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ABSTRACT. We are reporting a novel series of thiosemicarbazone derivatives derived from isatin (1-6), structural
determination, and investigation of the inhibitory properties against proliferative, carbonic anhydrase, and
cholinesterase enzymes. The anti-proliferative effects of the compounds were measured by XTT assay against MCF-
7 and MDA-MB-231 cancerous cell lines. Compound 3 showed significant cytotoxic effects on both MCF-7 and
MDA-MB-231 cell lines, with ICs, values of 8.19 uM and 23.41 uM, respectively. In addition, the compounds (1-
6) inhibited the hCA I and II, their K; values 2.01 + 0.35 — 21.55 + 2.56 and 1.24 + 0.33 — 25.03 + 5.48 uM,
respectively. AChE was also successfully inhibited by these compounds (1-6), with K; values ranging from 40.37 +
8.23 to 125.43 £24.93 uM. The best K; values for 3, 6, and 4 for a-glycosidase were 564.35 £ 72.06, 594.38 + 52.04,
and 683.437 + 66.58 uM, respectively. Binding affinities were determined to be -6.697 kcal/mol, -8.251 kcal/mol,
-9.932 kcal/mol, and -4.946 kcal/mol for hCA I, hCA II, AChE, and a-glucosidase enzymes, respectively. These
findings reveal that the formed compounds containing isatin moieties were crucial in the enzyme inhibition.
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INTRODUCTION

Cancer, one of the worst diseases in the world, is responsible for the deaths of an increasing
number of people. Therefore, the development of novel, safe, and selective anti-cancer
compounds has become a major goal for medicinal chemistry researchers as most of the existing
anti-cancer drugs are highly hazardous [1-3]. Alzheimer's is an extremely tough disease to
manage, especially for the elderly people, and it has a significant impact on quality of life of
people. The illness might be categorized as cognitive deterioration with strong executive function
difficulties. In addition, this disease is a progressive brain disorder that gradually robs people of
their capability for reasoning, memory, and doing basic tasks [4-6]. Although the exact cause of
this disease is still unknown, however, several factors, including acetylcholine (ACh) deficiency,
excessive amyloid-beta (-amyloid) peptide development, neurofibrillary node (NFT) formation,
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metal homeostasis disruption, and reactive oxygen species formation, are important in brain
disruption [7-9].

Alpha-glucosidase is the principal target of type 2 diabetes treatment and medication research.
The three most clinically effective medications for type 2 diabetes are alpha-glucosidase inhibitors
that work by lowering PPGFF (Acarbose, Miglitol, and Voglibose) (post-prandial
hyperglycemia). Acetylcholine (ACh) breakdown into choline and acetic acid, a critical process
for cholinergic neurotransmission repair, is catalyzed by a class of enzymes known as
cholinesterases (ChE). The Food and Drug Administration has only approved medicines like
tacrine, donepezil, and rivastigmine for the treatment of Alzheimer's disease, even though there
are numerous ongoing research projects in this area (FDA) [10-12].

Over the years, researchers have also developed new cholinesterase inhibitor medications
using various isatin derivatives [13]. Various physiological and pathological metabolic pathways
involve members of the isozyme family of carbonic anhydrase. In order to manage and transport
different CO,-bound chemical forms via biological membranes such intracellular and
extracellular regions [14-17], these enzymes catalyze the basic reaction of reversible hydration of
carbon dioxide to bicarbonate and protons.

Isatin, a crucial class of organic compounds found in both plant and human tissue, have
emerged as a potentially fruitful nucleus in recent years, sparking an increase in interest in
pharmaceutical chemistry and medication development. Furthermore, isatin exhibit a variety of
biological activities, including anti-cancer [18, 19], antioxidant [20, 21], anti-HIV reverse
transcriptase inhibition [22], anti-fungal [23], and anti-bacterial [24]. Studies have also shown
that the isatin ring can be exploited as a significant component of anticancer hybrid compounds
[25, 26]. Additionally, it has been revealed that several isatin-derived carbonate anhydrase
inhibitors exist in literature [27, 28].

Thiosemicarbazones, as another important family of heterochemistry, share many of the same
biological and therapeutic properties as other heterocycles [29-31]. It may be possible to produce
novel therapeutic compounds using molecular hybridization based on the activity of certain
subunits in the molecular skeleton of two or more physiologically active derivatives. In recent
years, a lot of curiosity in the development of hybrid derivatives that may simultaneously bind to
multiple biological targets has grown [32, 33]. It, therefore, is essential to treat disease with hybrid
molecules in order to reduce the likelihood of adverse drug reactions and to keep drug resistance
to a minimum.

Therefore, considering the wide significance of thiosemicarbazones, we investigated novel
compounds to interpret thiosemicarbazones including isatin groups to explore anticancer, enzyme
inhibitory activities, and theoretical features. However, there are not many studies on isatin
derivatives utilised as carbonic anhydrase inhibitors and anticancer medications in the literature
[23, 34]. This is the first study of thiosemicarbazone compounds derived from isatin as possible
anti-cancer medicines and carbonic anhydrase enzyme inhibitors, and these features of the
produced thiosemicarbazone have not been reported in the literature (Figure 1). In order to combat
cancer and inhibit enzymes, we have therefore designed and produced thiosemicarbazone
compounds derived from isatin, and studied how they affect the inhibition of hCA I and II
isoforms, and assessed their anti-cancer potential. In addition, we also investigate the interaction
of the examined compounds with the aforementioned metabolic enzymes through molecular
docking studies.

