MHz) & (ppm): 7.29-7.34 (m, TH, H-5), 7.76-7.80 (m, 3H, H-3} H-5,
H-7),7.92 (dd, J= 2.4 Hz and J = 8.4 Hz, 1H, H-4), 8.06 (d, J = 8.8 Hz, 2H, H-2}, H-6"), 13.00 (s,
TH, NH); *C NMR (DMSO-d,, 100 MHz) 6 (ppm): 108.18 (d, J_, = 27 Hz), 114.33 (d, J_, = 24

Hz), 121.49, 126.89, 130.36, 130.99, 132.69, 145.01, 158.76 (d, J, = 239 Hz), 165.20; ESIMS
m/z351.29 (M*+H, 100%), 353.34 (M*+H+2, 96%). Anal. Calcd. (%) for C, ,H,BrFN,OS: C, 47.88;

H, 2.296; N, 7.977; S, 9.131. Found: C, 47.79; H, 2.423; N, 8.287; S, 9.035.

2-Benzamido-6-methylbenzothiazole (compound #8) [21,22].  Yield: 26% mp 214-216°C
(No information about melting point in the references). '"H NMR (DMSO-dé, 400 MHz) & (ppm):
2.45 (s, 3H, CH3), 7.05-7.62 (m, 6H, H-4, H-5, H-7, H-3', H-4', H-5"), 8.01 (d, J = 7.2 Hz, 2H, H-2,,
H-6'), NH proton was not monitored; *C NMR (DMSO-d,, 100 MHz) & (ppm): 21.44, 120.15,
121.13,127.57,127.95,128.98, 131.96, 132.08, 133.00, 134.02, 145.56, 158.97, 165.86; ESIMS
m/z 269.33 (M*+H, 100%). Anal. Calcd. (%) for C, ;H,,N,OS - HOH: C, 62.92; H, 4.928; N, 9.783;

S, 11.20. Found: C, 63.00; H, 5.072; N, 9.964; S, 11.14.
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2-(4"-Bromobenzamido)-6-methylbenzothiazole (compound #9).  Yield: 43% mp 259-260°C.
'HNMR (DMSO-d,, 400 MHz) 6 (ppm): 2.42 (s, 3H, CH,), 7.25 (d, /= 8.4 Hz, 1H,H-5),7.64 (d, /) =
8.0Hz, 1H,H-4),7.75 (d, J= 8.8 Hz, 2H, H-3', H-5"), 7.76 (s, 1H, H-7), 8.04 (d, /= 8.4 Hz, 2H, H-2/,
H-6'), 12.89 (s, TH, NH); >*CNMR (DMSO-d,, 100 MHz) 6 (ppm): 20.98, 119.80, 121.34, 126.72,
127.53, 130.32, 131.33, 131.63, 133.22; ESIMS m/z 347.24 (M*+H, 100%), 349.20 (M*+H+2,
100%). Anal. Calcd. (%) for C,H,,BrN,0S: C, 51.89; H, 3.193; N, 8.068; S, 9.235. Found: C, 51.82;

