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biological activities and in silico studies
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ABSTRACT

Eight new hybrid constructs containing a series of sulfonamide and 1,2,3-triazole units were designed
and synthesized. Anticancer, antioxidant and cholinesterase activities of these hybrid structures were
investigated. In our design, the Cu(l)-catalyzed click reaction between N,4-dimethyl-N-(prop-2-yn-1-
yl)benzenesulfonamide (6) and aryl azides 8a-h was used. Antioxidant activity values of 9f (ICsqo:
229.46+0.001 ng/mL) and 9h (ICso: 254.32 +£0.002 ng/mL) hybrid structures were higher than BHT (IC5q:
286.04 £ 0.003 ng/mL) and lower than Ascorbic acid (ICsp: 63.53+0.001 ng/mL) and a-Tocopherol (ICsq:
203.21£0.002 ug/mL). We determined that the cytotoxic effects of hybrid constructs 9d (ICsq:
3.81+0.1084 uM) and 9g (ICsq: 4.317 £0.0367 uM) against A549 and healthy cell line (HDF) are much
better than standard cisplatin (ICso: 6.202 +0.0705 pM). It was determined that the AChE inhibitory
activities of all synthesized compounds were much better than Galantamine used as a standard. In
particular, 9¢ (IC5o: 13.81+£0.0026 mM) had ten times better activity than the standard Galantamine
(ICs0: 136+0.008 mM). The ADMET properties of the molecules have been thoroughly examined and
met the criteria for drug-like substances. They also have a high oral absorption rate, as they can effect-
ively cross the blood-brain barrier and are easily absorbed in the gastrointestinal tract. In vitro experi-
ments were confirmed by in silico molecular docking studies.
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1. Introduction give various side effects such as peripheral side effects, hep-
atotoxicity, and gastrointestinal system disorders (Luo et al.,
2016; Singla & Piplani, 2016). To overcome this situation,
acetylcholinesterase  (AChE) and  butyrylcholinesterase
(BUChE) enzyme inhibition studies of new molecules should
be performed. Recent studies have stated that some mole-
cules, as newly synthesized sulfonamide derivatives, exhibit
AChE inhibition at very low concentrations (Hamedi et al.,
2020; Koksal et al., 2019; Turkan et al., 2018).

Cancer is a non-communicable disease and is the second
leading cause of death after cardiovascular disease (Malani
et al, 2017). The increased mortality in patients affected by
cancer is due to the failure of traditional therapeutic tools
such as radiation therapy and surgical approaches (Kamal
et al., 2008). Therefore, chemotherapeutic strategies often
involve the development of small molecule anticancer agents
that can be administered via bloodstream action targeting
both cancers and metastasized colonies (Liu et al., 2016;

Alzheimer’s disease (AD) is the most common chronic neuro-
degenerative disease faced by the increasing elderly popula-
tion due to prolonging the human lifespan (Bag et al., 2015).
It is estimated that the number of dementia patients in the
world is 50 million at present, of which 30-35 million are
Alzheimer's patients. The disease’s occurrence depends on
genetic and environmental risk factors (Kung et al., 2001).
The most significant known risk factor is age; As you age,
the likelihood of disease progression increases, but it is not
an inevitable part of aging. While memory initially deterio-
rates, attention, language, visuospatial skills, perception, and
problem-solving decline. In addition, personality changes and
behavioral and psychiatric symptoms (delusions, hallucina-
tions, affective disorders, etc.) are added. Eventually, the dis-
ease progresses to loss of bodily function and, ultimately,
death (Davis, 1976; Martin Prince et al, 2015). To treat
Alzheimer’s disease, inhibition of the enzyme acetylcholin-

esterase (AChE) is an important target, and AChE inhibitors
are the primary drugs for treating this disease. Current AD
drugs such as enzyme inhibitors donepezil, rivastigmine, and
Galantamine, currently used for therapeutic purposes, pro-
vide symptomatic relief by increasing acetylcholine levels
and inhibiting acetylcholinesterase (AChE). Still, they also

Penthala et al., 2015). Therefore, great emphasis has been
placed on reliable drug evaluation based on anticancer
agents. Anticancer activities of natural compounds or new
organic molecules are being studied. Due to the ineffective
chemotherapy caused by drug resistance in cancer treatment
and the inability of many drugs to differentiate between
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cancerous cells and normal cells, research studies of agents
with fewer side effects continue intensively (Duan et al.,
2013; Stefely et al., 2010).

Since molecules containing heteroatoms have a wide
range of biological activities, they are significant in pharma-
ceutical chemistry. It is known that triazoles, which are het-
erocyclic molecules, are also important. Compounds
containing 1,2,3-triazole groups in their structure have been
the subject of intense research in the field of medicinal
chemistry because of their high stability against strong oxi-
dizing and reducing environments, their tendency to make
hydrogen bonds, and their easy binding to biomolecular
regions as they increase their solubility (Bonandi et al., 2017;
Dalvie et al., 2002; Horne et al., 2004). 1,2,3-triazoles have
become important building blocks in the field of drug dis-
covery due to their unique properties, such as being stable
against metabolic degradation, having the ability to form
hydrogen bonds that can easily support the binding of bio-
molecular targets and increasing solubility (Aziz Ali, 2021).
There are triazole drugs currently on the market. Cefatrizine
(1), tazobactam (2), rufinamide (3) are some of them
(Figure 1). Structural features of 1,2,3-triazole it is common
for them to be used as a bioisostere in synthesizing new
active molecules by mimicking different functional groups
(Bonandi et al., 2017). The 1,2,3-triazole core provides a var-
iety of pharmacophore properties, and hybrid structures are
generally considered "precursor compounds" when they con-
tain or are fused to a 1,2,3-triazole ring (Bozorov et al., 2019).

In biomedical uses, sulfonamides are well tolerated and
exhibit a wide range of biological effects, including diuretic,
anticancer, antithyroid, antibacterial, anti-carbon anhydrase,
antidiabetic, hypoglycemia and analgesic (Bag et al., 2015;
Casini et al, 2002; Geng¢ et al., 2008; Santos et al., 2006).
According to reports, sulfonamides are among the precursors
of chemotherapeutic medicines and can be used to treat the
symptoms of AD. These chemicals are routinely employed to
prevent and treat any diseases (Kofaczek et al., 2014).

As described above, sulfonamides and triazole derivatives
show very important biological properties. We know very
well from our previous studies that some triazole derivatives
show anticancer, AChE and BuChE inhibitory and antioxidant
properties (Cot et al., 2022; 2022; Sahin et al, 2021; 2022a;
2022b).

In our study of the synthesis of diarylmethanol com-
pounds with 1.2,3 triazole skeletons, 14 (6éa-n) hybrids were
synthesized and their anti-cancer and antioxidant properties
were studied. The antioxidant activity of other compounds
(6k) other than a compound of the triazole derivatives
studied has been found to have IC50 values lower than
those of trolox, the reference anti-oxidant, and these triazol

3G

Figure 1. Triazole based drugs currently on the market.
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derivatives have been shown to have high antioxidants activ-
ity. On the other hand, in vitro anti-cancer activity on the
PC3 (human prostate carcinoma) cell line of the synthesized
compounds was studied and the study concluded that a
compound (6e) had the lowest IC50 value compared to the
reference substance 5-FU (IC50:40.89 M) and had a higher
anticancer activity. However, one compound (6a) has been
found to have very high IC50 values (IC50: 583.53 uM) and to
have weak anti-cancer activity (Cot et al., 2022).

In another study, we synthesized eight (6a-h) azide deriv-
atives that participated in the structure of new 1,2,3 triazols
and studied their anti-cancer and antioxidant activities. All
compounds except one compound (6e) have been shown to
have more DPPH radical scavenging capacity than BHT and
B-carotene standards. According to ABTS radical cutting stud-
ies, all compounds showed higher cutting activity than ascor-
bic acid and Trolox. The anti-cancer activity of the
synthesized compounds was determined using the Hela cell
line and compared to cisplatine (IC50: 16.30pug/mL).
Compound 6a (IC50: 49.03 ng/mL) has a moderate level of
activity compared to cisplatin (Sahin et al., 2022a).

