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ABSTRACT: This study focused on the design, synthesis, chemical character- 4L
ization, and potential inhibitory study of thiazole-methylsulfonyl derivatives against
carbonic anhydrase enzymes. The synthesized compounds, with the characteristics
of both the thiazole ring and methyl sulfonyl group, were synthesized through a
two-step scheme, and their structures were confirmed through NMR spectroscopy
and HRMS. Additionally, the structure of compound 2b was elucidated by an X-
ray study. An enzyme inhibition assay was performed to assess their biological
activity against carbonic anhydrases, and the compounds showed promising results
against carbonic anhydrases I and II, highlighting their potential for specificity and
targeted therapy. The effects of these molecules on in vitro enzyme activities were | { ¢y L Dy
investigated by spectrophotometric methods. For this purpose, the concentrations \Q ) gy
(ICsy values) of compounds that inhibited the biological activities of carbonic
anhydrase isoenzymes (hCA I and hCA II) by 50% were calculated. The ICs,

values were found between 39.38—198.04 uM (AAZ ICg, = 18.11 uM) for hCA I

and 39.16—86.64 uM (AAZ ICg, = 20.65 uM). Molecular docking studies have shown that compounds 2a and 2h exhibit stable
interaction networks with targeted enzymes. The combinations of both studies, enzyme inhibition assay and molecular docking
studies, thus enlighten the significance of these compounds for further optimization for pharmacological profiling and for developing
therapeutic agents against carbonic anhydrase. Moreover, the study provides insight for future research on the synthesis of
heterocyclic compounds against carbonic anhydrase for therapeutic applications.
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B INTRODUCTION

Carbonic anhydrase (CA) is a metalloenzyme that catalyzes the
hydration of CO, to bicarbonate anion (HCO?") and a proton

between different CA isoforms, both reduce the efficacy of
inhibitors and lead to unwanted side effects."”
Heterocyclic compounds are generally used in chemistry,

(H").'™® The enzyme usually contains Zn*" ions in its active
side.'~* Through these active side inhibitors of CA, isoenzymes
are used as many therapeutic targets." The enzyme is also
available in mammals, other animals, and plants. Among
mammals and humans, there are 16 different isoforms of a-
CA with different locations and metabolization functions in the
human body.5 Among these isoforms, in particular, hCA I and
hCA II play a role in many therapeutic applications, and hCA I'is
involved in retinal and brain tissues. CA II is implicated in a
number of illnesses, 1nclud1ng epilepsy, glaucoma, and most
likely altitude sickness.’ According to studies in the literature,
hCA I and hCA 1I are located at high levels in some human
malignant tumors.”~” In addition, high levels of those enzymes
cause some diseases like glaucoma and edema.'"™"* Because of
that, the literature focuses on how to inhibit those enzymes."
Additionally, due to the widespread expression of various
isoforms of hCAs and cytosolic isoforms hCA I and II in the
human body, controlling selectivity toward target isoforms
(hCA T and II) is very important.'* Because of the competition
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especially heterocyclic compounds with sulfur and nitrogen
atoms, which are essential in targeting enzyme inhibition, such
as thiazole and some sulfonyl groups.'®

Isosterism and bioisosterism are frequently used in active
research areas because they can be applied in studies to optimize
directly.'” When the methyl sulfonyl group is examined in terms
of structure, it is thought that it is similar to the structures of
sulfonamides and may show similar activity.'® When we look at
these structures, which contain the sulfo group carrying the
sulfur element, we see that they are the most frequently used
molecule class due to their wide range of biological activities in
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Figure 1. Some carbonic anhydrase inhibitors and synthesized compounds.

the drug development phase.'” '

This group of compounds can
directly coordinate with the Zn®" ion, one of the metal ions in the
active site of the carbonic anhydrase enzyme, representing the
most suitable class of carbonic anhydrase inhibitors.">**** Some
drugs bearing the sulfonamide structure and the general
structure of the designed compounds are shown in Figure 1.
Thiazole has a five-membered ring that contains N and S
atoms in the chemical structure, and this ring with sulfonyl
systems like sulfonamides and their bioisosteres like some
sulfonyl alkyl groups are used in pharmaceutical industries due
to biological activities.*”*® Because thiazole and some sulfonyl
groups such as methyl sulfonyl and their bioisosteres as
sulfonamides groups have an excellent pharmacophore nucleus,

; . . . 27 1. . 28,29
that nucleus is used in various diseases”’ like anticancer,

,31

- . .. 30 . . 132,33 .
antioxidant, antiparasitic, antimalarial,”™”” antimicro-

,37

bial,***° anti—inﬂammatory,36 analgesic,38 and antianxiety
activities’” and targeting enzyme inhibition such as cholinester-
ase’ and carbonic anhydrase enzymes, especially CA I and CA I
enzyme groups.

In our previous study, compounds containing thiazole
structure were synthesized and their effects on the carbonic
anhydrase enzyme were examined. Their structures appear to
have significant interactions with the active site amino acids
leading to inhibition of the enzyme.” It was concluded that both
the thiazole ring and the methyl sulfonyl group are important for
carbonic anhydrase enzyme inhibition. In this study, compounds
containing these two structures that are thought to be effective
were designed.

In this study, compounds containing the thiazole group with a
methyl sulfonyl moiety scaffold together were synthesized, and
their structures were elucidated using 'H NMR, ¥C NMR, and
HRMS. The molecular structure of the compound 2b was
confirmed by the single-crystal X-ray diffraction study. The
inhibitory effects of the synthesized target compounds on hCAI
and hCA II enzymes were tested in vitro and in silico with
molecular docking and molecular dynamics simulations. Addi-
tionally, to predict the pharmacokinetic profile of synthesized
drugs, an in silico ADME study was performed.