EXPERIMENTAL
Instruments and chemicals

Both reagents and solvents were purchased and used without further purification from Acros
Organics, Sigma-Aldrich, or Merck Chemical Company. They were solvents of a spectroscopic
standard. To measure melting points, a Stuart Melting Point 30 apparatus was used and
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uncorrected. The basic analysis was conducted on a Eurovector EA3000-Single. For infrared
spectrum recording, a Bruker Alpha Fourier transform IR (FT-IR) spectrometer was used. 'H and
13C NMR spectra were taken on a Bruker Avance DPX-400 spectrophotometer (400 MHz) in
DMSO-ds.

Synthesis of the compounds (1-6)

All compounds were obtained using the reported procedure with slight modifications in good yields
(65-92%) [29]. However, compound 6 was prepared following the method described in literature
[35].

Compound 1. Orange solid, 67% yield, Mp; 270-271 °C. IR (cm™): 3332, 3304, 3238 (NH!, NH?,
NH?), 3062 (ArC-H), 2964-2833 (Aliph C-H), 1694 (C=0), 1548 (C=N), 1435 (C=S), 1293 (C-
N), 1132 (C-O). 'H NMR (400 MHz, DMSO) § 12.59 (s, NH'), 11.03 (s, NH?), 9.27-9.26 (q,
NH?), 7.27-7.26 (d, Ar H1, 1H), 6.96-6.93 (dd, Ar H2, 1H), 6.86-6.84 (d, Ar H3, 1H), 3.77 (s,
OCHj3), 3.10-3.09 (d, CH3). '3C NMR (101 MHz, DMSO) § 178.2 (C=S), 163.2 (C=0), 155.8
(C1), 136.43 (C=N), 132.36, 121.30, 117.68, 112.30, 106.42, 56.09 (OCHs), 31.80 (CHs).
Elemental analysis calcd for C;1H2N4O,S: C, 49.99; H, 4.58; N, 21.20. Found: C, 49.77; H, 4.61;
N, 21.27.

Compound 2. Dark yellow solid, 65% yield, Mp; 247-248 °C. IR (cm™): 3312, 3256 (NH!, NH?,
NH?), 3001 (ArC-H), 2940-2834 (Aliph C-H), 1684 (C=0), 1527 (C=N), 1431 (C=S), 1289 (C-
N), 1139 (C-0). 'H NMR (400 MHz, DMSO) & 12.57 (s, NH"), 11.02 (s, NH?), 9.30-9.27 (t, NH?),
7.28-7.27 (d, Ar H1, 1H), 6.95-6.92 (dd, Ar H2, 1H), 6.85-6.83 (d, Ar H3, 1H), 3.77 (s, OCHs),
3.69-3.62 (p, CH>), 1.22-1.18 (t, CH3). *C NMR (101 MHz, DMSO) § 177.2 (C=S), 163.2 (C=0),
155.8 (C1), 136.4 (C=N), 132.4,121.3, 117.6, 112.2, 106.6, 56.1 (OCH3), 39.5 (CH,), 14.5 (CHs).
Elemental analysis calcd for CioH4N4O,S: C, 51.78; H, 5.07; N, 20.13. Found: C, 51.64; H, 5.11;
N, 20.14.

Compound 3. Yellow solid, 81% yield, Mp; 201-202 °C.IR (cm™): 3282, 3235 (NH!, NH?, NH%),
3012 (ArC-H), 2932-2830 (Aliph C-H), 1692 (C=0), 1518 (C=N), 1433 (C=S), 1317 (C-N), 1128
(C-0). '"H NMR (400 MHz, DMSO) & 12.63 (s, NH"), 11.02 (s, NH?), 9.46-9.43 (t, NH?), 7.28-
7.27 (d, Ar H1, 1H), 6.94-6.91 (dd, Ar H2, 1H), 6.84-6.82 (d, Ar H3, 1H), 5.97-5.90 (m, -CH=C),
5.22-5.14 (dd, =CH,), 4.28-4.27 (d, -CH>), 3.76 (s, OCH3). '3*C NMR (101 MHz, DMSO) § 177.8
(C=8), 163.2 (C=0), 155.8 (C1), 136.5 (C=N), 132.6, 121.3, 117.7, 112.3, 106.6, 134.4 (CH=),
116.7 (=CH>), 46.8 (CH>), 56.1 (OCH3). Elemental analysis calcd for C13H14N4O,S: C, 53.78; H,
4.86; N, 19.30. Found: C, 53.64; H, 4.81; N, 19.24.