In another study, where eight new triazole compounds
(7a-h) were synthesized that included ester groups, the com-
pound’s anti-cancer and antioxidant activities were studied.
It has been determined that all synthesized compounds
exhibit antioxidant activity depending on the dose. Hela cell
line was used to determine the anti-cancer activity of the
compounds and compared with cisplatine  (IC50:
16.30 ug/mL). It has been concluded that 7g of the com-
pound (IC50: 19.78 png/mL) has close activity with cisplatin
(Sahin et al., 2023a).

Given our current studies with previous studies that
looked at their anti-cancer and anti-antioxidant activities by
synthesizing 1,2,3 triazole derivatives comprising different
pharmacophore groups, it has been observed that the com-
pounds have high, medium and low levels of antioxidant,
anticancer, AChE and BuChE inhibitor properties depending
on the pharmacaphore groups and dosage they have.

The synthesis of sulfonamide-functionalized triazoles is
important for the investigation of their biological activities
and the development of drug-candidate compounds. In this
study, we aimed to synthesize a series of 1,2,3-triazole deriv-
atives to determine theirs in vitro and in silico properties.

In summary, considering the results of previous studies
with sulfonamide and triazole derivatives, it was thought
that these derivatives could have anti-cancer, antioxidant,
and anticholinesterase activity, and the design and validation
of compounds by silico analysis. Eight studies of the bio-
logical activity of sulfonamide and triazole-derived com-

pounds (anti-cancer, antioxidant, and anticholinesterase)
H_
=: N =N



designed with silico analyses were conducted and the results
of the biological activity study with in silico were consistent.

2. Materials and methods
2.1. Apparatus and chemicals

All reagents and solvents were purchased from Aldrich.
Costech ECS 4010 device was used for element analysis,
Perkin Elmer Spectrum 400 device was used for FTIR spectra,
Bruker 400 MHz NMR device was used for NMR analysis.

2.2. Synthesis of N,4-dimethylbenzenesulfonamide
compound (5)

Compound 5 was synthesized according to the method
given in the literature (Eggler, 1995). 4-methylbenzenesul-
fonyl chloride (4) (1 mmol) was dissolved in CH,Cl, (30-
40mL) and methylamine (8.3 mmol) was added dropwise at
0°C and stirred at the same temperature for ~2h. The reac-
tion progress was checked with TLC (Thin Layer
Chromatography). After the reaction was complete, the solv-
ent was removed by rotary evaporation. The substance was
taken to the ethyl acetate phase and extracted with 10%
NaHCOs (30 mL) solution. The organic phase was dried over
Na,SO,, filtered and the solvent was removed on a rotary
evaporator.

2.3. Synthesis of N,4-dimethyl-N-(prop-2-yn-1-
yl)benzenesulfonamide compound (6)

Compound 6 was synthesized following the given literature
(De Nisi et al., 2016). Compound 5 (1 mmol) was dissolved in
acetone (30 mL). K;CO5; (2 mmol) was added to it and after it
was stirred at room temperature for ~20min, propargyl
bromide (2mmol) was added and refluxed at 85°C over-
night. The reaction progress was checked with TLC. After the
starting material was completely consumed, the solvent was
removed in a rotary evaporator. The material taken into the
ethyl acetate phase was extracted with 1M HCl (30 mL). The
organic phase was dried over Na,SO,, filtered and the solv-
ent was removed on a rotary evaporator.

2.4. Synthesis of azides (8a-h) and triazole compounds
(9a-h)

Azides and triazole compounds (Figure 2) were synthesized
according to the method in the literature (Sahin et al., 2021).
N,4-dimethylbenzenesulfonamide (5) (CgH;;NO,S): Yield:
92%, m.p.: 73-75°C, colour: white, FTIR: 3261, 2979, 2923,
1314, 1306, 1153, 820. '"H NMR (400 MHz, CDCl3) & 7.77 (d,
J=8.3Hz, 2H), 7.34 (d, J=8.0Hz, 2H), 4.67 (d, J=4.8Hz, TH),
2.65 (d, J=>5.4Hz, 3H), 2.45 (s, 3H). ">*C NMR (100 MHz, CDCls)
0 143.51, 135.79, 129.74, 127.28, 29.30, 21.52. Mol. Weight =
185.1 g/mol.
N,4-dimethyl-N-(prop-2-yn-1-yl)benzenesulfonamide (6)
(Cy1H13NO,S): Yield: 92%, m.p.: 93-94°C, colour: yellow, FTIR:
3277, 3052, 2963, 2931, 2891, 2124, 1326, 1159, 905. 'H NMR
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(400 MHz, CDCl5) 6 7.73 (d, J=8.2Hz, 2H), 7.33 (d, J=7.9Hz,
2H), 4.04 (d, J=2.2Hz, 2H), 2.84 (s, 3H), 2.45 (s, 3H), 2.10 (s,
TH). 3C NMR (100MHz, CDCl;) & 143.72, 134.17, 129.54,
127.91, 76.35, 74.00, 39.76, 34.29, 21.53. Mol. Weight =
223.2 g/mol.
N-((1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-N,4-
dimethylbenzenesulfonamide (9a): Yield: 84%, m.p.. 110-
111°C, colour: Grey, FTIR: 3127, 3004, 2840 (C-H), 1595,1519
(C=C), 1455 (N=N), 1345 (C-N), 1329 (S=0), 1256, 1230 (C-
0). '"H NMR (400MHz, CDCl;) & 791 (s, 1H), 7.74 (d,
J=79Hz, 2H), 7.62 (d, J/=8.6Hz, 2H), 7.37 (d, J=7.8Hz, 2H),
7.04 (d, J=8.6Hz, 2H), 4.42 (s, 2H), 3.89 (s, 3H), 2.81 (s, 3H),
247 (s, 3H). '*3C NMR (100MHz, CDCl;) & 159.95, 143.73,
134.55, 130.38, 129.83, 127.48, 127.27, 122.08, 121.28, 114.82,
55.64, 45.63, 35.04, 21.52. Anal. calcd for CygH50N403S (%): C:
58.05; H: 5.41; N: 15.04; S, 8.61; Found (%): C: 58.01; H: 5.38;
N: 15.05; S, 8.58.
N,4-dimethyl-N-((1-(p-tolyl)-1H-1,2,3-triazol-4-yl)methyl)ben
zenesulfonamide (9b): Yield: 91%, m.p.: 114-116°C, colour:
Cream, FTIR: 3127, 2922 (C-H), 1597,1517 (C=C), 1458
(N=N), 1348 (C-N), 1333 (S=0). "H NMR (400 MHz, CDCl5) &
794 (s, 1H), 7.74 (d, J=8.3Hz, 2H), 7.60 (d, J=8.4Hz, 2H),
740—7.32 (m, J=11.4, 83Hz 4H), 443 (s, 2H), 2.81 (s, 3H),
247 (s, 3H), 2.45 (s, 3H). "*C NMR (100 MHz, CDCl3) & 143.73,
139.05, 134.67, 134.60, 130.28, 129.83, 127.48, 120.37, 45.62,
35.04, 21.51, 21.09. Anal. calcd for C;gH,0N40,S (%): C, 60.65;
H, 5.66; N, 15.72; S, 8.99; Found (%): C: 60.59; H: 5.68; N:
15.75; S, 8.95.
N-((1-(4-isopropylphenyl)-1H-1,2,3-triazol-4-yl)methyl)-N,4-
dimethylbenzenesulfonamide (9¢): Yield: 81%, m.p.: 109-
110°C, colour: Cream, FTIR: 3130, 2958, 2922, 2868 (C-H),
1599,1522 (C=C), 1462 (N=N), 1346 (C-N), 1330 (S=0). "H
NMR (400 MHz, CDCl3) 6 7.94 (s, 1H), 7.74 (d, J=8.2Hz, 2H),
7.63 (d, J=8.5Hz, 2H), 7.42 —7.35 (m, J=9.0Hz, 4H), 4.43 (s,
2H), 3.07 —2.95 (m, 1H), 2.81 (s, 3H), 2.47 (s, 3H), 1.32 (d,
J=6.9Hz, 6H). *C NMR (100 MHz, CDCl5) & 150.00, 143.72,
134.84, 134.59, 129.83, 127.72, 127.48, 120.50, 45.63, 35.03,
33.84, 23.87, 21.51. Anal. calcd for C50H24N40,S (%): C, 62.48;
H, 6.29; N, 14.57; S, 8.34; Found (%): C: 62.50; H: 6.25; N:
14.53; S, 8.36.
N-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-N,4-dim
ethylbenzenesulfonamide (9d): Yield: 85%, m.p.: 160-161°C,
colour: Light green, FTIR: 3118, 3065 (C-H), 1597,1501 (C=C),
1452 (N=N), 1344 (C-N), 1329 (S=0), 547 (C-Cl). '"H NMR
(400 MHz, CDCl3) 6 8.00 (s, 1H), 7.75 (d, J=8.3Hz, 2H), 7.70
(d, J=89Hz, 2H), 7.54 (d, J=89Hz 2H), 7.38 (d, J=7.9Hz,
2H), 4.43 (s, 2H), 2.82 (s, 3H), 2.47 (s, 3H). ">*C NMR (100 MHz,
CDCl;) & 143.81, 135.42, 134.74, 13455, 129.99, 129.86,
127.47, 121.62, 121.10, 45.60, 35.13, 21.53. Anal. calcd for
Cy7H417CIN4OSS (%): C, 54.18; H, 4.55; N, 14.87; S, 8.51; Found
(%): C: 54.20; H: 4.50; N: 14.83; S, 8.49.
N-((1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-N,4-dim
ethylbenzenesulfonamide (9e): Yield: 93%, m.p.: 142-144°C,
colour: Grey, FTIR: 3122, 3069 (C-H), 1599,1513 (C=C), 1452
(N=N), 1331 (S=0), 1154 (C-F). '"H NMR (400 MHz, CDCl5) &
798 (s, 1H), 7.77—-7.69 (m, 4H), 738 (d, J=8.1Hz, 2H),
7.28 —7.22 (m, 2H), 4.43 (s, 2H), 2.82 (s, 3H), 2.47 (s, 3H). "°C
NMR (100MHz, CDCl;) & 143.79, 134.55, 129.86, 127.47,
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Figure 2. Schematic representation of the synthesis steps of 9a—h compounds.