13584

B MATERIALS AND METHODS

Chemistry. All the chemicals employed in the synthetic
procedure were purchased from Sigma-Aldrich Chemicals
(Sigma-Aldrich Corp., St. Louis, MO, USA) or Merck
Chemicals (Merck KGaA, Darmstadt, Germany). Melting
points of the obtained compounds were determined by an
MP90 digital melting point apparatus (Mettler Toledo, OH,
USA) and were uncorrected. "H NMR and "*C NMR spectra of
the synthesized compounds were performed by a Bruker 400
and 100 MHz digital FT-NMR spectrometer (Bruker
Bioscience, Billerica, MA, USA) in DMSO-d,, respectively.
Splitting patterns were designated as follows: s, singlet; d,
doublet; t, triplet; m, multiplet in the NMR spectra. Coupling
constants (J) were reported as Hertz. All reactions were
monitored by thin-layer chromatography (TLC) using silica
gel 60 F254 TLC plates (Merck KGaA, Darmstadt, Germany).

2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazine-1-
carbothioamide (1). 4’-(Methylsulfonyl) acetophenone (4 g,
0.018 mol) was dissolved in ethanol (50 mL), and
thiosemicarbazide (1.67 g, 0.018 mol) was added. The reaction
mixture was refluxed for 4—5 h. The completion of the reaction
was checked by TLC. The precipitated product was filtered
while hot. Yield: 78%.

2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(substitutedphenyl)thiazole (2a—2m). The appropriate 2-
bromoacetophenone derivative (0.001 mol) and compound (1)
(0.271 g, 0.001 mol) were dissolved in ethanol (40 mL). The
mixture was refluxed for 4 h. After TLC screening, the
precipitated product was filtered while hot. Derivatives that
did not precipitate when hot were filtered after cooling. The
precipitated product was washed three times with cold ethanol
(10 mL).

2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(4-nitrophenyl)thiazole (2a). M.p. = 296.1 °C. "H NMR (400
MHz, DMSO-dq): 6 2.39 (3H, s, CH;), 3.25 (3H, s, CH;), 7.80
(1H, s, thiazole CH), 7.97 (2H, d, ] = 7.56 Hz, 1,4-disubstituted
benzene), 8.01 (2H, d, ] = 7.56 Hz, 1,4-disubstituted benzene),
8.15 (2H, d, ] = 7.64 Hz, 1,4-disubstituted benzene), 8.30 (2H,
d, ] = 7.72 Hz, 1,4-disubstituted benzene), 11.68 (1H, s, NH).
13C NMR (100 MHz, DMSO-d,): 6 14.56 (CH,), 44.01 (CH,),
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109.92, 124.64, 126.83, 126.88, 127.66, 136.09, 140.84, 141.18,
142.97, 146.71, 161.33, 170.36. HRMS (m/z): [M + H]* calcd
for C,H;(N,O,S,, 417.0686; found, 417.0676.
2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(4-methoxyphenyl)thiazole (2b). M.p. = 247.9 °C. '"H NMR
(400 MHz, DMSO-d): 6 2.38 (3H, s, CH3), 3.24 (3H, s, CH,),
3.79 (3H, s, OCH;), 6.98 (2H, d, ] = 7.96 Hz, 1,4-disubstituted
benzene), 7.20 (1H, s, thiazole CH), 7.80 (2H, d, ] = 8.04 Hz,
1,4-disubstituted benzene), 7.96 (2H, d, ] = 7.68 Hz, 14-
disubstituted benzene), 8.01 (2H, d, ] = 8.00 Hz, 14-
disubstituted benzene). *C NMR (100 MHz, DMSO-dy): &
14.52 (CH,;), 44.03 (CH;), 55.62 (OCHS;), 102.88, 114.49,
126.84, 127.41, 127.63, 129.30, 129.73, 140.72, 143.06, 145.49,
159.37, 169.82. HRMS (m/z): [M + H]" calcd for
C1oH,yN;0,S,, 402.0941; found, 402.0947.
2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(4-cyanophenyl)thiazole (2¢). M.p. = 287.2 °C. 'H NMR
(400 MHz, DMSO-d,): 5 2.38 (3H, s, CH,), 3.25 (3H, s, CH,),
7.70 (1H, s, thiazole CH), 7.88 (2H, d, J = 7.64 Hz, 14
disubstituted benzene), 7.96 (2H, d, J] = 7.60 Hz, 14-
disubstituted benzene), 8.00 (2H, d, | = 7.68 Hz, 14-
disubstituted benzene), 8.06 (2H, d, J] = 7.60 Hz, 14-
disubstituted benzene), 11.62 (1H, s, NH). *C NMR (100
MHz, DMSO-d): 6 14.55 (CHj,), 44.02 (CHj), 108.92, 110.09,
119.44, 126.60, 126.86, 127.65, 133.19, 139.29, 140.79, 143.00,
145.48, 149.56, 170.26. HRMS (m/z): [M + H]* calcd for
C1oH,¢N,0,S,, 397.0787; found, 397.0776.
2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(4-fluorophenyl)thiazole (2d). M.p. = 253.6 °C. 'H NMR
(400 MHz, DMSO-d;): 6 2.38 (3H, s, CH;), 3.24 (3H, s, CH,),
7.25 (2H, t, ] = 8.24 Hz, 1,4-disubstituted benzene), 7.37 (1H, s,
thiazole CH), 7.95—7.98 (2H, m, 1,4-disubstituted benzene),
8.01 (2H, d, J = 7.88 Hz, 1,4-disubstituted benzene), 11.55 (1H,
s, NH). *C NMR (100 MHz, DMSO-dy): 6 14.47 (CH,), 44.02
(CH,), 104.78, 115.83, 116.05, 126.80, 127.64, 127.94, 128.03,
140.71, 143.10, 160.87, 163.30, 170.03. HRMS (m/z): [M +
H]* calced for CgH,(N;O,FS,, 390.0741; found, 390.0753.
4-([1,1'-Biphenyl]-4-yl)-2-(2-(1-(4-(methylsulfonyl)-
phenyl)ethylidene)hydrazinyl)thiazole (2e). M.p. = 217.9 °C.
'H NMR (400 MHz, DMSO-d,): §2.39 (3H, s, CH,), 3.25 (3H,
s, CHs), 7.39 (1H, d, J = 7.24 Hz, aromatic CH), 7.46—7.50
(3H, m, aromatic CH), 7.74 (4H, d, ] = 6.92 Hz, aromatic CH),
7.96—8.03 (6H, m, aromatic CH). C NMR (100 MHz,
DMSO-dg): 6 1448 (CH;), 44.03 (CH;), 105.38, 126.59,
126.82, 126.94, 127.25, 127.34, 127.65, 127.87, 127.96, 129.45,
139.56, 140.10, 140.71, 143.12, 170.02. HRMS (m/z): [M +
H]* caled for Cp,H,;N;0,S,, 448.1148; found, 448.1159.
2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(4-bromophenyl)thiazole (2f). M.p. = 244.8 °C. '"H NMR
(400 MHz, DMSO-d,): 5 2.38 (3H, s, CH,), 3.24 (3H, s, CH,),
747 (1H, s, thiazole CH), 7.61 (2H, d, J = 7.80 Hz, 14-
disubstituted benzene), 7.84 (2H, d, | = 7.72 Hz, 14-
disubstituted benzene), 7.96 (2H, d, ] = 7.88 Hz, 14-
disubstituted benzene), 8.01 (2H, d, ] = 7.76 Hz, 14-
disubstituted benzene), 11.56 (1H, s, NH). *C NMR (100
MHz, DMSO-dy): 6 14.49 (CH,), 44.02 (CHj,), 105.91, 121.03,
126.82, 127.65, 128.04, 132.04, 134.34, 140.74, 143.06, 145.28,
149.99, 170.05. HRMS (m/z): [M + H]* caled for
C,sH,¢N;0,S,Br, 449.9940; found, 449.9956.
2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(4-methylphenyl)thiazole (2g). M.p. = 270.9 °C. '"H NMR
(400 MHz, DMSO-d): § 2.33 (3H, s, CH};), 2.38 (3H, s, CHj,),
3.24 (3H, s, CH;), 7.23 (2H, t, ] = 7.44 Hz, 1,4-disubstituted

