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Abstract Benzothiazole derivatives were synthesized
and their antidiabetic potential evaluated using o-glucosi-
dase, a-amylase, non-enzymatic glycosylation of hemo-
globin and advanced glycation end product inhibition
assays. Compound 31 showed low ICs values of 0.31, 0.98,
0.59 and 0.19 mM in a-amylase, a-glucosidase, non-en-
zymatic glycosylation of hemoglobin and AGE inhibition
assays, respectively, and outperformed the standard acar-
bose. Enzyme kinetic studies revealed that it has a K; of
0.39 and 1.5 mM for o-amylase and a-glucosidase,
respectively. The non-bonded interactions of 31 with o-
amylase (30LD) and o-glucosidase (2ZE0) showed that it
binds in the active site pocket and is surrounded by resi-
dues Aspl97, Glu233, Asp300 in 30LD and Aspl99,
Glu256, Asp326 in 2ZEQ.
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Introduction

Diabetes is a very serious health problem that develops
because of insulin resistance or improper function of the
pancreas and widely affects millions of people worldwide
(Shaw et al., 2010). Diabetes is categorized into two main
types, Type I and Type II. The more prevalent, Type 11
diabetes, or non-insulin-dependent diabetes mellitus
(NIDDM), is a metabolic syndrome characterized by a high
blood glucose level and generally occurs because of hectic
lifestyles and oxidative stress. The treatment of Type II
diabetes is quite complex because of the many symptoms
associated with the disease, among which elevated post-
prandial hyperglycemia (PPHG) is a major risk factor (Gin
and Rigalleau, 2000). Elevated PPHG is due to the action
of glucosidases, a class of enzymes that helps breakdown
complex carbohydrates into simple sugars such as maltose
and glucose. Glucosidase and o-amylase inhibitors play an
important role in controlling elevated PPHG in diabetic
patients. These inhibitors slow the action of enzyme,
reducing starch hydrolysis and having a beneficial effect on
glycemic index management in diabetic patients (Notkins,
2002).

Human pancreatic a-amylase is an enzyme from family
13 of the glycoside hydrolases (GH13%), an extremely
diverse enzyme family with members that display distinct
substrate and product specificities as reflected by the 26
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different EC numbers found in this family including: gly-
coside hydrolases (EC 3.2.1.X, the most abundant), gly-
coside transferases (EC 2.4.1.X) and even isomerases (EC
5.4.99.15 and EC 5.4.99.16) (Henrissat and Bairoch, 1996;
Henrissat et al., 1995; Stam et al., 2006). The a-glucosi-
dase members characterized to date are found in two major
families, GH13 and GH31, and two minor families, GH4
and GH97, according to the CAZY classification system
(Henrissat and Davies, 1997). They can hydrolyze 1, -4- or
1, -6- bonds of o-p-glucosides at the non-reducing ends
with release of a-p-glucose (EC 3.2.1.20) and retention of
configuration at the anomeric carbon (Ly and Withers,
1999; McCarter and Withers, 1996).

Although many pharmaceutical treatments for diabetes
(Abbatecola et al, 2008) are available, there is still no
complete cure for this chronic metabolic disorder. Patients
have to tolerate the side effects (Stang er al, 1999) of
medication as well as post-diabetic complications such as
hypertension, nephrotoxicity and vision problem (Kirk
et al., 2005; de Groot et al., 2001; Spiller and Quadrani,
2004). Therefore, there is still a great need for the devel-
opment of safe and efficacious antidiabetic molecules.

Heterocycles are gold mines in medicinal chemistry. Most
drugs used in modern medicine possess a heterocyclic
nucleus (Gomtsyan, 2012). One interesting heterocycle is
benzothiazole, whose importance in the field of medicinal
chemistry is undeniable because of its association with
diverse pharmacological activities (Keri et al., 2015).
Researchers have reported that benzothiazoles activate the
enzyme adenosine 5’-monophosphate-activated protein
kinase (AMPK) (Meltzer-Mats et al., 2013), which is
involved in the regulation of the glucose transport in skeletal
muscle (Fujii ef al., 2006) and as an inhibitor of phospho-
inositide 3-kinases (PI3Ks, D’ Angelo et al., 2011). Medici-
nal chemists’ attention was particularly drawn to this core
motif when the clinically available drug riluzole (Miller
et al., 2007) was found to act as an anticonvulsant. The
diverse nature of this molecule in the field of medicinal
chemistry prompted us to evaluate the antidiabetic
potential of benzothiazole derivatives. Although there are
references in the literature for antidiabetic benzothiazoles
(Mariappan et al., 2012; Pattan et al., 2005; Meltzer-Mats
et al., 2013), the antidiabetic activity of the benzothia-
zoles studied in this paper has not previously been
explored. Therefore, in this paper, we report the synthesis
of benzothiazole derivatives, their effects on enzyme
kinetics, and an exploration of their antidiabetic potential
using o-amylase, o-glucosidase, non-enzymatic glycosy-
lation and advanced glycation end product (AGE) inhi-
bition assays. A computational study to understand the
non-bonded interactions of the molecules with glucosi-
dases from the families GH13 (2ZEO) and GH31 (3W38)
and an amylase (30LD) was carried out.
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Experimental section
Materials and methods

o-Amylase was purchased from Himedia, and hemoglobin
solution was used as Coral Hemocor D purchased from
Coral Clinical System, Goa, India. Glucobay tablets
(acarbose tablets) from Bayer Zydus Pharma were used as
standard in place of acarbose. Bovine serum albumin,
aldehydes and 2-aminothiophenol were used which is
obtained from Sigma-Aldrich. o-Glucosidase, p-nitro-
phenyl glucopyranoside (pNPG) and starch were purchased
from Sisco Research Laboratory. Glucose, fructose, mal-
tose and organic solvents were purchased from Molychem.
'"HNMR and ">CNMR spectra were recorded at room
temperature on Varian 400 MHz and Bruker 100 MHz
spectrophotometer, respectively. Chemical shift values
were reported relative to TMS that was used as an internal
standard. The samples were prepared by dissolving the
synthesized compounds in DMSO-dg. Chemical shifts were
expressed in 6 (ppm) and coupling constants (J) in hertz.
The splitting pattern abbreviations are as follows: s, singlet;
d, doublet; t, triplet; q, quartet; m, unresolved multiplet due
to the field strength of the instrument; dd, doublet of
doublet. Column chromatography was performed on Merck
silica gel 60 (230—-400 mesh; Merck, Darmstadt, Germany).
Thin-layer chromatography was carried out on precoated
Merck silica gel 60F,s4 (Merck) sheets using UV absorp-
tion and iodine physical adsorption for visualization. Dis-
covery studio Visualizer, client version, was used for non-
bonded interaction study.