Compound 4. Dark red solid, 85% yield, Mp; 198-199 °C. IR (cm™): 3224 (NH!, NH?, NH?), 3052
(ArC-H), 2982-2870 (Aliph C-H), 1691 (C=0), 1598 (C=N), 1421 (C=S), 1266 (C-N), 1146 (C-
0). 'TH NMR (400 MHz, DMSO) & 12.80 (s, NH"), 11.07 (s, NH?), 10.75 (s, NH?), 7.43-7.42 (d,
Ar H6, 1H), 7.36-7.32 (t, Ar H7, 1H), 7.29-7.28 (d, Ar H1, 1H), 7.23-7.21 (d, Ar H8, 1H), 6.97-
6.94 (dd, Ar H2, 1H), 6.88-6.87 (d, Ar H4, 1H), 6.86-6.85 (d, Ar H3, 1H), 3.78 (s, Ar-OCH3),
3.77 (s, ist-OCH3). *C NMR (101 MHz, DMSO) § 176.6 (C=S), 163.3 (C=0), 159.7 (C12), 155.8
(C1), 139.9 (C10), 136.7 (C=N), 133.0, 129.6, 121.2, 118.2, 117.9, 112.3, 112.2, 111.8, 107.2,
56.2 (ist-OCH3), 55.7 (Ar-OCH3). Elemental analysis calcd for C7Hi6N4OsS: C, 57.29; H, 4.53;
N, 15.72. Found: C, 57.21; H, 4.49; N, 15.65.

Compound 5. Yellow solid, 78% yield, Mp; 238-239 °C. IR (em!): 3350, 3327, 3220 (NH!, NH2,
NEP), 3100 (ArC-H), 1690 (C=0), 1592 (C=N), 1432 (C=S), 1315 (C-N), 1171 (Ar-F), 967 (Ar-
Cl). 'H NMR (400 MHz, DMSO) & 12.69 (s, NH'), 11.23 (s, NH2), 10.83 (s, NH), 7.74 (s, Ar
H1, 1H), 7.62-7.57 (m, Ar H2-H3, 2H), 7.44-7.40 (t, Ar H6, 1H), 7.32-7.29 (m, Ar H4, 1H), 7.20-
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7.15 (td, Ar H7, 1H), 6.92-6.88 (dd, Ar H8, 1H). '*C NMR (101 MHz, DMSO) & 176.8 (C=S),
163.32, 163.31 (C1), 159.9 (C=0), 157.6 (C12), 142.9 (C=N), 140.3, 139.40, 139.38 (C4), 133.0,
130.6, 126.5, 125.5, 124.5 (C3), 121.7, 118.48, 118.24 (C5), 112.81, 112.73 (C2), 109.01, 108.76
(C6). Elemental analysis calcd for CisHjoCIFN4OS: C, 51.66; H, 2.89; N, 16.06. Found: C, 51.54;
H, 2.86; N, 16.02.

Compound 6. Light red solid, 92% yield, Mp; 253-254°C.1R (cm™): 3308, 3205 (NH!, NH?, NH?),
3043 (ArC-H), 1689 (C=0), 1548 (C=N), 1457 (C=S), 1296 (C-N), 1126 (Ar-F), 949 (Ar-Cl). 'H
NMR (400 MHz, DMSO) § 12.67 (s, NH'), 11.36 (s, NH?), 10.80 (s, NH%), 7.81 (d, Ar H1, 1H),
7.51-7.47 (t, Ar H6 1H), 7.43-7.40 (dd, Ar H5, H8, 2H), 7.39-7.34 (dd, Ar H2, 1H), 7.31-7.27 (t,
Ar H7, 1H), 6.98-6.95 (d, Ar H3, 1H). *C NMR (101 MHz, DMSO) § 178.5 (C=S), 163.3, 163.1
(C11), 162.9 (C=0), 156.6 (C1), 141.8 (C=N), 127.0 (C2), 122.3 (C3), 130.7 (C4), 121.4 (C5),
124.9 (C6), 116.6, 116.4 (C10), 113.1, 113.0 (C12), 129.7, 129.6 (C13), 126.8, 126.7 (C14),
131.9, 131.2 (C15). Elemental analysis calcd for C;sH;oCIFN4OS: C, 51.66; H, 2.89; N, 16.06.
Found: C, 51.59; H, 2. 91; N, 15.99.

Enzyme studies

The inhibitory effect of these compounds on the function of the alpha-glycosidase enzyme was
assessed using the substrate p-nitrophenyl-D-glycopyranoside (p-NPG) by Tao et al. [36]. First,
a phosphate buffer of 200 uL. was combined with a phosphate buffer of 40 uL of homogenate
(0.15 U/mL, pH 4.7). Furthermore, 50 pL of p-NPG was applied to the phosphate buffer after
preincubation (5 mM, pH 7.4) and incubated again at 30 °C. According to previous studies,
absorbances at 405 nm have been measured spectrophotometrically [8, 17]. The inhibitory effects
of thiosemicarbazone derivatives including isatin (1-6) on both hCA (I, II) isozymes were
represented by Verpoorte et al. [37] and spectrophotometrically reported at 348 nm according to
the esterase assay using p-nitrophenyl acetate (p-NPA) substrate. Also, according to the Ellman
et al procedure, the inhibitory effects of AChE were identified [38]. They were
spectrophotometrically recorded at 412 nm using acetylthiocyanine iodide and in accordance with
earlier works, were also recorded as enzymatic reaction substrates [39]. To test AChE operation,
5,5'-dithiobis (2-nitrobenzoic acid) (Ellman reagent, DTNB) was also used.