15111
H,3.297; N, 8.482; S, 9.239.

2-(4"-Methylbenzamido)-6-methylbenzothiazole (compound #10) [23].  Yield:47% mp 234-
235°C (No information about melting point in the reference). "H NMR (DMSO-d,, 400 MHz) 6
(ppm): 2.38 (s, 3H, 4'-CH,), 2.45 (s, 3H, 6-CH,), 7.08 (d, J= 7.6 Hz, TH, H-5), 7.18-7.26 (m, 3H, H-4,
H-3} H-5'), 7.63 (s, TH, H-7), 7.88 (d, J = 8.0 Hz, 2H, H-2), H-6"), NH proton was not monitored;
'3C NMR (DMSO-d,, 100 MHz) 6 (ppm): 21.43, 21.58, 120.25, 121.12, 127.48, 127.89, 129.22,
129.64, 132.05, 133.91, 143.83, 165.67; ESIMS m/z 283.35 (M*+H, 100%). Anal. Calcd. (%) for
C,¢H,,N,0S: C,68.06; H, 4.998; N, 9.921; S, 11.36. Found: C, 68.06; H, 4.882; N, 10.16; S, 11.33.
2-(4"-Nitrobenzamido)-6-methylbenzothiazole (compound #11).  Yield:43% mp 278-279°C.
'H NMR (DMSO-d,, 400 MHz) & (ppm): 2.42 (s, 3H, CH,), 7.29 (dd, J = 1.2 Hz and J = 8.0 Hz,
1H, H-5), 7.65 (d, J = 7.6 Hz, 1H, H-4), 7.79 (s, 1H, H-7), 8.31-8.37 (m, 4H, H-2} H-3' H-5| H-6"),
13.14 (s, TH, NH); >*CNMR (DMSO-dé, 100 MHz) 6 (ppm): 20.91, 121.42,123.50, 127.63, 129.78,
133.38, 149.64; ESIMS m/z 314.37 (M*+H, 100%). Anal. Calcd. (%) for C,;H,,N,0,S: C, 57.5; H,

3.539; N, 13.411; S, 10.23. Found: C, 57.29; H, 3.733; N, 13.55; S, 10.23.

2-(4"-Bromo-N'-benzhydrazido)benzothiazole (compound #12) [24].  Yield: 29% mp 235-
237°C (No information in the reference). '"H NMR (DMSO-dé, 400 MHz) & (ppm): 7.09 (t,J=7.6
Hz, 1H,H-6),7.27 (t, J=7.2Hz, 1H,H-5),7.46 (d,J=7.6 Hz, 1TH, H-7),7.73 (d,J=8.0 Hz, TH, H-4),
7.75 (d, J=8.4 Hz, 2H, H-3) H-5") 7.85 (d, /= 8.4 Hz, 2H, H-2}, H-6"), 10.04 (s, TH, N'H), 11.04 (s,
TH, NH); *CNMR (DMSO-d,, 100 MHz) & (ppm): 118.83,121.28, 121.64, 125.73,129.44,130.17,
131.17,131.65, 152.13, 165.47, 170.16; ESIMS m/z 350.22 (M*+H, 100%), 348.18 (M*+H+2,
95%). Anal. Calcd. (%) for C, ,H, BrN,OS - 0.35CH,OH: C, 57.5; H, 3.539; N, 13.411; S, 10.23.

14' o
Found: C, 57.29; H, 3.733; N, 13.55; S, 10.23.

Biological assay

In vitro hGSTP1-1 inhibitory activity

Expression and purification of human GSTP1-1. Recombinant hGSTP1-1 was expressed in
Escherichia coli strain XL-1 Blue at 37°C and purified by using S-hexylglutathione-Sepharose
6B [25]. E. coli XL-1 cells containing pKXHP1 plasmid were grown overnight in 50 ml 2YT
media (16 g tryptone, 10 g yeast extract, 5 g NaCl and 100 mg/l ampicillin) and then
transferred to 500 ml 2YT media and incubated at 37°C in the shake incubator. Incubation
was kept until the absorbance of the culture at 600 nm was 0.2-0.4. Then 0.2 mm isopropyl-
B-p-thiogalactopyranoside was added to induce the expression of hGSTP1-1.The cells were
further grown for 16 h and then centrifuged at 1500 g for 10 min. The pellets were kept
at —-80°C for 30 min. The pellets were resuspended in lysis buffer (10 mm Tris HCl, T mm
Ethylenediamine tetra acetic acid (EDTA), 0.2 mm dithiothreitol (DTT) pH 7.0 and protease
inhibitor cocktail, 0.2 mg/ml lysozyme) and mixed gently on ice for 30 min and then disrupted
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by sonication 5 times for 20 s. Phenylmethanesulphonyl fluoride (170 um) was added and
the supernatant fraction was obtained by centrifugation at 15,000 g, 4°C for 1 h.