122.51, 12243, 121.32, 116.90, 116.67, 45.61, 35.11, 21.53.
Anal. calcd for C;7H;7,FN4O5S (%): C, 56.65; H, 4.75; N, 15.55;
S, 8.90; Found (%): C: 56.67; H: 4.74; N: 15.53; S, 8.93.
N,4-dimethyl-N-((1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)me-
thyl)benzenesulfonamide (9f): Yield: 73%, m.p.: 170-172°C,
colour: Yellow, FTIR: 3122, 3096, 2911, 2815 (C-H), 1594,
(C=0Q), 1514 (N-0), 1454 (N=N), 1334 (S=0). 'H NMR
(400 MHz, CDCl5) 6 8.45 (dd, J=9.1, 1.1 Hz, 2H), 8.19 (s, TH),
8.00 (dd, J=9.1, 1.1Hz, 2H), 7.75 (d, J=7.3Hz, 2H), 7.39 (d,
J=83Hz, 2H), 4.46 (s, 2H), 2.84 (s, 3H), 2.48 (s, 3H). >°C NMR
(100 MHz, CDCl5) & 147.35, 145.49, 143.96, 141.03, 134.43,
129.92, 127.45, 125.56, 121.19, 120.51, 45.56, 35.26, 21.54.
Anal. calcd for Ci7H7N50,4S (%): C, 52.71; H, 4.42; N, 18.08; S,
8.28; Found (%): C: 52.73; H, 4.40; N, 18.11; S, 8.25.
Ethyl-4-(((N,4-dimethylbenzenesulfonamido)methyl)-1H-1,2,
3-triazol-1-yl)benzoate (99): Yield: 83%, m.p.: 138-140°C, col-
our: Light yellow, FTIR: 3124, 3096, 2987, 2915 (C-H), 1711
(C=0), 1598, 1518 (C=C), 1444 (N=N), 1366 (C-N), 1328
(S=0), 1274 (C-0). '"H NMR (400MHz, CDCl;) & 8.24 (d,
J=8.7Hz, 2H), 8.08 (s, 1H), 7.85 (d, J=8.8Hz, 2H), 7.75 (d,
J=8.1Hz, 2H), 7.38 (d, J=8.1Hz, 2H), 449 —4.41 (m, 4H),
2.83 (s, 3H), 2.48 (s, 3H), 1.46 (t, J=7.1Hz 3H). '3C NMR
(T00MHz, CDCl5) & 165.38, 144.79, 143.84, 139.86, 134.54,
131.34, 130.80, 129.88, 127.47, 121.02, 119.84, 61.48, 45.59,
35.16, 21.54, 14.31. Anal. calcd for C5oH25N404S (%): C, 57.96;
H, 5.35; N, 13.52; S, 7.73; Found (%): C: 57.94; H, 5.36; N,
13.50; S, 7.74.
N-((1-(4-acetylphenyl)-1H-1,2,3-triazol-4-yl)methyl)-N,4-dim
ethylbenzenesulfonamide (9h): Yield: 57%, m.p.: 159-160°C,
colour: Yellow, FTIR: 3124, 2923 (C-H), 1675 (C=0), 1602,
1518 (C=0C), 1442, 1412 (N=N), 1344 (C-N), 1326 (S=0),
1266 (C-CO-C). "H NMR (400 MHz, CDCl5) & 8.14 (d, J=8.7 Hz,
2H), 8.10 (s, 1H), 7.87 (d, J=8.7Hz, 2H), 7.74 (d, J=8.2Hz,
2H), 7.37 (d, J=8.1Hz, 2H), 4.45 (s, 2H), 2.83 (s, 3H), 2.68 (s,
3H), 2.46 (s, 3H). '*C NMR (100 MHz, CDCl3) & 196.52, 144.88,
143.85, 139.92, 137.01, 134.51, 130.12, 129.88, 127.46, 121.03,
120.03, 45.58, 35.17, 26.67, 21.53. Anal. calcd for C;9H,oN,03S
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(%): C, 59.36; H, 5.24; N, 14.57; S, 8.34; Found (%): C: 59.38; H,
5.23; N, 14.55; S, 8.32.

2.5. X-ray structures solution and refinement for the
compounds

The method for single crystal X-ray crystallographic data for
compounds 9a-e is given in the supplementary section.
Table 1 provides the crystal data and refining information.

2.6. Biological assays

Methods of all biological activity (ABTS, DPPH, Cuprac, AChE,
BuChE and anticancer) studies of compounds (9a-h) are
given in the supplementary section.

2.7. In silico ADMET and molecular docking studies

The method of in silico studies is shown in detail in the sup-
plementary section.

3. Results and discussion
3.1. Chemistry

The synthesis of hybrid structures containing targeted 1,2,3
triazole and N-methyl-toluenesulfonamide groups was carried
out by means of "click chemistry". For this purpose, firstly,
aryl azides (8a-h) were synthesized. Then, N,4-Dimethyl-N-2-
propyn-1-ylbenzenesulfonamide (6) compound was synthe-
sized with the help of N,4-dimethylbenzenesulfonamide (5)
and propargyl bromide. Hybrid structures were synthesized
in high yields from the Cu(l) catalyzed reaction of N,4-
Dimethyl-N-2-propyn-1-ylbenzenesulfonamide  and aryl
azides. Structural characterization of the synthesized com-
pounds was elucidated using FT-IR, X-ray, 'H("*C)-NMR and
elemental analysis techniques (Figure 1).
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3.2. Spectroscopic characterization of the 9a-h
compounds

Common analytical methods (FT-IR, X-ray, 'H(*3C)-NMR and
elemental analysis) were used in the characterization of these
new hybrid structures and spectroscopic data were given in
the experimental section. The presence of characteristic
bands in the FTIR spectra of hybrid forms confirms the
structures.