General procedure for the synthesis of 2-substituted
benzothiazoles

Synthesis of benzothiazole derivatives(3 a-p) was carried
out according to the procedure reported by Kenny and
Mashelkar (2006). Different benzaldehydes (2, 5.5 mmol)
and 2-aminothiophenol (1, 5 mmol) were taken in a round-
bottom flask containing 7 ml of acetic acid. The reaction
mixture was refluxed for 5-6 h (Scheme 1). The reaction
was monitored by TLC. After completion of the reaction,
the reaction mixture was cooled to room temperature and
decomposed over ice-water mixture. The solid thus
obtained was collected by filtration. The crude product was
purified either by crystallization using ethanol or by col-
umn chromatography using hexane: ethyl acetate as sol-
vent. All the synthesized compounds were characterized by
spectroscopic methods.

2-(Cyanomethyl)-1,3-benzothiazole (3a) Compound 3a
was obtained as yellowish powder in 75 % yield, Mp
98-100 °C; IR (KBr) vya: 3061, 2252, 1556, 1433,
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Scheme 1 Synthesis of benzothiazole derivatives

1307 cm™'; "H NMR (DMSO-ds, 400 MHz): 6 = 8.2 (1H,
d, J = 8.0 Hz, H-7), 8.1 (1H, d, J = 8.0, H-4), 7.55 (1H, t,
J = 7.4 Hz, H-5), 7.45 (1H, t, J = 7.4 Hz, H-6), 4.88 (2H,
s, CH,); >C NMR (DMSO-ds, 100 MHz): § = 160.4 (C,
C-2), 152.2 (C, C-3a), 135.0 (C, C-7a), 126.4 (CH, C-7),
125.5 (CH, C-6), 122.5 (CH, C-5), 122.2 (CH, C-4), 116.4
(CN, C-2), 22.3 (CH,, C-1"); EIMS: m/z 174 [M"]; Anal.
Calcd for CoHgN,S: C, 62.04; H, 3.47; N, 16.07 Found: C,
62.11; H, 3.39, N, 16.13.

2-(Chloromethyl)-1,3-benzothiazole (3b) Compound 3b
was obtained as greenish powder in 58 % yield, Mp 34 °C;
IR (KBr) vpmax: 3088, 2999, 1514, 1431, 1263, 760 cm™';
"H NMR (DMSO-dg, 400 MHz): 6 = 7.1 (1H, d, J = 7.8,
H-7), 7.0 (1H, d, J = 7.8, H-4), 6.7 (1H, t, J = 7.2 Hz,
H-5), 6.4 (1H, t, J = 7.2 Hz, H-6), 5.4 (2H, s, CH,); "°C
NMR (DMSO-dg, 100 MHz): 6 = 166.7 (C, C-2), 152.8
(C, C-3a), 135.8 (C, C-7a), 127.8 (CH, C-7), 125.4 (CH,
C-6), 123.4 (CH, C-5), 121.7 (CH, C-4), 42.1 (CH,, C-1");
EIMS: m/z 183 [M™] (49), 148 (100), 108 (31.6); Anal.
Calcd for CgH4CINS: C, 52.32; H, 3.29; N, 7.62 Found: C,
52.27; H, 3.34; N, 7.56.

2-(4-Methoxyphenyl)-1,3-benzothiazole (3c) Compound
3c was obtained as pale yellow powder in 80 % yield, Mp
134 °C; IR (KBr) vpma,: 3021, 2835, 1604, 1591, 1485,
833cm™'; 'H NMR (DMSO-ds, 400 MHz):
0 = 7.95-8.15 (4H, m, H-4, H-7, H-2/, H-6), 7.52 (1H, t,
J =17.6 Hz, H-5),7.4 (1H, t, J = 7.6 Hz, H-6), 7.1 (2H, d,
J = 8.0 Hz, H-3'. H-5), 3.85 (3H, s, OCH;); '*C NMR
(DMSO-dgs, 100 MHz): 6 = 167.22 (C, C-2), 161.95 (C,
C-4"), 153.87(C, C-3a), 134.43 (C, C-7a), 129.04 (CH,
C-6'), 129.04(CH, C-2'), 126.67 (CH, C-5), 125.71 (C,
C-1"), 125.25 (CH, C-6), 122.64 (CH, C-4), 122.33 (CH,

C-7), 1149 (CH, C-5), 1149 (CH, C-3"), 55.5 (C,
—OCHj;); EIMS: m/z 243 (12.5), 242 (38), 241 [M*] (100),
226 (15.8); Anal. Calcd for C14H;{NOS: C, 69.68; H, 4.59;
N, 5.80 Found: C, 69.62; H, 4.64; N, 5.73.

2-(3-Methoxyphenyl)-1,3-benzothiazole (3d) Compound
3d was obtained as pale yellow powder in 75 % yield, Mp
120-122 °C; IR (KBr) vpyax: 3059, 2962, 2933, 2835, 1604,
1581, 1471, 1431, 987, 761 cm™'; '"H NMR (DMSO-d,,
400 MHz): 6 = 8.18(1H, d, J = 8.0 Hz, H-7), 8.12 (1H, d,
J = 8.0 Hz, H-4), 7.41-7.71 (5H, m, H-5, H-6, H-2, H-5/,
H-6'), 7.18 (1H, d, J = 8.0 Hz, H-4'), 3.9 (3H, s, OCHy);
13C NMR (DMSO-ds, 100 MHz): 6 = 167.8 (C, C-2),
159.6 (C, C-3'), 153.9 (C, C-3a), 135 (C, C-7a), 134.8 (CH,
C-6'), 129.9 (CH, C-2/), 126.2 (CH, C-5), 125.1 (CH, C-6),
123.2 (C, C-1), 121.5 (CH, C-7), 120.1 (CH, C-4), 117.2
(CH, C-5"), 112.0 (CH, C-4), 55.5 (C, —-OCH3;); EIMS: m/z
241 [M*] (13.73), 211.1 (9.57), 108.1 (22.84); Anal. Calcd
for C4,H{NOS: C, 69.68; H, 4.59; N, 5.80. Found: C,
69.58; H, 4.61, N, 5.71.