An affinity matrix consisting of S-hexylglutathione immobilized on epoxy-activated-Se-
pharose 6B was used for purification of hGSTP1-1 [26]. The supernatant fraction was applied
to the matrix equilibrated with binding buffer and stirred gently for 40 min on ice. The matrix
containing bound hGSTP1-1 was washed with Buffer A (10 mm Tris HCI, pH 7.8, 1 mm EDTA,
0.2 m NaCl, 0.2 mm DTT) to eliminate non-bound proteins. The matrix was packed on top of
a Sephadex G-25 column equilibrated with Buffer A in the cold room.The enzyme was then
eluted with Buffer B (10 mm Tris HCl, pH 7.8, 1 mm EDTA, 0.2 m NaCl, 0.2 mm DTT, 5 mm
S-hexylglutathione). The fractions containing the GST activity were concentrated on ice and
then dialysed with Buffer A without NaCl. The purity of the enzyme was validated by SDS-
PAGE applying both optimal and excessive protein amounts for analysis to visualize possible
impurities.

Invitro hGSTP1-1 inhibition assay. Invitro hGSTP1-1 inhibitory activity of the synthesized
compounds, which is given in Table 1, was used to measure the initial rate of absorbance
change at 340 nm with 1-chloro-2,4-dinitrobenzene (CDNB). Standard enzymatic assay
conditions consisted in order of 0.1 m phosphate buffer, pH 6.5 containing 1 mm EDTA, 1
mm GSH, and 1 mm CDNB (Ag,,, = 9.6 mm~' cm™) at 30°C [27]. For the inhibition studies,
compounds were added just before CDNB and the absorbance change was measured for
1 minin a 1 ml quartz cuvette. The reaction system contained 5% ethanol from CDNB (20
mm stock) and 5% dimethylsulphoxide (DMSO) from the synthesized compounds #1-12
and EA (2 mm stock). Solvents had negligible inhibitory effect on the enzyme activity and
the enzymatic reaction was obtained by subtracting the non-enzymatic rate from the rate
measured in the presence of enzyme.

Table 1. Structures and the observed IC,, values of the synthesized benzothiazole derivatives for
hGSTP1-1.

7 2 3
Cr >—N X— c—< )—R,
5 /
6 5
Substituents hGSTP1-1
Comp. No X R, R, ICcy (UM)
_ H H >100
_ Br H 12t
_ CH, H 30
_ NO, H ND
* — Br 4-CH, 15.11
* — NO, 4-CH, ND
* — Br 6-F 30
— H 6-CH, >100
* — Br 6-CH, 389
— CH, 6-CH, 30
* — NO, 6-CH, ND
NH Br H >100
Ethacrynic acid 10.2

“Compounds, which are original.
fMost active compounds.
ND, Not Detected, due to their solubility problems.
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Data analysis. All activity measurements were made in triplicate of three different
concentrations of synthesized compounds. The IC,, value represents the concentration of
the inhibitor that gives 50% inhibition of the enzymatic activity. These IC,, values of the
compounds were determined by regression analysis using Graphpad Prism 4.0 software [28].

Molecular modelling

Pharmacophore analysis (HipHop method)

The HipHop method was used to generate pharmacophore hypotheses to explain the spec-
ification of the structure-activity relationships of pharmacophoric sites of the lead com-
pounds [29-33]. Molecules were built using the DS 3.5. software and standard 3D structures
were generated and the geometry of all molecules was optimized with Adopted Basis
Newton Rapson (ABNR) Minimization Method and conformational models for each com-
pound were automatically generated. The‘best conformer generation’ procedure was applied
to provide the best conformational coverage for a maximum number of conformers gener-
ated, defaulted to 255 in a 0-20 kcal/mol range from the global minimum. The generated
conformations were used to align common molecular features and generate a pharmacoph-
ore hypothesis. According to the activity results, the HipHop method was applied to build
the pharmacophore model and the hypothesis was generated by using the active ligand
structures as the ‘reference compounds’ [34-36].