Characteristic signals of aryl azide and alkyne units
observed around 2132-2091cm™' in FTIR spectra disap-
peared. This indicates that the relevant functional groups
have reacted. In addition, new signal pairs, which should be
present in triazole hybrid structures and reveal the presence
of -SO,— groups, are seen at approximately 1400-1300 and
1200-1000cm~". The characteristic carbonyl band, which
should be present in 9g and 9h structures, is also seen at
1711 and 1675cm™" (Figures $1-518).

The 'H("3C)-NMR data of the hybrid structures are given
in the experimental section, and their spectra are given in
the auxiliary materials (Figures S19-S38). NMR spectra of all
structures will not be discussed individually but will be
explained with the help of 'H('3*C)-NMR spectra of com-
pound 9a as a model. It belongs to a proton in the singlet
triazole ring observed at 9.91 ppm in the spectrum (Figure
S23). The protons of the phenyl rings in the hybrid structure
resonated, giving two separate AB systems. AB system given
by aryl protons belonging to the tosyl group is seen at 7.74
(d, J=7.9Hz) and 7.37 (d, J=7.8Hz) ppm. The AB system of
the protons of the phenyl ring attached to the triazole is
seen at 7.62 (d, J=8.6Hz, 2H) and 7.04ppm (d, J=8.6Hz,
2H). Methylene protons adjacent to the nitrogen in the struc-
ture gave singlet at 4.42ppm, and methoxy protons at
3.89 ppm. The singlets seen at 2.81 and 2.47 ppm belong to
the methyl groups attached to the nitrogen atom and in the
tosyl group.

In the "*C-NMR spectrum of triazole 9a (Figure $24), aro-
matic carbon signals appear in the range of 159.95-
114.82ppm. In the spectrum, the resonance signal of
methoxy carbon is seen at 55.64 ppm, the signals of methy-
lene and methyl carbons adjacent to nitrogen are seen at
45.63 and 35.04ppm. The methyl carbon in the tosyl group
is seen at 21.52ppm. The 'H and '*C-NMR spectra of the
structures are in full agreement with the structures.

3.3. Crystal structures of 9a-9e

Crystal structures of compounds 9a-e are given Figure 3.
The structures of all compounds are similar differing princi-
pally in the substitute group on the phenyl ring (C12-C17).
In all compounds, the bond distances and angles in the sul-
fonamide unit are within the range of expected values. The S
atom in the compounds show a distorted tetrahedral geom-
etry and the S-O bond distances are within the range of
1.426-1.433A, comparable to those reported structures
(Perlovich et al.,, 2013). In the structures, 1,2,3-triazole rings
show the aromatic character with expected bond lengths
and angles (Cunha et al., 2016). In the structures of all
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compounds (9a-e), molecules are linked by C-H-----N interac-
tions forming supramolecular chains. Packing diagram of
compound 9a showing C-H----N contacts is given in
Figure 4. The crystal structures of the compounds are further
stabilized by C-H-----O and C-H-----m contacts.

3.4. Antioxidant activity

Antioxidant properties, especially radical scavenging activ-
ities, are very important due to the removal of harmful
effects of free radicals in biological systems. DPPH® and
ABTS** have been widely used to analyze the free radical
scavenging efficacy of various antioxidant substances. In this
study, the antioxidant activity of the newly synthesized com-
pounds 9a-h and standard antioxidants such as, BHT,
a-Tacoferol and Ascorbic acid were determined using DPPH®
and ABTS®" methods. The samples were examined for their
radical scavenging capabilities ranging between 12.50 and
100 ng/mL concentrations. Table 2 defines a significant
decrease (p < 0.05) in the concentration of DPPH® radical due
to the scavenging ability of compounds and standards.

The scavenging effect of compounds 9a-h and standards
on the DPPH® radical decreased in the order of Ascorbic
acid > a-Tacoferol > 9f> 9h > BHT > 9d > 9b > >
9g >9a > 9c > 9e, which were 78.70, 24.63, 44.08, 21.79,
19.66, 17.48, 17.40, 15.82, 14.78, 13.61, 13.55, 11.90% at the
concentration of 100 ug/mL, respectively. Free radical scav-
enging activity of these samples also increased with an
increasing concentration. DPPH® radical scavenging activity is
shown in Figure 5.

ICso values of DPPH® radical scavenging was found as
367.37 ug/mL for 9a, 316.05 ug/mL for 9b, 369.01 ug/mL for
9¢, 287.35 ug/mL for 9d, 420.16 pg/mL for 9e, 229.46 ng/mL
for of, 33829ug/mL for 9g, 25432ug/mL for 9h,
203.21 pg/mL for a-Tacoferol, 63.53 pg/mL for Ascorbic acid,
286.04 ug/mL for BHT. The DPPH® scavenging effect of all
compounds and standards decreased in the following order:
of Ascorbic acid > a-Tacoferol > 9f> 9h>BHT > 9d > 9b >
9g>9a > 9c > 9e. A lower IC5o value indicates a higher
DPPH® free radical scavenging effect (Table 2). The DPPH
activity of 9f and 9h are higher than BHT, while the lowest
activities belong to 9d, 9b, 9g, 9a, 9¢c and 9e.

All tested compounds exhibited effective radical scaveng-
ing activity against ABTS®" radicals (p>0.001). As seen in
Figure 4, all compounds had effective ABTS®" radical scav-
enging activity in a concentration dependent manner (12.5-
100 ng/mL). The scavenging effect of compounds and stand-
ards on the ABTS®" radicals decreased in the order of
Ascorbic acid > o-Tacoferol > BHT > 9¢ > 9e > 9b >9h >
9d > 9f > 9g>9a, which were 93.10, 72.30, 66.43, 66.26,
65.41, 64.67, 64.10, 63.41, 63.47, 62.84, 62.27% at the concen-
tration of 100png/mL, respectively. Free radical scavenging
activity of these samples also increased with an increasing
concentration.

ICso values for compounds 9a-h were calculated as
10.25 pg/mL for 9a, 15.36 ng/mL for 9b, 10.45 ng/mL for 9c,
10.02 ug/mL for 9d, 10.05 pug/mL for 9e, 10.20 ug/mL for 9f,
10.22 pg/mL for 9g, 10.19 ng/mL for 9h. On the other hand,
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Figure 3. Thermal ellipsoid (50% probability) plots for 9a-e with atom numbering.

ICso values were found as for 8.74 ug/mL for ascorbic acid,
9.58ug/mL for BHT and, 11.25pg/mL for a-Tacoferol
(Table 2). The ABTS®" scavenging effect of all compounds
and standards decreased in the following order of Ascorbic
acid >a-Tacoferol >BHT > 9¢ > 9e > 9b >9h > 9d > 9f >
9g>9a. As with the DPPH® method, a lower ICso value indi-
cates a higher ABTS®' radical scavenging ability. All com-
pounds showed similar ABTS®* radical scavenging ability to
standarts.

The values of the CUPRAC method, in which the chromo-
genic neocuproine was used as the oxidizing agent, are
shown in Table 2. All synthesized compounds showed less
activity than a-Tocopherol, and ascorbic acid. The 9d, 9f, 9g,
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and 9h are active compounds. At the same concentration
(100 pg/mL), reducing capacities decreased in the order of
Ascorbic acid > a-Tocopherol >9f > 9g>9h > 9¢>BHT >
9b > 9e > 9a > 9d.