benzene), 7.30 (1H, s, thiazole CH), 7.77 (2H, d, ] = 7.44 Hz,
1,4-disubstituted benzene), 7.96 (2H, d, J] = 7.88 Hz, 1,4-
disubstituted benzene), 8.01 (2H, t, ] = 8.04 Hz, 14-
disubstituted benzene). *C NMR (100 MHz, DMSO-dy): &
1446 (CH;), 2127 (CH,), 44.03 (CH,), 104.03, 125.98,
126.80, 127.64, 128.26, 129.37, 129.67, 137.35, 140.69, 143.12,
150.56, 169.84. HRMS (m/z): [M + H]* calcd for
C,oH,oN;0,5,, 386.0991; found, 386.0997.
2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(3,4-dichlorophenyl)thiazole (2h). M.p. = 261.3 °C. 'H
NMR (400 MHz, DMSO-d,): 5 2.38 (3H, s, CH;), 3.24 (3H, s,
CH,), 7.61 (1H, s, thiazole CH), 7.68 (1H, d, ] = 8.28 Hz,
aromatic CH), 7.87 (1H, d, ] = 8.28 Hz, aromatic CH), 7.96
(2H, d, ] = 7.88 Hz, 1,4-disubstituted benzene), 8.00 (2H, d, ] =
8.00 Hz, 1,4-disubstituted benzene), 8.13 (1H, s, aromatic CH),
11.58 (1H, s, NH). *C NMR (100 MHz, DMSO-d): 6 14.50
(CH,), 44.02 (CH,), 107.26, 126.01, 126.84, 127.64, 127.69,
130.17, 131.36, 131.93, 135.71, 140.77, 143.00, 145.40, 148.67,
170.15. HRMS (m/z): [M + H]* caled for C;gH;N;0,S,Cl,,
440.0056; found, 440.0062.
2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(2,4-difluorophenyl)thiazole (2i). M.p. = 214.9 °C. "H NMR
(400 MHz, DMSO-d,): §2.38 (3H, s, CH,), 3.24 (3H, s, CH,),
7.20 (1H, t, ] = 8.32 Hz, aromatic CH), 7.27 (1H, s, aromatic
CH), 7.36—7.39 (1H, m, aromatic CH), 7.96 (2H, d, ] = 7.64
Hz, 1,4-disubstituted benzene), 8.00 (2H, d, ] = 8.60 Hz, 1,4-
disubstituted benzene), 8.07 (1H, d, ] = 8.24 Hz, aromatic CH).
3C NMR (100 MHz, DMSO-dy): 6 14.31 (CHj;), 44.02 (CH,),
105.05, 109.23, 112.41, 119.54, 126.83, 127.65, 127.83, 129.51,
130.75, 130.90, 140.76, 143.03, 145.35, 169.41.
2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(3-nitrophenyl)thiazole (2j). M.p. = 290.2 °C. "H NMR (400
MHz, DMSO-dg): 6 2.39 (3H, s, CH;), 3.25 (3H, s, CH;), 7.72
(1H, s, thiazole CH), 7.98—8.00 (4H, m, aromatic CH), 8.32—
8.34 (2H, m, aromatic CH), 8.73 (1H, s, aromatic CH), 11.64
(1H, s, NH). *C NMR (100 MHz, DMSO-dy): 6 14.50 (CHj,),
44.02 (CH,), 107.76, 120.48, 122.52, 124.10, 126.86, 127.64,
128.03, 130.72, 132.01, 136.70, 140.84, 142.99, 148.77, 170.27.
HRMS (m/z): [M + H]* caled for C;gH,(N,O,S,, 417.0686;
found, 417.0691.
2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(4-chlorophenyl) thiazole (2k). M.p. = 235.1 °C. '"H NMR
(400 MHz, DMSO-d): 6 2.38 (3H, s, CH3), 3.24 (3H, s, CH,),
7.46—7.47 (2H, m, aromatic CH), 7.49 (1H, s, thiazole CH),
7.90 (2H, d, ] = 7.52 Hz, 1,4-disubstituted benzene), 7.96 (2H,
d, J = 7.80 Hz, 1,4-disubstituted benzene), 8.01 (2H, d, ] = 8.12
Hz, 1,4-disubstituted benzene). *C NMR (100 MHz, DMSO-
dg): & 14.50 (CH,), 44.02 (CH,), 105.83, 126.83, 127.64,
127.73, 129.13, 129.52, 132.44, 133.97, 140.74, 143.06, 145.29,
170.05. HRMS (m/z): [M + H]" calcd for C;gH,{N50,S,Cl,
406.0445; found, 406.0448.
2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-(2,4-dichlorophenyl)thiazole (2). M.p. = 211.3 °C. "H NMR
(400 MHz, DMSO-d,): 5 2.37 (3H, s, CH,), 3.24 (3H, s, CH,),
7.46 (1H, s, aromatic CH), 7.52 (1H, d, J = 8.52 Hz, aromatic
CH), 7.70 (1H, s, thiazole CH), 7.93 (1H, s, aromatic CH), 7.96
(2H, d, ] = 7.76 Hz, 1,4-disubstituted benzene), 8.01 (2H, d, ] =
7.92 Hz, 1,4-disubstituted benzene), 11.59 (1H, s, NH). *C
NMR (100 MHz, DMSO-dy): § 14.49 (CH,), 44.03 (CHS,),
110.55, 126.82, 127.65, 127.96, 130.24, 132.05, 132.63, 132.69,
133.00, 140.75, 143.05, 145.23, 146.51, 169.14. HRMS (m/z):
[M + H]* caled for C;gH;N;0,S,Cl, 440.0056; found,
440.0062.
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2-(2-(1-(4-(Methylsulfonyl)phenyl)ethylidene)hydrazinyl)-
4-phenylthiazole (2m). M.p. = 227.8 °C. "H NMR (400 MHz,
DMSO-d,): 5 2.38 (3H, s, CH,), 3.24 (3H, s, CH,), 7.30—7.33
(1H, m, aromatic CH), 7.39—7.44 (3H, m, aromatic CH), 7.89
(2H, d, ] = 7.36 Hz, aromatic CH), 7.96 (2H, d, ] = 7.80 Hz, 1,4-
disubstituted benzene), 8.01 (2H, d, J] = 7.72 Hz, 14-
disubstituted benzene). *C NMR (100 MHz, DMSO-d,): &
14.33 (CH,), 44.03 (CH;), 104.97, 126.01, 126.80, 127.64,
128.05, 129.11, 135.08, 140.69, 143.12, 145.12, 150.81, 169.95.
HRMS (m/z): [M + H]" calcd for C;3H;,N;0,S,, 372.0835;
found, 372.0835.