2-(3,4-Dimethoxyphenyl)-1,3-benzothiazole  (3e) Com-
pound 3e was obtained as pink powder in 80 % yield,
Mp 132-134 °C; IR (KBr) vya: 2964, 2939, 2841, 1598,
1521, 1481, 1431, 1338, 808, 763 cm™'; 'H NMR
(DMSO-dg, 400 MHz): 6 = 8.10 (1H, d, J = 8.0 Hz,
H-7), 8.02 (1H, d, J = 8.0 Hz, H-4), 7.60-7.64 (2H, m,
H-2/, H-6'), 7.52 (1H, t, J = 7.4 Hz, H-5), 7.42(1H, t,
J = 7.4 Hz, H-6), 7.12 (1H, d, J = 8.0 Hz, H-5), 3.89
(3H, s, OCHj3), 3.85 (3H, s, OCH;); '>°C NMR (DMSO-
ds, 100 MHz): 168.2 (C, C-2), 154.1 (C, C-3a), 151.9
(C, C-3%), 149.6 (C, C-4),. 134.9 (C, C-7Ta), 126.7 (C,
C-1), 126.5 (CH, C-5), 125.2 (CH, C-6), 123.0 (CH,
C-7), 121.7 (CH, C-4), 121.4 (CH, C-6'), 111.2 (CH,
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C-2)), 110.0 (CH, C-5'), 564 (C, ~OCH3), 56.3 (C,
~OCH3); EIMS: 271[M*] (100); Anal. Calcd for Cjs.
H,5NO,S: C, 66.39; H, 4.82; N, 5.16 Found: C, 66.31;
H, 4.88, N, 5.04.

2-(4-Chlorophenyl)-1,3-benzothiazole (3f) Compound 3f
was obtained as pale yellow powder in 75 % yield, Mp
114-116 °C; IR (KBr) vpax: 3055, 1589, 1435, 1315, 1288,
1089, 966, 756 cm™'; '"H NMR (DMSO-dg, 400 MHz):
0 =28.16(1H,d,J = 8.0 Hz, H-7),8.11 (2H, d, J = 8.0 Hz,
H-3/, H-5"), 8.07 (IH, d, J = 8.0 Hz, H-4), 7.64 (2H, d,
J = 8.0 Hz, H-2/ H-6), 7.56 (1H, t, J = 7.4 Hz, H-5), 7.48
(1H, t, J = 7.4 Hz, H-6); "*C NMR (DMSO-d,, 100 MHz):
0 = 166.6 (C, C-2), 154.1 (C, C-3a), 137.0 (C, C-7a), 135.0
(C,C-1),132.1(C, C-4"),129.3 (CH, C-3'),129.3 (CH, C-5),
128.7 (CH, C-2) 128.7 (CH, C-6), 126.5 (CH, C-5), 1254
(CH, C-6),123.3 (CH, C-4), 121.6 (CH, C-7) EIMS: 245 [M "]
(100), 108 (30), 137 (70), 111(13); Anal. Calcd for C3Hg.
CINS: C, 63.54; H, 3.28; N, 5.70. Found C, 63.62; H, 3.14; N
5.62.

2-(3,4-Dichlorophenyl)-1,3-benzothiazole (3g) Com-
pound 3g was obtained as white powder in 90 % yield. Mp
118-119 °C; IR (KBr) viax: 3062, 1500, 1462, 1433, 1375,
786 cm™'; 'TH NMR (DMSO-ds, 400 MHz): 6 = 8.3 (1H,
s, H-2), 82 (1H, d, J= 8.0 Hz, H-5), 8.18 (1H, d,
J = 8.0 Hz, H-6'), 8.1 (1H, d, J = 8.0 Hz,H-7), 7.82 (1H,
d, J = 8.0 Hz, H-4), 7.59 (1H, t, J = 7.2 Hz, H-6), 7.42
(1H, t, J=72Hz, H-5); "“C NMR (DMSO-dj,
100 MHz): 6 = 164.9 (C, C-2), 154.6 (C, C-3a), 135.6 (C,
C-7a), 135.0 (C, C-4'), 133.9 (C, C-3'), 133.7 (CH, C-2)),
131.0 (CH, C-5"), 129.3 (CH, C-6'), 126.8 (C, C-1') 126.6
(CH, C-5), 125.8 (CH, C-6), 124, (CH, C-4), 121.8 (CH,
C-7). EIMS: 283 (14), 282 (11), 281 (67), 280 [M 1] (20),
279 (100); Anal. Calcd for C3H,CI,NS: C, 55.73; H, 2.51;
N, 4.99. Found: C, 55.61; H, 2.42; N 4.86.

2-(4-Fluorophenyl)-1,3-benzothiazole  (3h) Compound
3h was obtained as yellowish powder in 82 % yield. Mp
101-103 °C; IR (KBr) vpax: 3057, 1556, 1519, 1350, 1284,
1157, 758, 696 cm™'; 'H NMR (DMSO-ds, 400 MHz):
0 = 8.15-8.18 (3H, m, H-7, H-3', H-5), 8.06 (1H, d,
J = 8.0 Hz, H-4), 7.55 (1H, t, / = 7.4 Hz, H-5), 7.48 (2H,
d, J = 8.0 Hz, H-2/, H-6'), 7.42 (1H, t, J = 7.4, H-6); '°C
NMR (DMSO-dg, 100 MHz): 6 = 163.2 (C, C-2), 161.3
(C, C-3a), 152.4 (C, C-7a), 142.5 (C, C-1"), 130.3 (C, C-4"),
127.2 (CH, C-3'), 127.2 (CH, C-5), 124.3 (CH, C-2)),
124.3 (CH, C-6'), 123.8 (CH, C-5), 119.9 (CH, C-6), 117.0
(CH, C-4), 111.4 (CH, C-7); EIMS: 229 [M™"] (100); Anal.
Calcd for C3HgFNS: C, 68.10; H, 3.51; N 6.11. Found: C,
68.18; H, 3.63; N, 6.03.