Cell culture

The human breast cancer cell lines MCF-7 (HTB-22) and MDA-MB-231 (HTB-26) were obtained
from the American Type Culture Collection. They were cultured in Dulbecco's modified Eagle's
medium (DMEM; Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (Sigma-
Aldrich) and 1% penicillin/streptomycin (Sigma-Aldrich). The cells were maintained at 37 °C in
a humidified atmosphere containing 5% CO,. To prepare the compounds for experimentation,
they were dissolved in DMSO, and 10 mM stock solutions were created. Prior to application, the
stock solutions were diluted with DMEM to ensure that the final concentration of DMSO did not
exceed 0.5%.

Molecular docking studies

Crystal structures of hCA I (PDB ID: 4WR7), hCA 11 (PDB ID: SAML), AChE (PDB ID: 4MOE),
ad a-glucosidase (PDB ID: 3A4A) enzymes were obtained from RCSB Protein Data Bank. In
silico studies were performed according to the method described in previous studies [17] using
Small Drug Discovery Suit (Schrédinger, LLC, 2017). The structures were chosen due to their
high resolution and co-crystallized ligand. All compounds were created and prepared with the
Ligprep module. Then, the drug-likeness properties of the inhibitors were calculated with the
Qikprop module [40]. The structures were made ready for the docking process by preparing with

Bull. Chem. Soc. Ethiop. 2023, 37(5)



Isatin/thiosemicarbazone hybrids: Facile synthesis 1225

the Protein preparation wizard module. Binding sites of enzymes were predicted using the
Sitemap module. The molecular docking studies of the most effective inhibitors were performed
with an induced-fit docking module [40].

Cell viability assay

The cytotoxicity of the synthesized compounds was assessed using the 2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2Htetrazolium-5-carboxanilide (XTT) cell viability assay provided by
Roche Diagnostic. The cells were seeded in 96-well plates at a density of 1x10* cells per well and
allowed to attach overnight. Afterward, the cells were treated with various concentrations of the
compounds (5, 10, 20, 40, and 80 uM) for a duration of 48 hours. Following the incubation period,
the DMEM medium was aspirated, and the wells were washed with phosphate-buffered saline.
Next, 50 pL of XTT labeling solution was added to each well, and the plates were incubated for
4 hours. The absorbances were then measured at 450 nm using a microplate reader from Thermo
Fisher Scientific. All experiments were performed in triplicate, and the cell viability was
determined by calculating the percentage of viable cells compared to the control cells. To
determine the half-maximal inhibitory concentration (ICso) values of the compounds within the
cells, the data obtained from the experiments were analyzed using Graph Prism 7 software by
GraphPad Software, Inc.

RESULTS AND DISCUSSION
Synthesis and characterization

Figure 1 shows the synthetic route of thiosemicarbazone derivatives. First, hydrazine
monohydrate was treated with isothiocyanates in the presence of ethanol in an ice bath. Second,
products were formed by reacting formed thiosemicarbazides with 5-substituted isatin in the
presence of ethanol and one drop of HCI under reflux.

The FTIR spectra did not reveal stretching vibrations due to (-NH) at 3450-3225 cm’'.
Instead, additional stretching bands were seen at 1598-1527 cm™! ascribed to -C=N vibrations.
These observations turned out as expected. The =N-NH and -NH stretching vibrations of the
thiosemicarbazide region were observed at 3304 and 3238 cm!, respectively, for compound 1,
while the -NH stretching vibration of the isatin ring was observed at 3332 cm. The -C=0
stretching vibration was observed at 1694 cm™ whereas C=N stretching vibration was observed
at 1548 cm’'. In addition, the vibrations due to —C=S band was observed at 1435 cm™', while the
-C-N stretching vibration appeared at 1293 cm™. The -C-O stretching vibration was seen at 1132
cm’!. These values have provided considerable evidence for the formation of the compounds.
These findings are consistent with previously reported values for related compounds [29, 41, 42].

The 'H and *C NMR spectra of the compounds in DMSO-ds were detected. In compound 1,
while the -NH (N') peak of isatin was revealed at 12.59 ppm as a singlet, the -NH (N?) signal of
thiosemicarbazone was shown as a singlet at 11.03 ppm. But, the -NH (N°) proton coupled to the
CHj3 (-Ry) group was resonated as quartet at 9.27-9.26 (J = 4.5 Hz) ppm. The methyl group (—
CH3) proton coupled to the -NH (N*) proton was detected at 3.10-3.09 (J = 4.6 Hz) ppm, as a
doublet. The isatin proton signals (H1-H2-H3) were observed at 7.27-6.84 ppm. The H1 proton
coupled to the H2 proton was shown at 7.27-7.26 (J = 2.5 Hz) ppm, as a doublet peak. The H2
proton coupled to the H3 and H1 proton was observed as a doublet of doublets peaks at 6.96-6.93
(J=38.5,2.4 Hz) ppm. The H3 proton coupled to the H2 proton was observed with doublet peaks
at 6.86-6.84 (J = 8.5 Hz) ppm. The proton signal of the methoxy group (—OCH3) was observed at
3.77 ppm as a singlet. Based on these observations, our findings are consistent with the previously
published data [41, 42].
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Figure 1. The synthesis of thiosemicarbazone derivatives with isatin.