For the generation of the HipHop pharmacophore process, a set of six active compounds
(Compounds #2,3,5,7,9 and 10) in Table 1 were selected as the target training set. Among
the selected molecules, the most active molecules, compounds #2 and #5, were chosen as
the‘reference compounds; specifying a principal value of 2 and a maximum omitting features
(MaxOmitFeat) value of 0, as given in Table 2. Ten pharmacophoric hypotheses were gener-
ated from these aligned structures using the Common Feature Pharmacophore Generation
protocol (Table 3). A preparative test was performed with hydrogen bond acceptor (HBA),

Table 2. The characteristics of the compounds used in the training set and the chosen reference com-
pounds for the generation of the pharmacophore hypotheses, together with the test set compounds,
which were mapped to the generated model.

Comp. FitValue Principal® MaxOmitFeat® HpAr-1¢ HpAr-2 Hp? HBA" Pharmprint
1° 1.99 0 2 1 1 1 1 T
2%a 3.99 2 0 1 1 1 1 "
34 3.94 1 2 1 1 1 1 "1
5*a 3.99 2 0 1 1 1 1 "
79 3.98 1 2 1 1 1 1 "1
8b 1.86 0 2 1 1 1 1 "
99 3.93 1 2 1 1 1 1 "1
109 3.87 1 2 1 1 1 1 "
120 1.90 0 2 1 1 1 1 "1

*Reference compounds; “Training set compounds.

bTest set compounds.

“Principal: 1 = molecule must map onto the hypotheses generated by the search procedure. Partial mapping is allowed. 2
= reference compound. The chemical feature space of the conformers of such a compound is used to define the initial set
of potential hypotheses.

9The MaxOmitFeat column specifies how many hypotheses map all features, a 2 shows hypotheses to which no compound
feature maps.

¢Hydrophobic aromatic feature of the thiazole ring in the fused ring system.

Hydrophobic aromatic feature of the benzene ring in the fused ring system.

9Hydrophobic feature of the substituent on the 4th position of the phenyl ring.

"Hydrogen bond acceptor feature of carbonyl oxygen in the amide function substituted on the 2nd position at the benzo-
thiazole ring system.



Downloaded by [Ankara Universitesi] at 00:09 07 December 2017

934 K.BOLELLI ET AL.

Table 3. Rank scores of the 10 generated hypotheses.

Features® Rank Direct Hit? Partial Hit® Max Fit
01 YYHA 74.376 1111111 0000000 4
02 RZAA 72.949 1111111 0000000 4
03 YYHA 71.890 1111111 0000000 4
04 RYHA 70.385 111 0000000 4
05 RYHA 70.385 1111111 0000000 4
06 YZAA 70.135 1111111 0000000 4
07 YYZA 69.999 1110111 0001000 4
08 RYZA 69.610 1110111 0001000 4
09 RYZA 69.610 1110111 0001000 4
10 RYZA 69.599 1110111 0001000 4

A = Hydrogen Bond Acceptor Feature; H = Hydrophobic Feature; R = Ring Aromatic Feature; Y = Hydrophobic Aromatic
Feature; Z = Hydrophobic Aliphatic Feature.

®Direct hit, all the features of the hypothesis are mapped. Direct Hit = 1 means yes; Partial Hit, partial mapping of the hy-
pothesis. Partial Hit = 0 means no. Each number refers to molecules where MaxOmitFeat is 0 (same order).

hydrogen bond donor (HBD), hydrophobic aromatic (HpAr), hydrophobic aliphatic (HpAl),
hydrophobic (Hp), and ring aromatic (R). The first hypothesis, shown in Figure 2a, which
possessed the highest ranking score (74.376), given in Table 3, has been chosen for the
anticipated model among the other generated potential hypotheses. The fit values of the
training set compounds (#2, 3, 5, 7,9 and 10) observed from the 1% hypothesis are shown
in Table 2.