2-(2-Hydroxyphenyl)-1,3-benzothiazole (3i) Compound
3i was obtained as yellowish powder in 60 % yield, Mp
127-128 °C; IR (KBr) vpax: 3059, 1487, 1438, 1220, 817,
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715 em™'; 'TH NMR (DMSO-dg, 400 MHz): 6 = 11.6 (1H,
s, OH); 8.17-8.20 (2H, m, H-7, H-6'), 8.08 (1H, d,
J = 8.0 Hz, H-4), 7.39-7.6 (3H, m, H-4', H-5', H-6), 7.1
(1H, d, J = 8.0 Hz, H-3), 7.0 (14, t, J = 7.4 Hz, H-5);
13C NMR (DMSO-ds, 100 MHz): 6 = 169.23 (C, C-2),
157.84, (C, C-3a), 151.68 (C, C-2'), 132.6 (C, C-7a),
132.45 (CH, C-4'), 128.27 (CH, C-6), 126.52 (CH, C-5),
125.37 (CH, C-6), 122.0 (CH, C-5'), 121.34 (C, C-1"),
119.36 (CH, C-4), 117.73 (CH, C-7) 116.65 (CH, C-3);
EIMS: 227 [M'] (89); Anal. Calcd for C;3HoNOS: C,
68.69; H, 3.99; N 6.16. Found: C, 68.58; H, 3.91; N, 6.03.

2-(4-Hydroxyphenyl)-1,3-benzothiazole (3j) Compound
3j was obtained as yellowish powder in 70 % yield. Mp
220224 °C; IR (KBr) vpax: 3053, 2997, 1606, 1454 cm™;
"H NMR (DMSO-dg, 400 MHz): = 10.2 (1H, s, OH), 8.1
(1H, d, J = 8.0 Hz, H-7), 7.9 (3H, dd, J = 8.0 Hz, H-4,
H-2, H-6'), 7.5 (IH, t, J = 7.4 Hz, H-5), 7.4 (1H, t,
J = 7.4 Hz, H-6), 6.9 (2H, d, J = 8.2 Hz, H-3', H-5'); 13C
NMR (DMSO-dg, 100 MHz): 6 = 169.2 (C, C-2), 160.8
(C, C-4), 153.8 (C, C-3a), 134.5 (C, C-7a), 129.1 (CH,
C-2)), 129.1 (CH, C-6'), 126.3 (CH, C-5), 124.9 (CH, C-6),
124.8 (CH, C-4), 121.9 (C, C-1"), 121.6 (CH, C-7), 115.8
(CH, C-3) 115.8 (CH, C-5'); EIMS: 227 [M*] (100); Anal.
Calcd for C3HoNOS: C, 68.69; H, 3.99; N, 6.16. Found: C,
68.59; H, 3.89; N 6.07.

2-(2,3-Dihydroxyphenyl)-1,3-benzothiazole  (3k) Com-
pound 3k was obtained as white powder in 75 % yield, Mp
217 °C; IR (KBr) vpax: 3491, 2702, 1601, 1439, 1277,
1182, 905, 756 cm™'; '"H NMR (DMSO-ds, 400 MHz):
0 = 11.2 (1H, broad s, OH), 9.61 (1H, broad s, OH), 8.2
(1H, d, J = 8.0 Hz, H-7), 8.05 (1H, d, J = 8.0 Hz, H-4),
7.5-7.6 2H, m, H-6', H-5), 7.41 (1H, t, J = 7.4 Hz, H-6),
6.95 (1H, d, J = 8.0 Hz, H-4'), 6.85 (1H, t, J = 7.4 Hz,
H-5'); C NMR (DMSO-ds, 100 MHz): ¢ = 166.4 (C,
C-2), 151.4 (C, C-3a), 146.3 (C, C-3"), 145.1 (C, C-2),
133.9 (C, C-7a), 126.6 (CH, C-5), 125.2 (CH, C-6), 122.1
(CH, C-7), 122.0 (CH, C-4), 119.5 (CH, C-5'), 118.5 (CH,
C-6'), 118.4 (C, C-1'), 117.7 (CH, C-4’); EIMS: m/z 243
[M*] (79); Anal Calcd for C;3HoNO,S: C, 64.18; H, 3.72;
N 5.75. Found: C, 64.08; H, 3.79; N 5.81.

2-(4’-(N,N-Dimethylamino)phenyl)-1,3-benzothiazole (31)
Compound 3l was obtained as yellowish powder in 90 %
yield, Mp 160-162 °C; IR (KBr) vpax: 3053, 2906, 1610,
1485, 1433, 1371, 1315, 752, 721 cm™'; "H NMR (DMSO-
ds, 400 MHz): 6 = 8.05 (1H, d, J = 8.0 Hz, H-7),
7.85-795 (3H, m, H-2', H-6, H-4), 746 (1H, t,
J = 7.4 Hz, H-5), 7.35 (1H, t, /] = 7.4 Hz, H-6), 6.8 (2H,
d, J = 8 Hz, H-3', H-5), 3.0 (6H, s, N-CH;); '*C NMR
(DMSO-dg, 100 MHz): 6 = 168.01 (C, C-2), 154.09 (C,
C-3a), 133.98 (C, C-7a), 128.65, (CH, C-2'), 128.65 (CH,
C-6'), 126.47 (CH, C-5), 124.64 (CH, C-6), 122.31 (CH,
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C-7), 122.04 (CH, C-4), 120.33 (C, C-1'), 112.0(CH, C-3'),
112.0 (CH, C-5), 39.90 (C, -NCHj), 39.90 (C, -NCH;);
EIMS: m/z 256 (4), 255 (15), 254 [M +] (100), 253 (37),
239 (13), 238 (8); Anal Calcd for C;sH,N,S: C, 70.83; H,
5.54; N, 11.01; Found: C, 70.88; H, 5.44; N, 11.12.