Crystallographic Studies. The single-crystal X-ray dif-
fraction measurements were carried out at 273.15 K on a Bruker
D8 QUEST diffractometer with a rotation anode using graphite
monochromated Mo Ka radiation at 4 = 0.71073 A. The data
reduction was achieved with the Bruker SMART program.*’
The crystal structure solution was performed using Olex2
software.*' Both structures were solved by least squares using
the program SHEXL.”” All nonhydrogen atoms were refined
anisotropically, and hydrogen atoms were added at calculated
positions. The compounds’ molecular structure and geometrical
parameters were acquired using the MERCURY program.43
Crystallographic data have been deposited with the Cambridge
Crystallographic Data Center with CCDC No. 2411417.

Carbonic Anhydrase I/l Inhibition Assay. The esterase
method was used to investigate the effects of the molecule on
hCA isoenzymes.** This method is based on the activity of hCA
for the hydrolysis of p-nitrophenyl acetate as a substrate for the
reaction mechanism of p-nitrophenol or p-nitrophenolate. P-
nitrophenol and p-nitrophenolate show the same absorbance at
348 nm. Since p-nitrophenyl acetate has very little absorption at
this wavelength, it will be used as a blank. The p-nitrophenyl
acetate substrate solution used in the experiments will be
prepared daily.**°

In this method, first, the cuvette contents were prepared as
given in Table 1. Then, the 348 nm spectrophotometer device

Table 1. Contents of a 1 mL Cuvette Used in Esterase Activity
Studies for hCA Isoenzymes

substances used in the ~ content of the control tube sample tube

experiment (blank) (uL) contents (uL)
Tris-SO, (0,5 M) pH 400 400
value 7,4
p-nitrophenol acetate 360 360
1,0 240 220
enzyme solution 20
total final volume 1000 1000

was zeroed by preparing the cuvette content in accordance with
the blank. Then, the cuvette content containing enzymes, unlike
the blank cuvette, was prepared according to Table 1 and placed
in the spectrophotometer device. The absorbance at 348 nm was
measured at the zeroth minute and the third minute. The
absorbance difference between them gave the activity of the
enzyme, that is, the control activity. Then, molecules at different
concentrations were added one by one, the absorbances at 0 and
3 min were measured again, and their differences were
taken.">*® The absorbance differences obtained from different
concentrations of molecules according to the control activity
were compared. The enzyme activity values obtained were
converted to % activity, their graphs were drawn according to the
different concentrations of the molecules, and the ICy, value,
that is, the concentration of molecules that reduced the enzyme
activity by half, was found. The values were interpreted.

Molecular Docking. This study analyzed potentially
effective compounds 2a and 2h by molecular docking toward
the identified targets hCA 1 (PDB ID 1AZM)*’ and hCA II
(PDB ID 7RNZ)* enzymes. As in the enzyme assays,
acetazolamide was used as the standard compound. Docking
was performed using the open-source SwissDock web server and
AutoDock Vina*’ for scoring. Docking results were analyzed and
visualized with Discovery Studio Visualizer v24, ProteinsPlus
structure-based modeling support server, and PyMOL v3
Molecular Graphics System. To prove the accuracy of the
molecular docking procedures, redocking was performed on the
cocrystal ligands of both proteins, and the root-mean-square
deviation (RMSD) value was calculated separately.