3.5. Cholinesterase enzymes inhibition assay

Cholinesterase inhibitors (ChE) are among the most impor-
tant therapeutic agents in the treatment of Alzheimer's dis-
ease (AD). Cognitive function was found to be stable for
approximately one year in approximately 50% of the patients
examined (Giacobini, 2001, 2004). Studies have shown that
both acetylcholinesterase (AChE) and butyrylcholinesterase
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(BUChE) play a role in breaking down acetylcholine in the
brain. It is known in the literature that dual inhibition of
these enzymes will increase the efficacy of treatment of the
disease (Anand & Singh, 2013; Raina et al., 2008). All synthe-
sized compounds were investigated for their properties as
AChE and BuChE inhibitors. The inhibitory potency of the
synthesized compounds was defined as half the maximum
inhibitory concentration, IC50. Enzymes (electric eel acetyl-
cholinesterase (AChE) and horse serum butyrylcholinesterase
(BUChE) were commercially procured and inhibition studies
of all compounds were performed in-vitro using the spectro-
photometric method. Galantamine was used as the standard
drug. The results are summarized in Table 3. It is evident
that most of the synthesized compounds exhibit good to
moderate inhibitory activities. 1Csq values for AChE range
from 13.81 to 38.98uM and for BuChE from 172.46 to
52.48 uM. All synthesized compounds were found to be sig-
nificantly active against AChE from BuChE. Experimental
results showed that these compounds are relatively more
inhibitors of AChE compared to BuChE. This result is attrib-
uted to the relatively smaller active site of the AChE enzyme,
which is able to assimilate the smaller one. In contrast to the
broader active region of the BUChE enzyme, although all the
structural features were actively involved in the inhibitory
activity, the variation of different groups on the main

Figure 4. The C-H----:N interactions along the axis in the structure of 9a.

—o— Ascorbicacid —#—BHT —&— a-Tacoferol

DPPH

N

o
)

Absorbance 570nM

0 20 40 60 80
Concentrations (ug/mL)

100 120

structural motif was actually responsible for the change in
inhibitory potential. Compound (9¢) containing isopropyl at
the 4’ position of the phenyl ring is the most active AChE
(IC50=13.81 uM) among the series. The compound with the
second best AChE (ICso = 15.13 uM) inhibitory property is
the compound (9a) containing the -OMe group. Effects of
-OMe groups the hydrophobic character of the flexible
group and the presence of -O atoms as potential proton
acceptors in hydrogen bond formation may provide access
to the enzyme binding site. Mainly, this alkyl group is
thought to result from hydrophobic interactions with the
nonpolar pockets of the predicted enzymes. The next most
potent dual inhibitor is compound (9h) containing a methyl
ketone group at the 4’ position of the phenyl ring (IC5o=
15.53uM for AChE and 56.45uM for BuChE). Similar to
Galantamine, it has a small selectivity for AChE over BuChE
(Orhan et al., 2019). Interestingly, compounds (9¢) and (9a)
are much weaker inhibitors to BuChE compared to AChE,
indicating that these compounds can serve as selective
inhibitory agents for AChE.

3.6. Enzyme kinetics

The 1Cso values of 8 compounds and Galantamine selected in
the enzyme activity assay against AChE and BuChE are given
in Table 3. The selectivity index (Sl) was calculated to deter-
mine whether the compounds were selective for enzymes. It
can be determined that compounds with a selectivity index
greater than one may be more selective for that enzyme. It
is known that compounds with a lower ICsq value greater
than one is more selective against AChE, but those close to
one exhibit dual inhibition. The results clearly show that 8
synthesized compounds are AChE inhibitors. As compounds
9a and 9c¢ showed almost 10 times higher enzyme inhibition
than Galantamine, enzyme kinetic studies of these com-
pounds were performed.

Acetylthiocholine iodide was used as substrate for AChE
inhibition. The Lineweaver-Burk plot of 1/V versus substrate
1/[S] in the presence of different inhibitor concentrations (5,
10 and 20 uM) resulted in a series of solid lines for AChE as
shown in Figure 5. The type of inhibition of compounds, ie
whether they are competitive or not, can be determined by
the Lineweaver-Burk plot. Inhibition-type competitive graphs

9a —8—9b ——9c —8—9d —8—9e¢ —0—9f —8—9g —8—9h

04 -

ABTS

0,35 4

o
w
L

0,25

0,15

Absorbance (734nm)
o =}
- N

0,05

0

0 20 40 60 80
Concentrations (ug/mL)

Figure 5. DPPH and ABTS free radical scavenging activity of different concentrations (12.5-100 ug/mL) of compound 9a-h and reference antioxidants; BHT,
o-Tacoferol and Ascorbic acid (BHT: butylated hydroxytoluene; DPPH: 1,1-diphenyl-2-picryl-hydrazyl free radical).
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Table 2. Determination of half maximal concentrations (ICso, ng/mL) of compounds 9a-h and standards for DPPH®, ABTS®*

scavenging and (Cu>") reducing capacity.

ABTS** scavenging 1Cso

Cu*™- Cu™ reducing Asso*

Compounds DPPH* scavenging ICso
Ascorbic acid 63.53+0.001
BHT 286.04 +0.003
a-Tacoferol 203.21+0.002
9a 367.37 £0.001
9b 316.05 £ 0.004
9c 369.01 +0.005
9d 287.35+0.001
9e 420.16 +0.006
of 229.46 +0.001
99 338.29+0.001
%h 254.32+0.002

8.74+0.002 0.299 +0.002
9.58 £0.003 0.066 +0.001
11.25+0.003 0.102 +0.001
10.25+0.001 0.065 +0.001
15.36 +0.003 0.066 +0.005
10.45+0.001 0.071+0.003
10.02+0.004 0.063 +0.001
10.05 +0.005 0.066 +0.001
10.20 +0.002 0.087 +0.013
10.22+0.003 0.087 +0.005
10.19+0.001 0.083 +0.001

Table 3. AChE and BuChE enzyme inhibition results of 9a-h compounds and
standard Galantamine.

ICs0 (LM)

Selectivity (SI)
Compounds EeAChE eqBuChE EeAChE/eqBuChE
9a 15.13+0.050 109.26 + 0.40 7.22
9b 38.98 £0.035 163.93 £ 0.07 4.20
9c 13.81+£0.0026 122.81+6.13 8.89
9d 26.56 £0.032 172.46 + 1.86 6.49
9e 33.93+£0.035 156.59 + 2.05 461
of 21.14£0.047 92.66 +0.42 4.38
99 26.79 +0.0053 5248 +0.27 1.96
9h 15.53 +£0.0045 5645+1.0 3.63
Galantamine 136 +0.008 82+0.15 1.65

have non-diagonal parallel lines (Makarian et al., 2022). If the
x and y axes do not intersect at the same point as the lines,
it is called a mixture type. If they intersect at the same point
on the y-axis but have different slopes and intersections,
they are reported as competitive. Non-competitive have the
same intersection on the x-axis but different slopes and
intersections on the y-axis. According to the above-men-
tioned studies, a competitive inhibition was attributed to
AChE for 9a compound, while a mixed type of inhibition was
found for the 9c¢ compound. The slopes and intersections
increase with increasing concentration of inhibitor. A second-
ary plot of the slope versus inhibitor concentration was plot-
ted and the inhibition constant (Ki) found to be 0.23 and
0.26 UM was calculated (Figure 6).