2-(Pyridin-2-yl)-1,3-benzothiazole (3m) Compound 3m
was obtained as white powder in 88 % yield. Mp
133-134 °C; IR (KBr) vpax: 3053, 1585, 1566, 1510, 1460,
1433, 1317, 1294, 1265, 783, 721 cm™'; 'H NMR (DMSO-
de, 400 MHz): 6 = 8.7 (1H, d, J = 8.0 Hz, H-6'), 8.35
(1H, d, J = 8.0 Hz, H-3'), 8.2 (1H, d, J = 8.0 Hz, H-7),
8.1 (1H, d, J = 8.0 Hz, H-4), 8.05 (1H, t, J = 7.4 Hz,
H-4), 7.55-761 (2H, m, H-6, H-5), 7.5 (1H, t,
J=72Hz, H-5); C NMR (DMSO-ds, 100 MHz):
0 = 169.50 (C, C-2), 154.21 (C, C-3a), 150.78 (C, C-2'),
150.44 (CH, C-6"), 138.37 (CH, C-4), 135.86 (C, C-7a),
127.11 (CH, C-5), 126.64 (CH, C-3"), 126.45 (CH, C-6),
123.76 (CH, C-4), 123.05 (CH, C-7), 120.82 (CH, C-5);
EIMS: m/z 213 [M™'] (80); Anal Calcd for C;,HgN,S: C,
67.89; H, 3.79; N, 13.19. Found: C, 68.00; H, 3.85; N13.15.

2-(Furan-2-yl)-1,3-benzothiazole (3n) Compound 3n was
obtained as yellowish powder in 70 % yield, Mp
102-104 °C; IR (KBr) viax: 3051, 2956, 1732, 1579, 1246,
1012, 896, 746 cm™'; '"H NMR (DMSO-d,, 400 MHz):
0=2_8.14 (1H, d, J=8.0Hz, H-7), 8.02 (2H, d,
J = 8.0 Hz, H-4, H-5), 7.52 (1H, t, J = 7.4 Hz, H-5), 7.47
(1H, t, J = 7.4 Hz, H-6), 7.36 (1H, d, J = 5.2 Hz, H-3'),
6.78-6.80 (1H, m, H-4'); '*C NMR (DMSO-d,, 100 MHz):
0 = 157.30 (C, C-2), 153.79 (C, C-3a), 148.39 (C, C-2),
146.65 (CH, C-5"), 134.12 (C, C-7a), 127.27 (CH, C-3),
125.92 (CH, C-4'), 123.13 (CH, C-5), 122.88 (CH, C-6),
113.57 (CH, C-4), 112.41 (CH, C-7); EIMS: m/z 201[M*]
(64); Anal Calcd for C;{H;NOS: C, 65.65; H, 3.50; N,
6.96. Found: C, 65.58; H, 3.59; N, 6.90.

2-(Thiophen-2-yl)-1,3-benzothiazole (30) Compound 3o
was obtained as pale yellow powder in 85 % yield. Mp
181-183 °C; IR (KBr) viyax: 3057, 1591, 1247, 1010, 746,
cm™'; '"H NMR (DMSO-d,, 400 MHz): 6 = 8.10 (1H, d,
J=80Hz, H-7), 799 (1H, d, J=8.0Hz, H-4),
7.84-7.87 (2H, m, H-3/, H-5"), 7.52 (1H, t, J = 7.4 Hz,
H-5), 744 (1H, t, J=17.4 Hz, H-6), 7.24 (1H, t,
J = 4.8 Hz, H4); 3C NMR (DMSO-ds, 100 MHz):
0 = 161.35 (C, C-2), 153.65 (C, C-3a), 137.30 (C, C-2/),
134.65 (C, C-7a), 129.27 (CH, C-5'), 128.58 (CH, C-3'),
128.01 (CH, C-4'), 126.40 (CH, C-5), 125.19 (CH, C-6),
122.94 (CH, C-4), 121.42 (CH, C-7); EIMS: m/z 218
[M '] (79) Anal Calcd for C,;H,;NS,: C, 60.79; H, 3.24; N,
6.44 Found: C, 60.71; H,3.18; N, 6.34.

2-(3-Nitrophenyl)-1,3-benzothiazole (3p) Compound 3p
was obtained as pale yellow powder in 60 % yield. Mp
94-96 °C; IR (KBr) via: 3402, 2937, 1529, 1461, 1347,

1107, 1048, 731 cm™'; 'H NMR (DMSO-dg, 400 MHz):
0=2851 (IH, d, J=28.0Hz, H4), 841 (1H, d,
J =8.0Hz, H-¢), 837 (1H, s, H-2), 8.23 (1H, d,
J = 8.0 Hz, H-7), 8.15 (1H, d, J = 8.0 Hz, H-4), 7.88 (1H,
t, J = 8.0 Hz, H-5), 7.61 (1H, t, J = 7.4 Hz, H-5),7.53
(1H, t, J=74Hz, H-6); *C NMR (DMSO-dq,
100 MHz): 6 = 164.9 (C, C-2), 154.0 (C, C-3a), 148.8 (C,
C-1"), 1354 (C, C-7a), 135.3 (C, C-3), 135.3 (C, C-3)),
133.1 (CH, C-2), 130.2 (CH, C-6'), 126.9 (CH, C-4),
126.1 (CH, C-5"), 125.2 (CH, C-5), 123.8 (CH, C-6), 122.4
(CH, C-4), 121.9 (CH, C-7); EIMS: m/z 256 [M™] (65);
Anal Calcd for C3HgN,O,S: C, 60.92; H, 3.14; N, 10.93.
Found: C, 60.75; H, 3.22; N, 10.89.