Docking (CDocker method)
Docking is an effective method to predict ligands, which are small molecules that may inter-
act with a macromolecular target such as an enzyme [37,38].

The crystal structure of the hGSTP1-1, complexed with GSH, was extracted from the
Protein Data Bank (pdb ID: 2GSS) [39]. DS 3.5 software was used for the preparation of protein
and ligands [16]. Crystal structure of hGSTP1-1 was taken from the pdb ID: 2GSS, hydrogens
were added and optimized using the all atom CHARMm forcefield and the ABNR method
until the root mean square (RMS) gradient was < 0.05 kcal/mol/A2 The minimized protein
was defined as the receptor using the binding site module. The binding site was defined
from the cavity finding method and modified to contain all of the important active site
residues in the H site of the enzyme. Binding sphere was selected from the active site using
the binding site tools (6.64, 3.67, 26.88, 9.312). Novel synthesized benzothiazole derivatives
and the reference drug (EA) were sketched, all atom CHARMm forcefield parameterization
was assigned and minimized as described above. Conformational searches of the ligands
were carried out using a simulated annealing molecular dynamics (MD) approach. The lig-
ands were heated to a temperature of 700 K and then annealed to 200 K. CDocker method
was performed by using DS 3.5 [40]. The hGSTP1-1 enzyme was held rigid, while the ligands
were allowed to be flexible during refinement. The docking and scoring methodology was
first validated by docking of EA. The docked position of EA overlaps well with the crystal
structure position, with an RMSD of 0.677 A. Molecular docking studies were performed and
all docked poses were scored by applying the Analyse Ligand Poses sub-protocol. Binding
energies were calculated by using in situ ligand minimization step (ABNR Method) and using
implicit solvent model [Generalized Born Molecular Volume (GBMV)] in DS 3.5. The lowest
binding energies were taken as the best-docked conformation of the compound to the
macromolecule. The pictures were taken by using DS 4.5 Visualizer.
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Figure 2. (a) Anticipated pharmacophore model generated for hGSTP1-1 inhibitor activity of tested
compounds [Hydrophobic (Hp) feature, magenta; Hydrogen Bond Acceptor (HBA) feature, green;
Hydrophobic Aromatic (HpAr) feature, blue]. (b) Distances (A, blue) and angles (°, black) between the
generated common features calculated in the participated pharmacophore model. (c) Pharmacophore
mapping of most active tested lead compound #2. (d) Docking pose of the most active tested lead
compound #2: phenyl group revealed n—m interaction with Tyr108 and benzothiazole ring revealed
two m-cation interactions with Arg13. (e) Pharmacophore mapping of tested active compound #5. (f)
Pharmacophore mapping of tested non-active compound #12. (g) Pharmacophore mapping of Ethacrynic
acid (EA). (h) Docking pose of EA: carboxyl group revealed H bond with Arg13 (2.76 Ay and H ,0(253
A), compound had interactions with Tyr108 (m—m). * All of the ligands are seen as stick representatlons
H bonds are shown as green dashed lines, and other interactions are shown as magenta dashed lines.
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Results and discussion

In this study, 12 benzothiazole derivatives were synthesized (compounds #1-12), of which
five of them (compounds #5-7, 9 and 11) were novel (Table 1). The syntheses of the com-
pounds # 1-12 were performed by using the microwave apparatus.