3.7. Anticancer activity results

The cytotoxicity of compounds 9a-h was evaluated against
A549 (non-small cell lung carcinoma) cell lines by CVDK.
Anticancer activities of synthesized compounds 9a-h were
compared with cis-platin using the CVDK assay. Cis-platin,
one of the most used anticancer drug in cancer, was used as
a positive control (ICso value for A549 cell line: 6.202 uM)
(Reedijk, 1996). According to the ICsy values of the newly
synthesized compounds, compounds 9d (ICs, = 3.81uM)
and 9g (ICso= 4.317 uM) showed quite strong activity against
the A549 cell line compared to cis-platin. Of the compounds,
9¢ (IC50=7.087 uM) and 9h (IC5o= 6.979 uM) showed anti-
cancer activity close to cis-platin. These molecules with the
strongest activity values have, respectively, Cl, ester, isopro-
pyl and ketone groups at the 4’ position of the phenyl ring.
It can be said that substituents other than isopropyl have
strong activity values dye to their bulky groups, polar-apolar
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centers and H bonds. On the other hand, the isopropyl
group is thought to show activity as it can make hydropho-
bic interactions with apolar pockets of biotargets. Although
other compounds showed weaker activity than cis-platin,
they showed activity in the micromolar activity against the
A549 cell line (Table 4).

On the other hand, the cytotoxic effect of compounds
9a-h on non-cancerous human dermal fibroblast cell (HDF)
was also assessed. According to the results, compound 9d
(ICso on A549: 3.81 uM) was up to twice more potent than
cis-platin against the A549 cell line while close toxic than cis-
platin (ICso on HDF: 61.76 uM) against HDF cell line. On the
other hand, not only the anticancer activity of compounds
9c and 9h was close to that of cisplatin on the A549 cell
line, but also these compounds were a little more toxic than
cisplatin against the HDF cell line. Furthermore, 9f was the
most toxic between all tested compounds (Table 4).

3.8. In silico ADMET prediction

A lot of time, effort, and budget is needed for the lengthy and
challenging process of discovering and developing new drugs.
Because they are usually found to be useless or pose serious
health risks and have negative impacts, drug candidates have
a high dropout rate. Estimates suggest that up to 40% of drug
candidates have failed due to toxicity in the past, accounting
for almost half of all failures in terms of efficacy (Wan, 2013).
Because of this, drug development must pay close attention to
ADME/Tox (Absorption, Distribution, Metabolism, Elimination,
Toxicity). These investigations cover crucial issues for every
aspect of ADMET, enabling the viability of drug candidates to
be determined. In the early stages of drug candidate mole-
cules, ADMET data makes it easier to choose and calculate the
therapeutic dose of substances with the best safety profiles,
which expedites the drug discovery process. As a result, the
growing drug design process’ evaluation times are cut short,
saving time and vital resources. (Isika et al., 2022).

Several properties of drug-like qualities can be quantified
through physicochemical metrics, which may be determined
in silico. Libraries can be filtered using criteria like the
"Lipinski Rule of Five" to weed out molecules with poor
potential drug-like characteristics that merely serve to waste
costly drug development resources. The Lipinski rule
(molecular weight <500, not more than five hydrogen bond
donors, not more than ten hydrogen bond acceptors and a
partition coefficient (log P) value <5) states that an orally
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Figure 6. Kinetic study of AChE inhibition by compound 9a and 9c. The Lineweaver-Burk reciprocal plot of AChE initial velocity with increasing substrate concen-
trations is illustrated in panel. The slopes of the lines for 1/V vs. 1/[S] from the LWB plot were plotted against the concentration of inhibitor to construct the sec-
ondary plot shown in panel (b). V =initial velocity rate, [S] = concentration of substrate, [I] = concentration of inhibitor 9a and 9c.

Table 4. 1Cso values of compounds 9a—h on A549 and HDF cell lines.

ICso(1M)
Compounds A549 HDF
9a 21.39+£0.0695 60.16 = 0.0441
9b 25.95+0.0454 52.48+£0.0159
9c 7.087 £0.0153 51.59+0.0607
9d 3.81+0.1084 45.84 £ 0.0664
e 42.54+0.1541 173.6 £0.0331
of 65.6+0.0337 39.75+0.0505
99 4317 £0.0367 50.89+0.0229
%h 6.979 £0.0613 48.59+0.0325
cis-platin 6.202 +0.0705 61.76 +£0.0478

Cells were treated with concentrations ranging from 6.25 to 200 uM for 48 h.

bioactive drug or therapeutic candidate should not have
more than one violation (Lipinski, 2004). The swissADME
online software application was used to conduct in silico
ADME screening on synthetic compounds to forecast drug
scores overall and physicochemical characteristics (Sahin
et al.,, 2022b). According to Lipinski’'s rule of five, the ADME
data gathered from the calculations showed that all synthetic
compound values remained within the established bounda-
ries. The synthesized compounds adhered strictly to and did
not break any Lipinski rules, according to all the require-
ments mentioned in Table 5. The percentage of absorption
of the molecules was calculated using the table’s data (using
the formula: %ABS = 109 — 0. 345 x TPSA) and ranged from
66.81 to 82.67.
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Lipophilicity is the ability of a lipid media to disperse in
water. Drug molecules must pass through various biological
membranes, including the blood-brain barrier (BBB), the skin,
and the gut, to reach their target areas. Therefore, a com-
pound must be dissolved in water and lipid at certain rates.
The lipophilicity values of the compounds XLOGP3 (Log Po/w)
are in the range of 2.07 and 3.52. The solubility of compounds
is high, and the value is between —3.41 and —4.21.

The enzymes in the superfamily known as cytochrome
P450 (CYP) inhibitors, typically called liver enzymes and iso-
enzymes, play a role in the metabolism of numerous drugs
by catalyzing different oxidation processes (Kar &
Leszczynski, 2020). The five most crucial human versions are
CYP2D6, CYP2C9, CYP3A4, CYP1A2 and CYP2C19, and at least
one of the CYP enzymes is involved in the metabolism of
more than 90% of all therapeutics available today. Therefore,
it is crucial to establish whether a chemical is a cytochrome
P450 substrate. Although substances can often activate or
inhibit several of these enzymes, it was assumed that they
did not simply interact with the CYP2D6 inhibitor.

For a quick evaluation of drug similarity, SwissADME-spe-
cific bioavailability radar plots of drugs were analyzed. The six
physicochemical parameters revealed in this radar plot are lip-
ophilicity (LIPO), size (SIZE), polarity (POLAR), solubility
(INSOLV), flexibility (FLEX), and saturation (INSATU). An oral
bioactive drug’s affinity characteristics are graphically assessed
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Table 5. Physicochemical, pharmacokinetics and drug-likeliness properties of synthetic compounds according to the rule of five.

Compound

Properties Rule 9a 9b 9c ad 9e of 99 %h
Mw <500 37244 356.44 384.5 376.86 360.41 387.41 414.48 384.45
#Rotatable bonds <9 6 5 6 5 5 6 8 6
#H-bond acceptors <10 6 5 5 5 6 7 7 6
#H-bond donors <5 0 0 0 0 0 0 0 0
MR 98.1 96.57 106.19 96.62 91.57 100.43 107.7 101.8
TPSA (A?) <130 85.7 76.47 76.47 76.47 76.47 122.29 102.77 93.54
XLOGP <5 236 2.75 3.52 3.02 249 222 2.61 2.07
ESOL Log S —-3.72 —3.96 —4.51 —4.25 —3.82 —-3.71 —3.96 —3.6
% Absorption 79.44 82.62 82.62 82.62 82.62 66.81 73.55 76.73
Gl absorption High High High High High High High High
BBB permeant No Yes No Yes Yes No No No
Pgp substrate No No No No No No No No
CYP1A2 inhibitor No Yes No Yes Yes No No No
CYP2C19 inhibitor Yes Yes Yes Yes Yes Yes Yes Yes
CYP2C9 inhibitor Yes Yes Yes Yes Yes Yes Yes Yes
CYP2D6 inhibitor No No No No No No No No
CYP3A4 inhibitor Yes Yes Yes Yes No Yes Yes Yes
log Kp (cm/s) —6.9 —6.52 —6.15 —6.45 —6.73 —7.09 —6.98 —7.18
Lipinski violations (LV) <1 0 0 0 0 0 0 0 0
Bioavailability Score 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
PAINS #alerts 0 0 0 0 0 0 0 0
Brenk #alerts 0 0 0 0 0 2 0 0
Synthetic Accessibility 3.07 3.08 3.26 3 297 3.11 33 3.08