Molecular Dynamics Simulation Study. Compounds 2a
and 2h were subjected to molecular dynamics simulations to
evaluate their complexes’ dynamic properties and stability with
target enzymes. These systems were prepared through the
CHARMM-GUI*? server, and the simulations were carried out
using Gromacs®' v2023 software and AMBER ff14SB force
fields. The simulation box was set to a cubic geometry with a 10
A buffer around the solute, and the TIP3P water model defined
the solvents. To ensure electrical neutralization of the system,
0.15 M KCl ions were added, and the temperature was fixed at
310 K. In the initial stage, steric clashes and negative atomic
interactions were eliminated by applying energy minimization.
Then, equilibration procedures were performed in two different
ensembles to bring the system to equilibrium. First, the system
was brought to equilibrium using an NVT ensemble under
constant temperature (T), constant volume (V), and constant
atomic number (N) conditions, and then, the simulation was
continued by switching to an NPT ensemble with constant

Scheme 1. Synthesis Procedure for Obtaining Target Compounds (2a—2m)
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Figure 2. (a) Crystal structure for the HBr salt of compound 2b showing 20% probability displacement ellipsoids and atom numbering scheme. (b)

Inter- and intrahydrogen bonding interactions.

temperature (T), constant pressure (P), and constant atomic
number (N) conditions. After these preparatory steps, the
production simulations were started with a time step of 0.002 ps,
and the system was analyzed for 100 ns. Root-mean-square
deviation (RMSD) and root-mean-square fluctuation (RMSF)
were analyzed using graphs.

ADMET Studies. For this study, the pharmacokinetic
suitability of the targeted compounds was analyzed online
using the SwissADME"” platform, and the findings were used to
evaluate the potential of the candidate molecules in the drug
development process (http://www.swissadme.ch/).

B RESULTS AND DISCUSSION

Chemistry. A novel series of thiazole-methylsulfonyl
derivatives was synthesized in a two-step strategy in Scheme 1.
(4'-Methylsulfonyl) acetophenone was used as the starting
precursor. It was refluxed with thiosemicarbazide in ethanol, and
the resultant compound was treated with an appropriate 2-
bromoacetophenone derivative to synthesize a series of thiazole-
methylsulfonyl derivatives. The structures and functional groups
of the synthesized compounds were confirmed using NMR
spectroscopy, revealing the characteristic peaks for thiazole and
methylsulfonyl moieties. HRMS analysis was performed to
verify molecular weight, and the melting points of the
synthesized compounds were checked for purity and stability
determination.

In 'H NMR results, protons of methyl sulfonyl were detected
as singlets between 3.24 and 3.25 ppm. The signals of the —CHj
proton were observed around 2.39 ppm. The protons on the
thiazole ring were recorded between 7.20 and 7.80 ppm. The
NH protons of compounds 2a—2m appeared as a singlet signal

at a range of 11.55—11.68 ppm. In the *C NMR spectra,
aliphatic carbons belonging to the methyl sulfonyl were
observed in the range of 44.01—44.03 ppm. Methyl carbon
atoms resonated at the 6 range of 14.31—14.56 ppm.

Crystallographic Studies. X-ray suitable crystals of
compound 2b were obtained by layer diffusion of diethyl
ether into the methanolic solution of the compound after a few
weeks. MERCURY structures of compounds are given in Figure
2. Crystal parameters, bond distances, and angles are given in
Tables 2 and 3.

X-ray data and spectral analysis were found to be consistent
with the molecular structure of compound 2b. Compound
crystallized in the PT space group of the triclinic system. The
compound unit cell was composed of one complete molecule
and a hydrogen bromide (HBr). Hydrogen bromide is bonded
to nitrogen (N3) via the hydrogen (H3) atom to form the HBr
salt of the compound. This structure is also consistent with the
literature data.’*>** Unit cell dimensions are a = 10.1474(5) A,
= 107911(2)°, b = 10.4862(5) A, p = 98.479(2)°, ¢ =
11.3119(6) A, y = 103.891(2)°, and V = 1079.47(9) A>. It was
determined that the aromatic ring and the NH group were
positioned opposite each other, and the molecule was stacked in
the E isomer structure. The C=N double bond length (C(8)—
N(1)) was measured as 1.289 A, and the C—N single bond
lengths of C(10)—N(2) and C(10)—N(3) were determined as
1.329 and 1.331 A, respectively. The average length of the C—S
bonds (C(10)—S(2) and S(2)—C(11)) in the thiazole ring was
found to be 1.724 A. The selected bond angles range between
88.98(1) and 121.56(2)°. In addition, some intra- and
intermolecular hydrogen bonding interactions ranging from
2.439 to 2.497 A were also observed.

https://doi.org/10.1021/acsomega.5c00509
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Table 2. Crystal Data and Structure Refinement for Compound 2b

compound

CCDC number

empirical formula

formula weight
temperature/K

crystal system

space group

a/A

a/°

b/A

p°

c/A

y/°

volume/A3

V4

pcalcg/cm?

u/mm™!

F(000)

crystal size/ 'mm?

20 range for data collection/°
index ranges

reflections collected
completeness to theta
absorption correction
refinement method
independent reflections
data/restraints/parameters
goodness-of-fit on F*

final R indexes [I > 26 (I)]
final R indexes [all data]
largest diff. peak/hole/e A3

compound 2b

2411417

C1oHoN;0;S,-HBr

482.41

273.15

triclinic

P1

10.1474(5)

107.911(2)

10.4862(S)

98.479(2)

11.3119(6)

103.891(2)

1079.47(9)