a-Glucosidase inhibition assay

The inhibitory potential of benzothiazole derivatives on o-
glucosidase was determined by glucosidase inhibition
assay reported by Dong et al. (2012). In brief, 30 pl of test
sample (50-1500 pg/ml in methanol) was incubated with
60 pl of a-glucosidase (1 U/ml) for 15 min at 37 °C. After
preincubation, 60 pl p-nitrophenyl-o-p-glucopyranoside
(pNPG, 5 mM, in 10 mM Sodium phosphate buffer, pH
6.8) was added and further incubated for 15 min at 37 °C.
The reaction was then stopped by addition of 240 pl of
20 mM Na,CO;. The absorbance was monitored at
405 nm. Blank was without the enzyme, and control was
without the test sample. Acarbose (Glucobay tablet) was
used as a standard. The a-glucosidase inhibitory potential
was expressed as inhibition % and calculated as per the
formula: % inhibition = (Ac — At)/Ac x 100, where Ac
is the absorbance of control and At is the absorbance of the
test sample. The concentration of benzothiazole derivative
required for inhibiting 50 % of the a-glucosidase activity
was defined as ICs, value.

o-Amylase inhibition assay

Determination of a-amylase inhibition was carried out as
per the protocol reported by Fuwa (1954) with slight
modifications. The mixture containing test sample of dif-
ferent concentrations in methanol (200 pl, 50-1000 ng/
ml), potato starch, (200 pl, 1 % w/v in 10 mM acetate
buffer), a-amylase (200 pl, 1 % w/v in 10 mM acetate
buffer) and 400 pl of 10 mM acetate buffer was incubated
for 1 h at 37 °C. Then, 20 pl of iodine reagent (0.2 %
iodine and 0.2 % potassium iodide) was added to the
reaction mixture. Absorbance was observed at 565 nm.
Blank was prepared without the enzyme, and control was
prepared without the test sample. Acarbose (Glucobay
tablet) was used as a standard. The a-amylase inhibitory
potential was expressed as % inhibition and calculated as

@ Springer



Med Chem Res

per the formula: % inhibition = (At — Ac)/At x 100,
where Ac is the absorbance of control and At is the
absorbance of the test sample. The concentration of ben-
zothiazole derivative required for inhibiting 50 % of the o-
amylase activity was defined as I1Cs, value.

Kinetics of a-amylase inhibition

The substrate for amylase is starch. Kinetics of a-amylase
with increasing concentration of starch was carried out, and
Michaelis—Menten constant (K,,) and maximum velocity
(Vinax) were derived. The kinetics of inhibition of a-amy-
lase by the benzothiazole derivatives was conducted with
ICs( concentrations, according to the reported procedure
(Kazeem et al., 2013). Briefly, 200 pl of the test sample
was incubated with 200 pl of o-amylase (1 % w/v in
10 mM acetate buffer), increasing concentration of potato
starch (200 pl, 50 pg-5 mg/ml in 10 mM acetate buffer),
and 400 pl of 10 mM acetate buffer for 1 h at 37 °C. Then,
20 pl of iodine reagent (0.2 % iodine and 0.2 % potassium
iodide) was added to the reaction mixture. The amount of
starch remained unused was determined by taking the
absorbance at 565 nm and converted to reaction velocity
(V;). Michaelis—Menten plot and Lineweaver—Burk plot
(double reciprocal plot) were plotted between substrate
concentration (S) verses reaction velocity (V;) and 1/V;
verses 1/S, respectively, to determine K; and V..

Kinetics of a-glucosidase inhibition

The substrate for o-glucosidase is p-nitrophenyl-a-p-glu-
copyranoside. Kinetics of a-glucosidase (30 pl of 1 U/ml)
with increasing concentration of p-nitrophenyl-o-pD-glu-
copyranoside (250 pg-5 mg/ml) was carried out, and
Michaelis—Menten constant affinity (K,,) and maximum
velocity (Vinax) were derived. The kinetics of inhibition of
a-glucosidase by the benzothiazole derivatives was con-
ducted with lowest ICsq concentration according to the
reported procedure (Kazeem et al., 2013). In brief, 30 pl of
test sample (100-500 pg/ml in methanol) was incubated
with 60 pl of a-glucosidase (1 U/ml) for 15 min at 37 °C.
After preincubation, 60 pl p-nitrophenyl-o-p-glucopyra-
noside (pNPG, 250 pg—5 mg/ml, in 10 mM sodium phos-
phate buffer, pH 6.8) was added and further incubated for
15 min at 37 °C. The reaction was then stopped by addition
of 240 pl of 20 mM Na,CO;. The amount of p-nitrophenol
produced was determined by taking the absorbance at
405 nm and converted to reaction velocity (V;). Michaelis—
Menten plot and Lineweaver—Burk plot (double reciprocal
plot) were plotted between substrate concentration
(S) verses reaction velocity (V;) and 1/V; verses 1/S,
respectively, to determine K; and V.«
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In vitro non-enzymatic glycosylation of hemoglobin

Non-enzymatic glycosylation of hemoglobin is an indi-
cator of diabetic control. We followed the reported pro-
cedure by Gragnoli et al., (1982). Glucose (2 %),
hemoglobin (0.06 %) and gentamycin (0.02 %) solutions
were prepared in phosphate buffer (0.01 M, pH 7.4).
Hundred microliters of each solution was mixed with
100 pl different concentration of benzothiazole deriva-
tives. Mixture was incubated in dark for 72 h. The
absorbance was monitored at 520 nm. The % inhibition
was calculated as per the formula: % inhibi-
tion = (At — Ac)/At x 100, where Ac is the absorbance
of the control and At is the absorbance of the test sample.
Control was prepared without the test sample. Acarbose
was used as a standard. The concentration of benzothia-
zole derivative required for inhibiting 50 % of the
hemoglobin glycosylation was defined as ICs, value.

Assay for inhibitory activity of AGE formation

The inhibitory activity of AGE formation was measured as
per the protocol reported by Jung et al. (2013). The AGE
reaction solution was prepared by mixing 10 mg/ml bovine
serum albumin in 50 mM sodium phosphate buffer (pH
7.4), with 0.02 % sodium azide (added to prevent bacterial
growth), 0.2 M fructose and 0.2 M glucose. Test solution
of different concentrations (50 pl, 50-500 pg/ml) was
added to 950 pl of the AGE reaction solution. The reaction
mixture was incubated at 37 °C for 7 days. The fluores-
cence intensity of the reaction products was measured
using a spectrofluorometric detector at excitation and
emission wavelengths of 350 and 450 nm, respectively.
Phloroglucinol was used as a reference. The mixture
without test sample was used as a control. The % inhibition
of AGE formation was calculated as per the formula: %
Inhibition = [1 — fluorescence of the test sample/fluores-
cence of the control sample] x 100. 50 % inhibition was
measured as ICsq value.