Key: MW: Molecular weight (gr/mol), %Abs: Percentage of absorption, TPSA: Topological polar surface area, RB: number of rotatable bonds, HBA: number of
hydrogen bond acceptors, HBD: number of hydrogen bond donors, LV: number of Lipinski rule of 5 violations, Log Po/w (iLOGP): Lipophilicity, BS: Bioavailability
score, SA: Synthetic accessibility [From 1 (very easy) to 10 (very difficult)], WS: Water solubility Log S (Insoluble < —10 < Poorly < —6 < Moderately <
—4 < Soluble < —2 Very < 0 < Highly) Lipinski RO5: Molecular mass less than 500 Dalton, High lipophilicity (expressed as LogP less than 5), Less than 5 hydro-

gen bond donors, Less than 10 hydrogen bond acceptors; Molar refractivity should be between 40 and 130.

by this radar plot (Sahin et al., 2022b). The default SwissADME
identifiers were used to produce the radar plot range, which
is displayed as a pink region on each axis; the pink area in
the radar plot defines the boundaries of these descriptors,
and a chemical must fall within the radar plot to be consid-
ered drug-like (pink hexagon). If the TPSA score is higher than
130 A2, the compound’s oral bioavailability is low (Daina et al.,
2017). For all compounds, the TPSA value ranges from 76.47
to 122.29. All synthetic compounds have a high oral bioavail-
ability profile, according to the bioavailability radar charts,
which is consistent with this approach (Figure 7).

The entry of a drug candidate molecule into the lymph-
atic and blood circulation is influenced by a variety of char-
acteristics, including the molecule’s size, molecular weight,
hydrophilic and lipophilic structure, and surface area and
polarity. A boiled egg diagram of the compounds is shown
in Figure 8. This diagram’s focus is a simple technique to
forecast two important ADME abilities at once: brain access
and passive gastrointestinal absorption (HIA) (BBB). This cat-
egorization model was carefully created for statistical signifi-
cance and resilience even though it only uses two
physicochemical descriptors (WLOGP and TPSA for lipophilic-
ity and apparent polarity, respectively) (Khalid et al., 2018).
The gray, white, and yellow (yolk) zones on the boiled egg
chart are separated by borders. No region is dependent on
another. Compounds in the outer gray area have properties
that indicate minimal absorption and limited BBB penetra-
tion. The blue dots in the diagram represent molecules that
P-glycoprotein is predicted to excrete from the central ner-
vous system, while the red dots represent molecules that are
not predicted to be excreted. These dots in the white area
indicate that the molecules are well absorbed in the
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gastrointestinal tract but cannot cross the BBB. If these dots
are in the yellow area, this means that the compounds have
a high rate of absorption through the gastrointestinal tract
and a quick passage through the BBB (Daina & Zoete, 2016).
When the boiled egg diagram of the synthetic compounds
was analyzed, it was projected that three compounds (9b,
9d and 9e) could penetrate the BBB and that there was high
absorption of all the molecules in the gastrointestinal tract.
Accordingly, all molecules are positioned within the range
within limits defined in drug candidates. A good manifest-
ation of oral bioavailability can be expected when the
parameters from ADME data are evaluated with the RO5
guidelines and the potential pharmacological effects of the
compounds as prodrugs are based on the calculated absorp-
tion values.

The pkCSM web tool (http://biosig.unimelb.edu.au/pkcsm/)
was used to predict the toxicity properties of the synthesized
molecules (Pires et al., 2015). pkCSM is an online server data-
base that can be used to calculate the toxicological proper-
ties of small molecules. This tool describes the toxicological
effects of compounds such as AMES toxicity, human max-
imum tolerated dose, hERG-I inhibitor, hERG-Il inhibitor,
LD50, LOAEL, hepatotoxicity, skin toxicity, T. pyriformis tox-
icity, and Minnow toxicity. Table 6 presents information on
the chemicals’ predicted toxicity. According to the pkCSM
web server results, none of the compounds except 9f were
predicted to exhibit AMES toxicity. In addition, not all com-
pounds inhibit hERG-I and hERG Il and are not estimated to
cause skin sensitization. The maximum tolerated dose, which
should be < 0.477 log (mg/kg/day) for compounds, has val-
ues ranging from —0.158 log (mg/kg/day) to 0.276 log (mg/
kg/day). It has been anticipated that the compounds may
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Figure 7. Bioavailability radar pertinent to physicochemical properties of compounds (9a-h).

exhibit hepatotoxicity if taken in excess of the maximum tol-
erated dose. Lethal dosage values (LD50) are a metric for
acute toxicity commonly used to compare the toxicities of
various compounds. The LD50 is the amount of compound
administered at one time that causes the death of 50% of a
group of test animals. These values are in the range of
2.112-2.919 mol/kg for compounds. In many therapeutic regi-
mens, prolonged low- to moderate-dose chemical exposure
is of substantial concern. Studies aim to determine the max-
imum dose at which no adverse effects are recorded and the
lowest dose of a substance at which an observed adverse
effect (LOAEL) occurs. The oral rat chronic toxicity [log(mg/kg
bw/day)] values of the compounds were calculated in the
range of 0.893 and 1.108. The results of the LOAEL must be
evaluated considering the necessary bioactive concentrations
and treatment times. T, pyriformis is a protozoa bacterium,
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and it is extensively employed as a toxic endpoint because
of its toxicity. The pIGC50 (negative logarithm of the concen-
tration needed to block 50% growth in log pg/L) is expected
for a specific substance and a value greater than —0.5 log
ng/L is considered hazardous. All compounds showed T. pyri-
formis toxicity in the range of 0.391-0.667 log ng/L, with val-
ues well above the reference limit. Minnow toxicity values of
the compounds were estimated from —0.453 to —1.374 ((log
mM). A log LC50 is calculated for each substance in the
Minnow toxicity database. LC50 values below 0.5mM (log
LC50 — 0.3) indicate significant acute toxicity.

3.9. Molecular docking studies

Molecular docking is a computational technique used in
drug discovery and development to predict the binding



affinity of a small molecule to a target protein. The goal of
molecular docking is to identify the best fit between the
small molecule and the protein so that the small molecule
can bind to the protein and potentially modulate its function
(Gesme, 2023; Isika et al., 2022; Yesilkaynak et al., 2022).
Molecular docking analysis of synthetic compounds was
performed to support and validate the results obtained from
in vitro AChE inhibition experiments. To validate the molecu-
lar docking procedure, we compared the predicted binding
poses of the ligand (Galantamine: GNT604) in the protein-lig-
and complex to the known crystal structure of the 4EY6 pro-
tein. This protein was used in our study as a reference. To
perform the docking procedure, we selected the receptor
grid for the AChE enzyme by restricting it to the residues
occupied by the galantamine ligand and interacting with the
ligand area. To do this, we removed the ligand
(Galantamine) from the X-ray crystal structure of the AChE
enzyme and re-docked it to the protein’s binding site. Then,
we compared the pose of the ligand in the enzyme’s crystal
structure to the pose obtained by re-docking and calculated
the mean square deviation (RMSD) value. The results showed
that the co-crystallized ligand had similar orientations and
conformational poses as in the crystal structure when re-
docked at the active binding sites of the target enzyme, and
the ligand in the crystal structure of AChE and the re-docked
ligand were almost superimposed. The RMSD value between
the crystal structure pose and re-docked galantamine pose in
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Figure 8. The BOILED-Egg ADME diagram of the compounds (9a—-h) WLOGP vs.
TPSA.

Table 6. Toxicity prediction results of compounds.
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active 4EY6 residues was 0.8994 A (Figure 9). This low RMSD
value indicated that the docking procedure was valid, as it
was significantly lower than the maximum allowable value of
20A (Sahin et al., 2022a, 2022b; 2023).