2

1.484

2.122

492.0

0.05 X 0.02 X 0.01

5.038 to 56.75
—13<h<13,-13<k<13,and -15<1<L 15
36,583

28.375, 99.4%

multiscan

full-matrix least squares on P
5356, [Rint = 0.0744; Rsigma = 0.0741]
5356/0/257

1.007

R, = 0.0460, wR, = 0.0822
R, =0.1107, wR, = 0.0985
0.38/-0.39

Table 3. Selected Bond Distances (A) and Angles (°) for
Compound 2b

compound 2b

bond distances (A)
S(1)—0(1) 1.438(2)
S(1)-0(2) 1.437(2)
S(1)-C(1) 1.741(4)
C(8)—N(1) 1.289(0)
C(10)—S(2) 1.703(0)
C(10)—N(3) 1.331(0)
N(1)-N(2) 1.382(0)
N(2)-C(10) 1.329(0)
S(2)—C(11) 1.745(0)
N(3)—C(12) 1.389(0)
C(18)—0(3) 1.366(0)
0(3)—C(19) 1.428(0)

bond angles (°)
O(1)-S(1)—0(2) 117.85(1)
0(2)-S(1)-C(1) 108.76(1)
C(1)=S(1)—0(1) 108.41(1)
C(7)—C(8)—N(1) 115.33(3)
C(8)—N(1)—-N(2) 116.61(2)
N(1)-N(2)—C(10) 117.32(2)
N(2)—C(10)-N(3) 121.56(2)
C(10)—N(3)—C(12) 114.60(2)
C(10)-S(2)—C(11) 88.98(1)
N(3)—C(12)—C(13) 119.56(2)
C(16)—C(18)—0(3) 114.96(3)
C(18)—0(3)—C(19) 117.68(3)

Carbonic Anhydrase I/l Inhibition Assay. CA enzymes
play important roles in pH regulation, body fluid balance,
calcification, lipogenesis, urea cycle, bicarbonate synthesis, and
many other physiological events. In particular, CA inhibitors
have been used clinically for antiglaucoma, diuretic, and
antiepileptic treatments for the past 60 years.**>*°

In this study, the esterase method determined the inhibitory
effects of morin on the activities of hCA Iand hCA Il isoenzymes
purified from human erythrocytes under in vitro conditions. The
principle of this method is based on the hydrolysis of p-
nitrophenylacetate used as a substrate in the presence of the CA

enzyme to p-nitrophenol or p-nitrophenolate at 348 nm.* For
the inhibition study, five different inhibitor concentrations of
molecules were used at a fixed substrate concentration, and the
inhibitor concentration (ICs,) values that reduced the enzyme’s
activity by half were determined by drawing % activity—[I]
graphs. Although various antiepileptic drugs target the inhibition
of hCA enzymes, these drugs have many side effects. In this
context, discovering new synthetic drugs that inhibit hCA are
specific, selective, and more effective is important.””~*

The effects of the molecule and the common medicine
acetazolamide molecule on the carbonic anhydrase I and II
(hCA I-II) isoenzymes were investigated in vitro using the
esterase method. Graphs showing the variations in percentage
activity—inhibitory drug concentrations were produced, and
IC, values were calculated (Table 4 and Figure 3). The ICy,
values were found between 39.38 and 198.04 uM (AAZ IC,, =
18.11 M) for hCA I and 39.16—86.64 uM (AAZ ICq, = 20.65
uM). These results showed that they had less inhibition than the
standard medication, although they had an inhibitory potential.

According to the results presented in Table 4, compound 2a
exhibited the highest inhibitory potential, with an IC, value of
39.38 uM for hCA I, and compound 2h exhibited the highest
inhibitory potential, with an ICj, value of 38.50 M for hCA IL
When the inhibition potentials of other molecules were
examined according to the IC;, data in Table 4, it was seen
that they inhibited the enzymes, although lower than the
standard substance AAZ.

When the structures of the compounds are examined, it is seen
that they are derived using different substituents on the phenyl

https://doi.org/10.1021/acsomega.5c00509
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Table 4. ICy, Values of Molecules that Inhibit hCA I and II
Isoenzymes

ICSO (”M)

comp. hCAI P hCA II ” R, R, R,

2a 39.38 09506 7001 09885 -NO, -H -H
2b 59.75 09224 7617 09439 —OCH, -H -H
2¢c 63.01 09654 39.16 09381 —CN -H -H
2d 10345 09556  54.15 09756 —F -H -H
2e 77.88 09268  40.53 09748 —phenyl —-H -H
2f 13329 09212 5134  0.8971 —Br -H -H
2g 198.04 09058 7876 09936 —CH, -H -H
2h 60.80  0.8464 3850 09820 —Cl -Cl -H
2i 5291 09828  86.64 09459 —F -H —F

2j 80.59 09511 6478 09411 -H -NO, -H
2k 5874 09702  86.64 09613 —Cl -H -H
21 6795 09629 7145 08974 —Cl -H —Cl
2m 4443 09623 5331 09559 -H -H -H
AAZ 1811 09387 2065  0.9756

ring. When the carbonic anhydrase I/II inhibition result was
evaluated, it was seen that hCA I inhibitory activity increased
with the electron-withdrawing group at the para position of the
phenyl ring (compound 2a). It was determined that the activity
decreased when the nitro group was in the meta position
(compound 2j). It was concluded that the nitro group at the
para position is important for hCA Iinhibitory activity. For hCA
ITinhibitory activity, the presence of the 3,4-dichloro substituent
on the phenyl ring increased the activity (compound 2h). While
low activity was observed in compound 2k with chlorine
substitution at the para position, the activity increased slightly
with the second chlorine at the ortho position (compound 21).
However, it is seen that the activity increases significantly with
the introduction of the chlorine substituent in the meta position
(compound 2h).

These results are further supported by the graphical depiction
of enzyme activity vs inhibitor concentration (Figure 3), which
makes it evident that hCA I and II activity decreases
concentration-dependently as inhibitor concentration rises.
The relative inhibitory power of each chemical is indicated by
the trend in the ICy, values, with compounds 2a and 2h
exhibiting the highest inhibition and compounds 2g, 2i, and 2k
the weakest. The table’s r* values further support the validity of
the ICy, values by showing a strong match between the
experimental data and the anticipated dose—response curve.

The findings imply that every examined molecule has some
level of hCA inhibitory activity, which may be useful in the
development of novel medications to treat cholinergic
dysfunction-related disorders like epilepsy. The mechanism of
inhibition, pharmacokinetic characteristics, and in vivo effective-
ness of these drugs require more investigation.

In conclusion, because they showed the highest hCA
inhibition, compounds 2a and 2h are the most promising
candidates for more research. Future investigations into the
possible development of these chemicals as epilepsy treatment
agents are made possible by this study.