Biological assay

The nine synthesized compounds (#1-3, 5, 7-10 and 12) were tested with in vitro IC inhib-
itory activities on hGSTP1-1 enzyme. The remaining three compounds (#4, 6 and 11) could
not be tested due to their solubility problems. EA was used as the reference drug. The
observed in vitro hGSTP1-1 enzyme inhibitor activities of the synthesized compounds and
reference drug in the manner of IC,, values (uM) are given in Table 1. Whereas some of the
tested compounds (#2, 3, 5, 7, 9 and 10) showed IC, values between 12-38.9 uM, other
compounds (#1, 8 and 12) exhibited an inhibitory response of more than 100 uM. However,
the in vitro inhibitory activity of the synthesized compounds #4, 6 and 11 could not be
detected because of their solubility problems. Hereby, two compounds (#2 and #5) were
found to be lead compounds, exhibiting significant hGSTP1-1 enzyme inhibitory activities.
Especially, compound #2 showed an inhibition similar to EA with 12 uM values. According
to the structure-activity relationships analysis, bromine substitution at R, position increased
the activity. On the other hand, any substitution on the benzothiazole ring was found to
decrease the activity. Moreover, methyl substitution at the 4 position of the fused hetero-
cyclic ring system, methyl or fluorine substitutions at the 6 position and holding a hydrazine
bridge instead of amine group at the 2" position were also revealed to decrease the inhib-
itory activity.

Molecular modelling

In order to describe the binding site features of the most active lead benzothiazoles among
the tested compounds on hGSTP1-1 enzyme, the HipHop pharmacophore generation
method and molecular docking (CDocker method) studies were performed by using DS 3.5
software. The HipHop method was used to generate pharmacophore hypotheses to explain
the specification of the structure-activity relationships of pharmacophoric sites of the tested
compounds. The HipHop pharmacophore model was generated with a set of six active com-
pounds used as the training set (compounds #2, 3, 5, 7,9 and 10) and the most active com-
pounds (#2 and 5) were selected as the reference compounds. Within the 10 generated
hypotheses given in Table 3, the first hypothesis (shown in Figure 2(a)), which possessed the
highest rank value, was chosen as the anticipated model. The fit values of the training set
compounds (#2, 3, 5, 7, 9 and 10) are shown in Table 2. The mapping of the synthesized
inactive benzothiazole derivatives were chosen for test set (#1, 8 and 12) and their observed
fit values were found to be 1.99, 1.86 and 1.90, respectively, which were displayed as fitting
less to the anticipated model compared to the active ones (Table 2). The example of the
mapping of compound 12 with the generated pharmacophore model features is given in
Figure 2(f).
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The generated pharmacophore model given in Figure 2(a) revealed that the hydrophobic
feature on R, position at the 2-substituted phenyl ring, especially holding a deactivating
group like bromine is important for the hGSTP1-1 enzyme inhibitory activity. As shown in
the performed docking results (Figure 2(d)), the most active compound (#2) has a m-minter-
action with the protein active site residual Tyr108.

Looking at the mapped structure of the lead compound (#2) with the anticipated hypoth-
esis, pharmacophoric features (Figure 2(c)) were well correlated with the performed docking
results. As shown in the anticipated pharmacophore model, the hydrophobic feature seemed
to be on the substituent at the 4t position of the phenyl ring and compound revealed a -
interaction with Tyr108 over the phenyl ring. The hydroxyl group in the phenyl ring of Tyr108
increased the electron density on the ring in view of the fact that free electrons of the oxygen
activated the phenyl ring of Thy108, acting as an electron donor. In contrast, the bromine
group in the phenyl ring at compound #2 reduced the electron density and deactivated the
phenyl ring by means of strong electronegative properties of halogens and the compound
could reveal a m-m interaction with Tyr108 by acting like an electron acceptor. The presence
of substituents which deactivate the ring more than bromine may cause a stronger interac-
tion and, thus, increases the inhibitory activity.