Molecular modeling: non-bonded interactions

The non-bonded interaction study was carried out using a
Discovery Studio Visualizer 4.0, client version. The PDB
file of the o-glucosidase from GH31 family (PDB code
3W38) isolated from sugar beet and GH13 family (PDB
code 2ZEQ) isolated from deepest sea bacteria was
downloaded from www.rcsb.org. The PDB file of o-
amylase (PDB code 30LD) of human pancreatic amylase
was also downloaded from the same site. The PDB files
of small organic molecules were prepared using Argus
software. The homology of a-glucosidase from both the
family has been carried out using the sequence alignment
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Table 1 Antidiabetic activity and enzyme kinetics of benzothiazole derivatives

No. IC5o o-amylase 1C5 a-glucosidase Non-enzymatic AGE inhibition K; K;
inhibition (mM) (mM) glycosylation (mM) (mM) (o-amylase) (a-glucosidase)
3a. Inactive Inactive Inactive Inactive - -
3b. 491 2.73 3.82 Inactive - -
3c. 0.82 1.03 1.03 Inactive 0.62 1.86
3d. 2.07 1.03 2.07 Inactive 0.41 1.86
3e. Inactive Inactive Inactive Inactive - -
3f. 0.61 2.04 2.04 0.40 0.40 -
3g. 0.35 0.89 0.89 0.71 0.35 1.6
3h. 2.62 2.18 349 1.74 0.65 1.96
3i. 1.1 6.6 1.76 0.22 - -
3j. Inactive Inactive Inactive Inactive - -
3k. 0.51 2.05 1.02 Inactive - -
3L 0.31 0.98 0.59 0.19 0.39 1.57
3m Inactive Inactive Inactive Inactive - -
3n. Inactive Inactive Inactive Inactive - -
3o0. Inactive Inactive Inactive Inactive - -
3p. Inactive Inactive Inactive Inactive - -
Std' 1.16 1.54 1.54
Std® - - 3.14

Std" is acarbose (Glucobay tablets) while Std? is phloroglucinol

Fig. 1 Enzyme kinetics of Michaelis-Menten plot a Lineweaver-Burk Plot b
o-amylase
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£
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g = 3d E 40 = 3d
é 3f 1V max \s\zg 3f
> x 3g x 3g
., x3h -25 A 15 35 *3h
6 3l ] 1 3l
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Fig. 2 Enzyme kinetics of Michaelis -Menten Plot g .. _Lineweaver -Burk Plot b
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£ =3c Mo |2 3d
2% 3d 4
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> 1 x 3g 1
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Fig. 3 a Non-bonded
interaction of 31 with o-
glucosidase 2ZEO from G13
family. b Non-bonded
interaction of 31 with o-
glucosidase 2ZEQ from G13
family

TRPA4

/'I»'S\_wa\

option of DSV. The non-bonded interactions were carried
out using DSV under the option receptor—ligand interac-
tion. Favorable interactions were hydrogen bond, elec-
trostatic and hydrophobic. The CHARMm force field was
applied.

Results and discussion
Chemistry

The diabetes control and complication trial were conducted
for 9 years on 1441 patients; it was found that regulation of
blood glucose level is an important factor to prevent long-
term complications associated with diabetes such as
nephropathy, neuropathy and retinopathy (Creutzfeldt,
1999). Glycated hemoglobin is an end product of the gly-
cation process and is an indicator of prolonged hyper-
glycemia in diabetic patients. The a-glucosidase inhibitor
acarbose reduces blood glucose and HbAIC levels in
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patients with Type II diabetes. This was demonstrated by
acarbose monotherapy and treatment with acarbose in
combination with oral antidiabetic drugs or insulin (Hoff-
man and Spengler, 1994; Josse, 1995; Chiasson et al,
1994). To evaluate whether the novel benzothiazole
derivatives (Scheme 1) possess useful bioactivity, o-amy-
lase, a-glucosidase, non-enzymatic glycosylation and AGE
inhibition assays were carried out. The results indicated
that Compound 31 showed good activity with ICsq values of
0.31, 0.98, 0.59 and 0.19 mM for o-amylase, o-glucosi-
dase, non-enzymatic glycosylation and AGE inhibition
assays, respectively. Compounds 3f, 3g and 3h also showed
activity in all the assays; however, 3h showed activity at
higher concentrations than did 3f and 3g, possibly because
of the highly electronegative nature of the fluorine
substituent.

The compound with a nitro substituent at position 2 of
benzothiazole (3p) was completely unable to inhibit any
of the enzymes. Compounds 3¢ and 3d with methoxy
substituents at different positions on the phenyl ring
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Fig. 4 a Non-bonded
interaction of 31 with o-
glucosidase 3W38 from G31
family. b Non-bonded
interaction of 31 with o-
glucosidase 3W38 from G31
family

showed inhibition of a-amylase, o-glucosidase and non-
enzymatic glycosylation but could not effectively inhibit
AGE. However, the compound 3e with methoxy sub-
stituents at positions 3 and 4 of the phenyl ring was
unable to inhibit any of the enzymes, probably because of
the high hydrophobicity of the molecule as well as likely
steric hindrance. We tested the activity of compounds
with an aliphatic substituent at position 2 (3a and 3b); the
cyanomethyl derivative (3a) was found to be totally
inactive, whereas the chloromethyl (3b) derivative was
active at higher concentrations. A compound with a
hydroxyl substituent at the ortho position of the phenyl
ring (3i) was able to inhibit o-glucosidase, but only at
high concentrations. The compound 3j was totally inef-
fective. Compound 3h, with a fluoro substituent, showed
activity at higher concentrations, whereas compound 3p
with a nitro substituent was totally inactive. These results
indicated that more electronegative substituents reduced
the activity. The benzothiazole derivatives with nitro,
hydroxyl and dimethoxy substituents are completely

inactive, whereas the compounds with N,N-dimethy-

lamino, chloro, methoxy and dihydroxy substituents
showed good activity. This indicated that there must be
some correlation in the structure activity relationship of
these compounds. It can be interpreted from the findings
that benzothiazole derivatives not only inhibit o-glucosi-
dase and o-amylase, but they are capable of inhibiting
hemoglobin acylation as well as advanced glycation,
which is the end product formed in prolonged diabetes. A
comprehensive list of all the compounds studied and their
activities are presented in Table 1.