Molecular Docking. The analysis revealed that compounds
2a and 2h exhibited stronger binding energies and stable
interaction networks compared to the other compounds studied
in this work. The RMSD value for the hCA I cocrystal was found
to be 1.4 A and 0.9 A for the hCA II cocrystal as a result of the
reassembly analysis performed to evaluate the accuracy of the
molecular docking process. Compound 2a has a docking score
of —7.41 kcal/mol in hCA I protein and —7.75 kcal/mol in hCA
II protein. Compound 2h stands out as one of the compounds
with the strongest binding energies with values of —8.467 kcal/
mol in hCA I protein and —7.653 kcal/mol in hCA II protein.
Coordination with Zn®>" ion played a critical role in the
interaction with the protein active site, strengthening the
binding and reinforcing the inhibitory properties of these
compounds. Compound 2a formed a hydrogen bond and 7—x
stacked interaction with His64 and hydrophobic interaction
with Val62 in their interaction with hCA I protein. It also
provided strong coordination by forming a hydrogen bond with
the amino acid Thr199 and a metallic bond with Zn*". It also
formed hydrophobic interactions with the amino acids Phe91,
Alal21, Leul98, and His94. In its interactions with the HCA II
protein, it formed hydrogen bonds with GIn92, Trp5, and His4
and coordinated with Zn**. This strong and stable binding
structure significantly enhanced the inhibitory properties of
compound 2a. Compound 2h formed hydrogen bonds with
amino acids Thr199 in interactions with HCA I protein and
exhibited hydrophobic interactions with Leul98, Alal3s,
Phe91, Leul3l, and Alal2l. In interactions with HCA II
protein, it showed hydrogen bonding with Thr199, 7—7 stacking
interaction with His94, and hydrophobic binding with amino
acids Leul98, Vall21, Phel31, Pro202, and TrpS. Moreover,
metallic interactions with Zn>" further strengthened the binding
stability of compound 2h. The binding positions of the
compounds are presented in Figure 4. The fact that the
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cocrystals exhibited higher inhibitory potential despite showing
fewer interactions in the enzyme pocket compared to 2a and 2h
is most likely due to the superiority of the strong chelation effect
of the NH group with Zn** ions over the weak coordination
ability of sulfone oxygen, which is consistent with the critical role
of metal ion chelation on affinity and activity.”'

In silico analyses showed that electron-withdrawing groups
(e.g, —NO, and —CN) in the para position added to the phenyl

group at the fourth position of the thiazole ring enhanced hCA I
inhibition, while the =N O, group in the meta position decreased
the activity. In terms of hCA 11, it was determined that the 3,4-
dichloro substituent provided the highest inhibition by
establishing optimal hydrophobic interactions, while large
halogens (e.g., para-bromine) decreased the activity due to

steric hindrance.
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Figure 5. Molecular dynamics trajectory analysis. (A) RMSD changes of hCA I protein (blue) and ligand (red). (B) RMSD changes of hCA II protein
(blue) and ligand (red). Both graphs visualize the dynamic behavior of proteins and ligands over 100 ns. (C) RMSF plot of hCA I (red) and hCA I
(blue) proteins showing residue-wise flexibility changes. (D, E) Protein—ligand (2a and 2h, respectively) contact analysis of the MD trajectory.

Molecular Dynamics Simulation. The stability of the
protein—ligand complex during MD simulations was studied in
detail by RMSD and RMSF analyses. Ligand stability at enzyme
active sites visualized the behavior of the RMSD values, which
were calculated for compounds 2a, 2h, and cocrystals fit protein.
RMSD plots (Figure SA,B) of the hCA I and AZM and hCA II
and 64W complexes exhibited a stable structure after a short

13591

initial tuning period. While the RMSD values of the hCA I and
AZM complex fluctuated around 1 A, they reached a more stable
profile after 20 ns and remained in this range until the end of the
simulation. Similarly, the RMSD values of the hCA II and 64W
complex stabilized in the range of 2—3.5 A after initial
fluctuations. RMSD analysis of the ligand—protein complexes
showed that the stabilization was maintained after the initial
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fluctuations. In particular, hCA II and 2h exhibited a constant
value of about 1.8 A after 50 ns, indicating a stable ligand
positioning in the binding site. These results emphasize the
ligands’ dynamic stability and compatibility in the binding site.
The RMSF analysis results (Figure SC) reveal the levels of
flexibility in different regions of both proteins. The catalytic
regions of hCA I and hCA II were shown to be structurally
conserved with low RMSF values. In contrast, higher RMSF
values were recorded at some loop regions on the surface and
these regions exhibited more mobility throughout the
simulation. This mobility may be due to the flexibility associated
with ligand-binding sites. The data obtained confirm that the
ligands retain their basic interactions throughout the simulation
and occupy a stable position in the binding site. The interactions
of compounds 2a and 2h with the Zn** complex show that the
system maintains stability throughout the simulation. In
addition, as shown in Figure SD,E, the hCA I and 2a complex
interacted with Ala121, His94, Thr199, and Val62 residues, and
these bonds remained stable throughout the simulation. The
hCA II and 2h complex also showed hydrogen bonding and
hydrophobic interactions with similar amino acid residues.
Interestingly, the bonding pattern of the compound 2h changed
at the beginning of the simulation. While hydrogen initially
bonded through the O1 atom attached to the sulfonyl group, it
started hydrogen bonding with the O2 atom after 100 ns. These
bonds remained intact and stable throughout the simulation,
confirming the reliability of the docking results. In both docking
and MD results, it was observed that the bonds between amino
acid residues and ligands exhibited close or identical lengths. For
example, a stable hydrophobic interaction between Leul98 and
compound 2a was found throughout the simulation.

In conclusion, the findings obtained from 100 ns MD
simulations confirm the stable binding of the selected
compounds to the hCA I and hCA II enzymes. The stability
and dynamic behaviors observed in the simulations agree with
docking analyses. This study highlights the potentially inhibitory
activities of the compounds and provides an important basis for
further biomolecular design studies.