The '*C NMR spectrum of compound 1 revealed 11 different resonances consistent with the
targeted product. In compound 1, thiosemicarbodrazide' -C=S signal was observed at 178.2 ppm.
The -C=N and -C=0 substantial specific peaks of the isatin region were detected at 136.4 and
163.2 ppm, respectively. The carbon atom peaks (C1-C6) of the isatin ring were detected at 155.8,
112.3, 121.3, 132.4, 117.7, and 106.4 ppm, respectively. The C1 carbon atom shifted down-field
(high value, §) owing to the presence of the methoxy (-OCH;) group. The carbon atom of the
methoxy was detected at 56.1 ppm. The carbon atom of the methyl group (C10, -CH3) was detected
at 31.8 ppm. The aromatic carbon atoms (C10-C15) of the phenyl ring were observed at between
157.6 and 121.7 ppm for compound 5. The C12 (157.6 ppm) carbon atom was shifted down-field
(high value, d) because of the presence of the Cl (chlorine) atom. Furthermore, the C atoms (for
C1-C6) were also split into doublets owing to interacting with the atomic nucleus of F for
compound 5. The C1 (163.32 and 163.31 ppm) carbon atom was shifted down-field (high value,
) because of the presence of the F (fluorine) atom.

Anti-proliferative activity

The XTT cell viability assay was used to test the anti-proliferative activity of the compounds
under study against human breast cancer cells MCF-7 and MDA-MB-231. Although most of the
compounds has weaker anti-proliferative effects on MDA-MB-231 cells, they showed
considerable anti-proliferative effects on MCF-7 cells (Figure 2). In addition, compound 3 showed
significant cytotoxicity to MCF-7 and MDA-MB-231 cell lines than other compounds.
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Figure 2. The compound has anti-proliferative activity on MCF-7 and MDA-MB-231 cell lines.
The cells were exposed to different concentrations (5-80 uM) of compounds for 48 h.
XTT analysis was then used to assess cell viability. All data are repeated three times
with mean + SD. The difference from untreated control cells was identified as *p<0.01.

However, compound 3 exhibited concentration-dependent anticancer activities and its 1Cso
values were calculated as 8.19 and 23.41 puM for MCF-7 and MDA-MB-231 cell lines,
respectively. The ICsy values of other compounds were also given in Table 1. Isatin derivatives
with substituent groups (-OCH3, -F and -Cl) with different sizes and varying electronic properties
at the C-5 position have cytotoxicity effects. Isatins including methoxy group (1-4) have better
cytotoxicity activity than fluoro (5) and chloro (6) on the isatins against MCF-7 cells. When the
methoxy group is known as the electron-donating group, the fluoro and chloro atoms are electron-
withdrawing kind. Therefore, the electron-donating methoxy group connected to the C-5 position
is beneficial to the activity, while the electron-withdrawing fluorine and chlorine are harmful to
the activity. When comparing compounds 5 and 6, compound 5 was higher activity than
compound 6 due to fluoro atoms had better electronegative atoms or strong electron-withdrawing
groups than chloro atoms.
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Table 1. The ICso values of the molecules 1-6 in MCF-7 and MDA-MB-231 cell lines. The cells were exposed
to various concentrations of purposed structures between 5 to 80 uM, and the cytotoxicity was
evaluated using the XTT assay.

Inhibition of cell growth (ICs0, uM)
Compounds Ri/R2 MCE-7 MDAMB231
1 CH3/5-OCH3 18.14 > 80
2 C2Hs/5-OCH3 19.81 >80
3 CH>CH=CH2/5-OCH3 8.19 2341
4 3- OCH3C¢H4/5-OCH3 2142 >80
5 3-CICeHa4/5-F 22.67 >80
6 2-FCsH4/5-Cl 41.16 > 80
Standard Cisplatin 27.9 337