Enzyme Kkinetics

The K; of all the active molecules are given in Table 1.
Amylase uses starch as a substrate, and unconsumed starch
remaining at the end of an amylase digestion was detected
by the reaction with iodine form a blue color complex. In
the control, when there is no inhibitor, almost all the starch
is digested so no color was seen when iodine was added. In
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Fig. 5 a Non-bonded
interaction of 31 with o-amylase
30LD. b Non-bonded
interaction of 31 with a-amylase
30LD

the presence of an inhibitor, amylase could no longer digest
all of the starch substrate so on iodine addition we observed
formation of the blue complex. At high substrate concen-
trations, amylase was able to approach V., in the presence
of benzothiazole derivatives, indicating that these inhibi-
tors are competitive. In the absence of inhibitor, glucosi-
dase hydrolyzes the substrate p-NPG and releases p-
nitrophenol, which gives an intense yellow color. The
benzothiazoles showed non-competitive inhibition, as they
gave almost the same hyperbolic distribution as the control.
Data are presented in Table 1. The kinetic graphs for o-
amylase and o-glucosidase are presented in Figs. la, b and
2a, b, respectively.

Non-bonded interactions
Non-bonded interactions that form between two partner
molecules are the basis of molecular recognition in biolog-

ical systems. A detailed and comprehensive understanding
of non-bonded interactions is crucial in structure-based
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design, in which identifying and optimizing the molecular
interactions between ligands and their host receptor are a
fundamental process. According to the crystal structure
solved by Shirai ez al. (2008) to 2.0 A (2ZE0), a-glucosidase
consists of three domains. The N-terminal domain (residues
2-102, 170-205 and 229-471) has a (ff/a)g-barrel fold and
harbors the catalytic center. The subdomain (residues
103-169 and 206-228) is inserted into the N-terminal
domain. The C-terminal domain is a f-sandwich fold (resi-
dues 472-551). The highly conserved catalytic residues in
the GH13 family are Asp199, Glu256, Asp326 in GSJ (o-
glucosidase), and the residues important for substrate bind-
ing are Tyr63, His103 and His325. The benzothiazole
derivative 2-(4’-(N,N-Dimethylamino)phenyl)-1,3-ben-
zothiazole (31) is closely surrounded by these residues as
depicted in Fig. 3a, b. It shows a m-sulfur interaction with
Trp49 and a n—n interaction with Argl97, and distances of
these bonds were 4.69 and 4.68 A, respectively. It has also
formed a n—n stacking interaction with Phe280 with a bond
distance of 3.69 A. The presence of the benzothiazole
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molecule in the active site pocket indicates its selective
recognition by o-glucosidase.

The interaction of 3l with o-glucosidase from GH31
family is shown in Fig. 4a, b. The crystal structure of
3W38 by Tagami et al, (2013) revealed that the major
domain of GH31AGs displays a (f/a)g-barrel fold. The
active site pocket is formed by the (f/«)g and the N-loop in
the GH13 family. The overall structure of the SBG 3W38
was divided into four major domains and two subdomains
similar to the other GH31AGs: the N-terminal f-sandwich
domain (residues 39-298), the (f/o)g-barrel domain (resi-
dues 229-670), the insertion subdomain bl (residues
399-443) and b2 (residues 474-519), the proximal C-ter-
minal domain (residues 671-756) and the distal C-terminal
domain (residues 757-909). The active site pocket of the
3W38 is formed mainly by the (f3/c;)g barrel domain and is
extended by the N-loop. The molecule 3l shows a m-alkyl
interaction with Ala563. Figure 4a, b illustrates that N,N-
dimethylamino group of 3l is surrounded by the Asn585-
Gly590 loop. Met591 also shows a m-alkyl interaction with
the benzothiazole moiety.

A sequence alignment of 2ZEO and 3W38 showed that
they share a sequence identity of 6.2 % and sequence simi-
larity of 19.4 %. Therefore, there was a difference between
the binding modes of benzothiazole 31 with 2ZE0 and 3W38.

The structure of human pancreatic amylase at 1.8 A was
reported by Brayer et al. (1995) and revealed that amylase is
composed of three structural domains. The largest domain A
(residues 1-99 and 169-404) forms a central eight-stranded
parallel f-barrel, to one end of which are located the active
site residues Asp197, Glu233 and Asp300. Furthermore, a
chloride ion is bound in this vicinity and forms ligand
interactions to Argl95, Asn298, and Arg337. Domain B is
the smallest (residues 100-168) and serves to form a calcium
binding site against the wall of the f-barrel of domain A.
Domain C (residues 405-496) has an antiparallel 5-structure
and is loosely associated with domains A and B. The ben-
zothiazole derivative (3l) is surrounded very closely by
Argl95, Asn298 and Arg337, highlighting its interaction
with the residues of the active site pocket (Fig. 5a, b). Fig-
ure 5a, b also shows its n-interaction with Val294, Val296,
and Leu293. The residues Leu292 to Asn298 form a pocket
around the benzothiazole molecule. From this study, it is
clear that the molecule 3l interacts with the core of the
enzyme and binds very closely to the active site.

Conclusion

Various substituted benzothiazole derivatives were syn-
thesized and tested for their antidiabetic potential using o-
glucosidase, o-amylase, non-enzymatic glycosylation of

hemoglobin and advanced glycation end product formation
(AGE) inhibition assays. Among the tested benzothiazole
derivatives, the compound 2-(4’-(N,N-Dimethylamino)
phenyl)-1,3-benzothiazole (31) was found to be the most
active in all the assays. Compound 3l formed non-bonded
interactions with a-glucosidase and a-amylase enzymes. In
view of these findings, three pharmacophoric features were
found to be important for biological activity (hydrophobic,
aromatic and hydrogen bonded interactions). Given these
encouraging results, there is still scope to study further
benzothiazole derivatives and identify molecules with
improved activity against these important enzyme targets.
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