In the generated pharmacophore hypothesis, the hydrophobic aromatic feature at the
benzothiazole fused ring system was observed as significant. Appropriate to this finding,
the monitored molecular docking pose also revealed that the most active lead compound
(#2) possessed a m-cation interaction with Arg13 via this fused ring system. In respect of
these findings, structure-activity relationships indicate that methyl substitution on the 4t
or 6 position of the benzothiazole fused ring system cause reductions in the inhibitory
activity. The reason for this decrease was thought to be due to the field effect of the methyl
group. It was predicted that the methyl group on the 4% or 6" position of the benzothiazole
ring attracted the free electrons participating in the resonance by reducing the electron
density on the sulphur and reduced the aromatization by reducing electron density at meta
position, neighbouring sulphur in the thiazole ring. Hereby, as the aromaticity on the ben-
zothiazole ring decreased, the inhibitor activity also decreased. On behalf of these findings,
we can predict that the presence of groups that activate the benzothiazole fused ring system
on the 5t or 7t positions increases the hydrophobic aromaticity due to the direct contribu-
tion to the aromatization without reducing the resonance provided by the sulphur atom in
the thiazole ring, then the interaction between the residuals at the active side of the protein
could be stronger, causing an increase in the inhibitor activity.

According to the performed docking results given in Figure 2(d), the most active com-
pound (#2) revealed a m—m interaction with the active side residual Tyr108 and two m-cation
interactions with Arg13 (Figure 2(d)). The calculated docking pose binding energy value of
compound #2 was found to be -16.3635 kcal/mol, showing significant binding interaction
with the H side active residuals of the hGSTP1-1. The well-known ligand EA revealed a H
bond with Arg13 (2.27 A) and a -7 interaction with Tyr108 (Figure 2(h)). The calculated
binding energy was —21.539 kcal/mol.

The docking study was corroborated, owing to the fact that compound #2 showed binding
interactions with the same amino acid residuals as EA with Try108 and Arg13, but showed
a different type of bonding with Arg13. While EA bound with a H-bond (acting as a HBA),
compound #2 formed a m-cation interaction with this active site residue. There is a different
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chemical bond type between EA and compound #2 while binding Arg13, with EA bound
via H-bond to Arg13, causing a stronger binding energy score than compound #2.

Furthermore, when EA mapped to the generated pharmacophore model, because of the
different chemical bonding type while binding to Arg13, EA displayed a map that was not
fitted to the magenta coloured hydrophobic (Hp) feature side. However, if the docking poses
of EA and the active compound #2 for the binding interactions with the active site residuals
are compared, it was displayed that this hydrophobic (Hp) pharmacophoric feature side was
important for the active benzothiazole compound #2 bound via Arg13, which is not the
same for EA (Figures 2D2(d) and (h)). These findings revealed that EA and the synthesized
benzothiazole compounds comprised different features of the anticipated pharmacophore
model with the different binding interactions via the active side residuals. While the lead
compound (#2) displayed pharmacophoric features as HpAr-1, HpAr-2 and Hp, EA revealed
the pharmacophoric features as HpAr-1, HpAr-2 and HBA at the anticipated pharmacophore
model for the inhibitory activity of the hGSTP1-1. Consequently, these observations demon-
strated that cooperative usage of the pharmacophore model and docking study further
enlightens the understanding of the binding interactions of different substrates of the same
active site.

Conclusion

The synthesized substituted benzothiazoles are estimated to possess an inhibitory activity
on the hGSTP1-1 by binding to the H-site as a substrate according to the results of molecular
modelling studies.

The synthesized substituted benzothiazoles structure-activity relationships analysis
revealed that the para position of the phenyl ring of the benzamide moiety substituted to
the 2" position to the benzothiazole ring is found to be important and substitution of this
position with a hydrophobic atom and/or atom groups that reduced the electron density
at the phenyl ring is required for the m—m interaction with the H side active residue Tyr 108
of the hGSTP1-1.

Moreover, the hydrophobic aromatic property of the benzothiazole fused ring system
was also found to be important and the rich electron density property for the benzothiazole
ring was highly required to have an interaction with the H side cationic nitrogen atom of
Arg 13.

In conclusion, compounds #2 and #5 could be used as scaffolds in the drug design studies
of new potent hGSTP1-1 inhibitors in cancer chemotherapy. It is planned to achieve more
active lead compounds as hGSTP1-1 inhibitors by generating chemical modifications through
these compounds and applying new regulations so as to increase the water solubility of
existing compounds to overcome their solubility problem.
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