Metabolic enzymes inhibition results
hCA I and Il isoenzymes inhibition results

There is a broad variety of pharmacological uses for inhibition of these isoforms with many
classes of CA inhibitor (CAI) compounds, beginning with anti-glaucoma and diuretic agents, anti-
obesity, anti-epileptics, or anti-tumor drugs, and ending with anti-arthritis and anti-neuropathic
anti-ischemic pain drugs. Indeed, this is only possible since different hCA isozymes are involved
in very different pathologies of the 16 reported to date [43]. The findings shown in Table 2 and
Figure 1 indicate that the thiosemicarbazone derivatives with isatin (1-6) have an effective
inhibition profile against slow cytosolic isoform hCA I. The hCA I isoform was inhibited at low
nanomolar levels by these compounds (1-6), with K; varying from 2.01 + 0.35 to 21.55 + 2.56
uM. On the other hand, because of its widespread inhibition of CAs, acetazolamide (AZA), known
to be a broad-specific CA inhibitor, showed a K; value of 37.04 £ 5.47 uM against hCA 1.
Outstanding hCA I inhibitors with K; of 2.01 + 0.35 and 3.21 + 0.45 uM were obtained from the
6 and 5 inhibitors, respectively. The hCA I inhibition effects of thiosemicarbazone derivatives
including isatin (1-6) were found to be greater than that of a clinically normal CA inhibitor,
acetazolamide. For hCA I, AZA's ICsy values as positive regulation and some combinations of
thiosemicarbazone derivatives (1-6), the following order: 6 (1.57 uM, r*: 0.9661) < 5 (2.05 uM,
2 0.9913) < 4 (6.02 pM, r*: 0.9593) <1 (9.35 uM, 1% 0.9725) < AZA (35.42 pM, r*: 0.9262).
Against the physiologically dominant isoform hCA II, these compounds (1-6) demonstrated Kis
varying from 1.2440.33 to 25.03+5.48 uM (Table 2). These compounds (1-6) were observed to
have high inhibition effects on hCA II. On the other hand, standard compound AZA showed K;
of 34.55 + 4.36 uM against hCA II. The 6 and 5 had shown the most inhibition effect with K;
values of 1.24 +0.33 and 3.98 £ 0.52 uM, respectively. For hCA II, ICs values of AZA as positive
control and some compounds synthesized in this study; the following order: 6 (1.04 uM, r*
0.9790) < 5 (3.11 pM, r*: 0.9586) < 4 (4.35 pM, r*: 0.9932) <1 (6.47 uM, r*: 0.9937) < AZA
(28.37 uM, r*: 0.9454). In the prevention of altitude sickness and glaucoma treatment, the potent
CA inhibitors AZA and methazolamide have been widely used clinically as weak diuretic causes.

AChE inhibition results

Recently researchers have shown a lot of interest in the recording of AChE inhibitors. In addition,
it is also said that selective AChE inhibitors can avoid classical cholinergic toxicity [44]. The
development of new selective AChE inhibitor compounds may also provide additional benefits in
the treatment of AD. Recently, the extension of selective AChE inhibitors has been of significant
interest. The AChE inhibitory activity of thiosemicarbazone derivatives with isatin (1-6) was
significantly higher than that of normal AChE inhibitors such as Tacrine. The K; values for these
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compounds (1-6) and regular compound (tacrine) are further summarized in Table 2. As can be
seen from the results obtained in Table 2, these compounds (1-6) effectively inhibited AChE, with
K values in the range of 40.37 + 8.23 to 125.43 + 24.93 uM. However, all these compounds (1-
6) had almost similar inhibition profiles. The most active 5 showed K; values of 40.37 + 8.23 uM.
For AChE, ICs values of TAC as positive control and some novel compounds were studied in
this study the following order: 5 (48.37 uM, r*: 0.9812) <2 (92.36 uM, r: 0.9527) < 6 (98.33 nM,
1%: 0.9437) < TAC (108.20 uM, r*: 0.9767).

Table 2. The enzyme inhibition results of the compounds (1-6) against human carbonic anhydrase
isoenzymes I and II (hCA I and II), achethylcholinesterase (AChE) and a-glycosidase (a-Gly)

enzymes
I1Cs, (M) K; (UM)
(Compd. 2 5
hCAT | © |hCAT| r® |AChE| * | oGly | 2 | hCAI | hCAII | AChE a-Gly
935 [0.9725| 6.47 0.9937]104.370.9924] 993.26 [0.9612| 12.52+ | 843+ | 8327+ | 1056.47 +
1 2.14 0.94 14.84 56.07
15.48 [0.9741] 12.57 [0.9408]92.36 0.9527[1025.37[0.9632| 18.31 + | 1547 + | 72.36+ | 1003.75 +
2 3.04 2.30 7.35 111.63
17.45 [0.9889] 22.54 [0.9883[154.38/0.9487| 495.37 |0.9305] 21.55 + | 25.03 £ | 12543 + | 564.35+
3 2.56 548 | 24.93 72.06
6.02 |0.9593] 4.35 0.9932[111.25[0.9489] 734.05 |0.9698| 7.98% | 6.12+ | 9346+ | 683.437 +
4 0.97 1.04 13.44 66.58
2.05 [0.9913[ 3.11 |0.9586/48.37[0.9812] 692.11 |0.9824| 321+ | 3.98% | 4037« | 72238+
5 0.45 0.52 8.23 91.26
157 ]0.9661] 1.04 [0.9790]98.33 [0.9437] 620.38 [0.9629] 2.01+ | 124+ | 8222+ | 59438+
6 0.35 0.33 13.08 52.04
3542 [0.9262[28.37 [0.9454] - . - - [ 37.04% | 3455+ - -
AZA* 5.47 436
- N - ~ [108200.9767] - - - N 67.05+ B
TAC 23.64
e N N N N - [511.94 [0.9462] - N - 64544 =
ACR 71.04

*Acetazolamide (AZA) was used as a control for hCA I and II. **Tacrine (TAC) was used as a control for
AChE enzyme. ***Acarbose (ACR) was used as a control for a-glycosidase enzyme.