The analysis of the binding orientation of Galantamine
showed that Glu202 and Ser203 are important residues that
form hydrogen bonds with the reference ligand (Figure 10).
This interaction is further stabilized by hydrophobic bonds
with Trp86, Gly121, Gly122, Tyr124, Phe295, Phe297, Tyr337,
Phe338 and His447. It is worth noting that in previous stud-
ies, Trp86, Phe297, Tyr337, Tyr341 and His447 have contrib-
uted as being involved in the active site of the AChE enzyme
(Begum et al., 2022; Ghosh et al., 2022; Hung et al., 2022).

Synthetic compounds were then docked to the active site
pocket of AChE using the same protocol with a galantamine
docking condition. The docking analysis results showed that
all binding energies of the best-docked poses of the com-
pounds and Galantamine were in the range of —9.1 to
—10.3 kcal/mol. According to the results of docking analysis,
9¢, which was the most active compound in in vitro AChE
analysis, was also the most active compound in docking ana-
lysis. When looking at the binding energies of the com-
pounds in general, synthetic compounds (in the range —9.9
to —10.3 kcal/mol) showed a more active binding affinity
than the reference compound galantamine (—9.1 kcal/mol).
The results of molecular docking on AChE are given in
Table 7.

All compounds exhibited H-bond interactions with at least
one of the critical residues in the active site of the enzyme.
These interactions are stabilized by hydrophobic interactions
depending on the conformation of the molecule during
interaction with the enzyme. When the detailed interaction
of 9¢, the most active compound, is interpreted, it will be
seen that the molecule interacts with six different critical res-
idues. From these residues, H-bond interaction was formed
with Phe295. This interaction occurred between the O in the

@ Native ligand
@ Re-docked ligand

RMSD: 0.8994 A

Figure 9. Validation of molecular docking protocol.

Compound
Properties Unit 9a 9b 9c 9d 9e of 99 %h
AMES toxicity Categorical (Yes/No) No No No No No Yes No No
Max. tolerated dose (human) Numeric (log mg/kg/day) 0.253 0.014 0.124 0.022 0.225 —0.158 0.276 0.132
hERG | inhibitor Categorical (Yes/No) No No No No No No No No
hERG Il inhibitor Categorical (Yes/No) No No No No No No No No
Oral Rat Acute Toxicity (LD50) Numeric (mol/kg) 2.282 2.112 233 2.192 2.241 2919 2.302 2.228
Oral Rat Chronic Toxicity (LOAEL) Numeric (log mg/kg_bw/day) 1.088 1.12 0.937 0.893 1.045 1.012 0.999 1.108
Hepatotoxicity Categorical (Yes/No) Yes Yes Yes Yes Yes Yes Yes Yes
Skin Sensitization Categorical (Yes/No) No No No No No No No No
T.Pyriformis toxicity Numeric (log pg/L) 0.472 0.68 0.675 0.667 0.48 0.467 0.391 0.515
Minnow toxicity Numeric (log mM) —0.908 —0.544 —1.826 —0.762 —0.62 —1.374 —0.453 —0.535
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Table 7. Interaction and amino acid residues involved in the inhibition of AChE enzyme summary.

Comp. Binding affinity (kcal/mol) Type of interaction bond Involved receptor residues

9a —-10.2 HB, C-HB, HP Trp86, Tyr124, Phe295, Tyr337, Tyr341,
His447, Trp286

9b -10.2 HB, C-HB, HP Trp86, Asp74, Tyr124, Phe295, Tyr337,
Tyr341, His447, Trp286

9c -10.3 HB, HP Trp86, Tyr124, Val294, Phe295, Tyr341,
His447, Trp286

ad -99 HB, C-HB, HP, HL Trp86, Asp74, Tyr124, Val294, Phe295,
Tyr337, Tyr341, His447, Trp286, Ser293

9e —-10.0 HB, C-HB, HP, HL Trp86, Asp74, Tyr124, Val294, Phe295,
Phe297, Tyr337, Leu130, Tyr341, His447,
Trp286, Ser293, Gly120, Gly121, Phe338

of —10.0 HP, HB Trp86, Tyr124, His447, Trp286

99 -9.9 HB, C-HB, HP Trp86, Tyr124, Leu289, Tyr337, His447,
Trp286

9h —-10.2 HB, C-HB, HP Trp86, Tyr124, Tyr337, His447, Trp286

GAL -9.1 HB, C-HB, HP Trp86, Gly121, Gly122, Tyr124, Phe295,

Phe297, Tyr337, Phe338, His447, Glu202,
Ser203, Asp74, Trp86

Key: HB:hydrogen bond; C-HB: Carbon-Hydrogen Bond, HP: Hydrophobic interaction, HL: Galogen GAL:Galantamine.

sulfonamide group and the amine group of the residue.
Although other interactions are hydrophobic, critic residues
with aromatic structures Trp (86 and 286) and Tyr (124, 337
and 341) ensured the molecule’s stability in the active site.
As in Figure 11, compound 9c key interactions formed T-
shaped Pi-Pi between the triazole ring in the molecule and
Tyr337, Tyr124 and Tyr 341. These bonds are formed by
overlapping the pi orbitals (between the aromatic ring of the
residue and the triazole ring) in the residues and the mol-
ecule, creating a stable and strong bond. Trp286 residue, on
the other hand, interacted with the benzene ring to which
the sulfonamide group is attached, through pi-pi stacking,
and pi-alkyl interaction with the tosylate methyl group. Pi-pi
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T-shaped and pi alkyl interactions occurred between Trp86,
and the benzene ring attached to the triazole group. Trp86
also exhibited pi-alkyl interaction with the isopropyl group.

4. Conclusions

Eight new hybrid triazole derivatives (9a-h) used in this study
were synthesized as a result of a series of reactions. The
molecular structure of five of the triazole derivatives (9a-e)
was determined by X-ray diffraction method. DPPH, ABTS-+
and Cuprac methods were used to determine the antioxidant
activities of new hybrid triazole derivatives. It was determined
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that all the compounds had various levels of antioxidant activ-
ities according to all three methods. It was determined that
DPPH activity of two of the synthesized compounds (9f and
9h) was higher than BHT and lower than Ascorbic acid and

a-Tacoferol. It was determined that these compounds
Bu belge, giivenli Elektronik Imza ile imzalanmstir.

exhibited radical scavenging activity against ABTS + radicals,
which were lower than Ascorbic acid and BHT, and better than
a-Tacopherol, except for 9b. The cytotoxic activities of synthe-
sized compounds (9a-h) against A549 and healthy cell line
(HDF) were investigated. It can be said that especially the two
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hybrid structures (9d and 9g) have excellent both anticancer
activity and cytotoxic effect compared to standard cis-platin.
Two derivatives (9h and 9¢) showed moderate anticancer
activity, while the others showed less anticancer activity.
According to these results, 9d and 9g compounds may be
anticancer agent candidates. The AChE and BuChE inhibitory
properties of the synthesized hybrid structures were investi-
gated and found to have significant values. It was determined
that AChE inhibitor activities of all compounds were much bet-
ter than Galantamine used as standard. In particular, 9¢ was
found to have ten times better activity than the standard com-
pound. According to the determined BuChE inhibitor proper-
ties of the compounds, it was determined that they have
better inhibitory activity than 9g and 9h Galantamine. The
ADMET properties of the molecules have been thoroughly
examined and have been found to meet the criteria for drug-
like substances. These molecules also have a high rate of oral
absorption, as they can effectively cross the blood-brain barrier
and are easily absorbed in the gastrointestinal tract. In add-
ition, a molecular docking study was conducted to predict
how these compounds may interact with the acetylcholin-
esterase enzyme.

It can be said that all the hybrid structures synthesized
have significant antioxidant, anticancer, cytotoxic, and anti-
Alzheimer activities and can be used in further pharmaco-
logical studies.
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