o-Glycosidase inhibition results

Several alpha-glucosidase inhibitors have recently been identified and tested. Anti-diabetic
medications such as acarbose, voglibose, and miglitol, which are used in clinical practice,
competitively suppress alpha-glucosidase in the brush boundary of the small intestine, thus
interrupting carbohydrate hydrolysis and enhancing postprandial hyperglycemia. For enzyme
glycosidase, thiosemicarbazone derivatives including isatin (1-6) have ICs, values in the range of
495.37 —1025.37 uM and K; in the range of 564.35 = 72.06 — 1056.47 + 56.07 uM (Table 2). The
results have documented that all these compounds (1-6) have shown the inhibitory effects of a-
glycosidase similar to acarbose (ICso: 511.94 M) as a standard glycosidase inhibitor. The most
effective K; values of 3 and 6 were with K; values of 564.35 + 72.06 and 594.38 + 52.04 uM,
respectively. For a-glycosidase, ICso values of ACR as positive control and some compounds (1-
6) the following order: 3 (495.37 uM, 12: 0.9305) < ACR (511.94 uM) < 6 (620.38 uM, r2:
0.9629) <5 (692.11 uM, r2: 0.9824). Diabetes management currently includes the administration
of oral hypoglycemic agents such as biguanide, thiazolidinedione, sulphonylurea, and alpha-
glucosidase inhibitors, among others.
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Molecular docking studies

Pharmacokinetics properties of all compounds were determined to understand their drug-likeness
properties and the properties have been presented in Table 3. The compounds were compatible
with Lipinski’s rule [45-47] due to molecular weight, hydrogen bond acceptor/donor, and
octanol/water partition coefficient. They exhibit great cell membrane permeability with Caco and
MDCK values and have good oral absorption properties. They also are non-toxic and don’t block
the Human ether-a-go-go-related gene (hERG) potassium channels, due to rtvFG and LogHERG
values, respectively. As a result, the compounds can be accepted as a drug their good drug-likeness
properties.

Table 3. Pharmaceutically properties of thiosemicarbazone derivatives including isatin.

Comp. | rtvFG | MW | “DHB | “AHB | “logPo/w | logHERG | Caco |"logBB | PMDCK Js/r"a?;‘g:'
1 0 | 26430 | 2.00 | 575 | 151 -4.65 583.01 | -0.67 | 60929 | 8534
2 0 | 27832 | 200 | 575 | 1.90 -4.91 667.09 | -0.73 | 66559 | 88.67
3 0 | 29033 | 2.00 | 575 | 220 -5.25 65517 | -0.82 | 653.03 | 90.24
4 0 | 35639 | 2.00 | 575 | 3.05 -6.08 730.82 | -0.84 | 703.76 | 96.11
5 0 | 34878 | 2.00 | 500 | 347 -5.99 79746 | 036 | 32197 | 100.0
6 0 | 34878 | 2.00 | 500 | 349 -6.09 72896 | 040 | 13277 | 100.0

*Reactive group (tox), "Molecular weight. “Number of hydrogen bond donors. *Number of hydrogen bond acceptors.
‘Octanol/water partition coefficient. TCso value 'for blockage of HERG K* channels._gCaco—Z cell membran
permeability, "Brain/blood partition coefficient, ‘'MDCK Cell permeability in nm/sec. Qualitative human oral
absorption.

Catalytic active sites of the enzymes were identified by analysing the crystal structures. The
sites have 1.063, 0.971, 1.090, and 1.016 of Sitescore. The scores have shown that all predicted
binding sites can be accepted as a catalytic active sites. The sites were used for the evaluation of
best-posed docking hits. Following catalytic active site detection, the induced-fit docking method
was validated by the re-docking co-crystallized ligand of each enzyme, and co-crystallized and
re-docked ligand positions were illustrated in Figure 3. The ligands have located in very close
positions with 0.446 A, 0.452 A, 0.106 A, and 0.450 A. The RMSD values have indicated that the
docking method was very reliable for analyzing possible inhibition mechanisms.

The most active thiosemicarbazone derivatives with isatin was docked with co-crystallized
ligands in the same way, and their binding affinity was calculated. In the negative direction, the
posture with the highest binding affinity score was selected as the best posture, and the binding
affinity of the compound in the best posture was listed in Table 4.

U IA A 1

AMSD =0446 4 J RAMSD=0452 A AMSD=01064 RMSD =0.450 4 )

Figure 3. Induced-fit docking method validation. a) 2,3,5,6-tetrafluoro-4-(propylsulfanyl)
benzenesulfonamide, b) 2-(but-2-yn-1-ylsulfamoyl)-4-sulfamoyl benzoic acid, c)
dihydrotanshinone I, and d) D-glucose.

The findings revealed that compounds 5 and 6 exhibited well binding affinity against hCA II
and AChE, respectively in comparison to their standard inhibitors. Also, their binding modes were
analyzed for detection of their possible inhibition mechanism. Compound 6 is well located in the
catalytic active site of hCA I enzyme via 5-chloro-2-oxoindolin-3-ylidene and hydrazine-1-
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carbothioamide moieties (Figure 4a-left). Same moieties constituted interaction with active site
residues. 5-chloro-2-oxoindolin-3-ylidene moiety formed an aromatic hydrogen bond with GIn92.
The chlorobenzene ring was surrounded by 200-207 residues (Figure 4). The most important
interactions for enzyme inhibition were constituted between the moiety and His67 as seen in
Figure 4a-right. The Trp5, His67, and His200 are located at the entrance of the active-site channel
[48]. The interactions between compound 6 and the residues may block entering the substrate.

Table 4. The binding affinity score (kcal/mol) of the most active thiosemicarbazone derivatives including
isatin among the enzyme catalytic sites.

Compounds Docking score .
hCA I hCA 11 AChE a-Glucosidase

3 - - - -4.946

> - - 9.932 -

6 -6.697 -8.251 _ N
AZA* 9.016 -9.560 _ -
TAC** - - 9.579 -

ACR*** - - - -16.933

*Acetazolamide (AZA) was used as a standard inhibitor for human carbonic anhydrase isoenzymes I, and II
(hCA 1, and II). **Tacrine (TAC) was used as a standard inhibitor for acetylcholinesterase (AChE) enzyme.
*** Acarbose (ACR) was used as a standard inhibitor for a-glycosidase enzyme taken from reference.
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Figure 4. 2D interaction mode between compounds and enzymes a) 6-hCA I, b) 6-hCA 1, ¢) 5-
ACHhE, and d) 3-a-glucosidase.
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Figure 5. Detailed interaction mode of compound 6. a) 6-hCA I and b) 6-hCA II. The position of
compounds in the catalytic active sites has presented on the left side. 3D detailed binding
mode of compounds have presented on the right side. The compounds have presented
as grey ball-stick model, amino acids have presented as residue type colored thick-tube
model. Catalytic active sites have presented as yellow solid surfaces.

In addition, compound 6 was the most active compound against hCA II enzyme. Hydrazine-
1-carbothioamide moiety formed a hydrogen bond with Asn67. Ivanova et al. [49] have indicated
that 1-N-alkylated-6-sulfamoyl saccharin derivatives inhibited hCAIl enzyme by interacting
Asn67 and GIn92. The hydrophobic region (Vall21, Vall43 and Leul98) accommodated the
chlorobenzene ring of compound 6 and flor phenyl ring formed n-m stacking interaction with
His94. 5-chloro-2-oxoindolin-3-ylidene moiety formed hydrogen bonds with Thr198 and Thr200.
The two residues are key residues for enzyme catalytic activity because they contribute its activity
by interacting with zinc-bonded water molecules in the catalytic active site (Ivanova et al 2015).
As aresult, compound 6 inhibits hCA II enzyme interacting with key residues for catalytic activity
as shown in Figure 5.

5-Fluoro-2-oxoindolin-3-ylidene moiety of compound 5 embedded in deep active site gorge
as seen in Figure 6a-left, and it formed hydrogen bonds with GIn291 and Ser293 (Figure 4c).
Besides, hydrazine-1-carbothioamide moiety formed a water-mediated hydrogen bond with
Ser293 (Figure 6a-right). Many AChE inhibitors lead to irreversible inhibition of the enzyme
through covalent modification of Ser293 [50]. For this reason, interactions between compound 5
and Ser293 were critical for enzyme inhibition. Additionally, its chlorophenyl ring interacted with
Tyr124 and Tyr431 through halogen bond and m-m stacking interaction, respectively. The
interactions that formed with peripheral site residues contributed to enzyme inhibition. Compound
3 has a low binding affinity against a-glucosidase. Because it has formed a hydrogen bond with
Asp441 via 5-methoxy-2-oxoindolin-3-ylidene moiety as seen in Figure 4d. The aromatic ring of
the moiety also formed an aromatic hydrogen bond with the same residue (Figure 6b). The
compound is well located in the catalytic active site and it blocked interactions between substrate
and catalytic active site residues.

Bull. Chem. Soc. Ethiop. 2023, 37(5)



Isatin/thiosemicarbazone hybrids: Facile synthesis 1233

Figure 6. Detailed interaction mode of compounds. a) 5-AChE, and b) 3-a-glucosidase. The
position of compounds in the catalytic active sites has presented on the left side. 3D
detailed binding mode of compounds have presented on the right side. The compounds
have presented as grey ball-stick model, amino acids have presented as residue type
colored thick-tube model. Catalytic active sites have presented as yellow solid surfaces.

CONCLUSION

Isatin-based thiosemicarbazone derivatives were investigated. The 2-oxoindolin-3-ylidene moiety
of each compound has contributed to the inhibition of hCA I, hCA II, and AChE enzymes by
interfering with the catalytic active site residues of each enzyme. However, it didn’t contribute to
the inhibition of the a-glucosidase enzyme. Furthermore, the aromatic rings in the compounds
have been key factors in the inhibition of these enzymes through interactions with hydrophobic
residues. When compared to their standard inhibitors, compounds 5 and 6 showed a high binding
affinity for hCA II and AChE, respectively. Furthermore, cytotoxicity data demonstrated
compound 3 to be more effective against both MCF-7 and MDA-MB-231 cell lines.
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