ADMET Results. Predicting pharmacokinetic parameters in
the drug discovery process is important in identifying potential
drug candidates. In this context, the study of ADME
(absorption, distribution, metabolism, and excretion) properties
of newly developed molecules by computational methods can
reduce the risk of failure in the early stages of the drug design
process. This study evaluated the pharmacokinetic properties of
compounds 2a and 2h based on ADME parameters. The
lipophilicity level was determined as log P o/w values of 3.05 for
compound 2a and 4.74 for compound 2h. Both compounds
were found to have low gastrointestinal absorption potential and
did not show the ability to cross the blood—brain barrier. When
the metabolic effects were analyzed, both compounds inhibited
CYP2C19 and CYP2C9 enzymes, but they did not affect
CYP1A2 and CYP2D6 enzymes. Furthermore, both compounds
have the potential to inhibit the CYP3A4 enzyme. Log K, values
calculated for skin permeability were —6.11 cm/s for compound
2a and —5.24 cm/s for compound 2h. This result shows that
compound 2h has a higher potential for skin permeability than
compound 2a. In addition, the observed properties indicate that
both molecules conform to Lipinski’s rule of five, supporting
their potential for oral bioavailability with drug similarity. These
results provide an analysis of the pharmacokinetic properties of
the compounds and support their potential use in the drug
development process.
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B CONCLUSIONS

In this study, a novel series of thiazole-methylsulfonyl derivatives
was successfully designed and synthesized, and their potential
was determined against human carbonic anhydrase enzymes I
and II. The target compounds were characterized by 'H NMR,
3C NMR, and HRMS. Additionally, the structure of compound
2b was elucidated by an X-ray study. Compound 2a
demonstrated potent inhibition of hCA I, with an ICj, value
of 39.38 pM. Similarly, compound 2h showed significant
inhibition of hCA II, with an ICs, value of 38.50 uM. Docking
results revealed specific interactions with the active sites of hCA
I and hCA I, which was supported by the stability observed in
dynamic simulations. According to molecular docking, com-
pounds 2a and 2h were found to fit into the active pocket region
of the protein, establish similar interactions with Phe91, Ala121,
Leul98, His94, and Thr199, the amino acid residues with which
the cocrystal compounds interact, and provide a strong binding
affinity through zinc—ligand interaction. Furthermore, the low
inhibitory activity of compound 2h despite the high docking
score for hCA I can be explained by the weakness in its binding
kinetics and binding in a conformation that cannot effectively
block the substrate binding site. In addition, the ADME
properties of these compounds were analyzed and found to
exhibit appropriate pharmacokinetic profiles and druglike
properties. This study highlights the importance of thiazole-
methylsulfonyl derivatives in inhibiting carbonic anhydrase
enzymes with possible therapeutic applications.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.5c00509.

Crystallographic information for C;,H;,BrN;0,S, (CIF)

'"H NMR, “C NMR, and HRMS spectra of 2a—2m
compounds (PDF)

B AUTHOR INFORMATION

Corresponding Author
Yusuf Ozkay — Department of Pharmaceutical Chemistry,
Faculty of Pharmacy, Anadolu University, Eskigehir 26470,
Turkey; ® orcid.org/0000-0001-5948-1855; Phone: +90-
222-335-0580/3775; Email: yozkay@anadolu.edu.tr

Authors

Zahra Maryam — Department of Pharmaceutical Chemistry,
Faculty of Pharmacy, Anadolu University, Eskisehir 26470,
Turkey

Aysen Isik — Department of Biochemistry, Faculty of Science,
Selguk University, Konya 42250, Turkey

Emine Rana Bagcl — Department of Pharmaceutical Chemistry,
Faculty of Pharmacy, Afyonkarahisar Health Sciences
University, Afyonkarahisar 03030, Turkey; Department of
Pharmaceutical Chemistry, Graduate School, Anadolu
University, Eskisehir 26470, Turkey

Maksut Yildiz — Department of Biochemistry, Faculty of
Pharmacy, Cumhuriyet University, Sivas 58140, Turkey

Hakan Unver — Department of Chemistry, Faculty of Science,

. Eskisehir Technical University, Eskisehir 26470, Turkey

Umit M. Kocyigit — Department of Biochemistry, Faculty of
Pharmacy, Cumhuriyet University, Sivas 58140, Turkey

https://doi.org/10.1021/acsomega.5c00509
ACS Omega 2025, 10, 13583—-13594


https://pubs.acs.org/doi/10.1021/acsomega.5c00509?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00509/suppl_file/ao5c00509_si_001.cif
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00509/suppl_file/ao5c00509_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yusuf+O%CC%88zkay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5948-1855
mailto:yozkay@anadolu.edu.tr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zahra+Maryam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ays%CC%A7en+Is%CC%A7%C4%B1k"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emine+Rana+Bag%CC%86c%C4%B1"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maksut+Y%C4%B1ld%C4%B1z"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hakan+U%CC%88nver"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="U%CC%88mit+M.+Kocyigit"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Burak+K%C4%B1r%C4%B1lmaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Burak Kirllmaz — Department of Pharmaceutical Chemistry,
Faculty of Pharmacy, Erciyes University, Kayseri 38039,
Turkey

Ismail Celik — Department of Pharmaceutical Chemistry,
Faculty of Pharmacy, Erciyes University, Kayseri 38039,
Turkey; ® orcid.org/0000-0002-8146-1663

Ulviye Acar Cevik — Department of Pharmaceutical Chemistry,
Faculty of Pharmacy, Anadolu University, Eskisehir 26470,
Turkey; ® orcid.org/0000-0003-1879-1034

Zafer Asim Kaplancikll — Department of Pharmaceutical
Chemistry, Faculty of Pharmacy, Anadolu University, Eskisehir
26470, Turkey; The Rectorate of Bilecik Seyh Edebali
University, Bilecik 11230, Turkey

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.5c00509

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work has been supported by Anadolu University Scientific
Research Projects Coordination Unit under grant number YTT-
2024-2688. The authors acknowledge the Scientific and
Technological Research Application and Research Center,
Sinop University, Turkey, for the use of the Bruker D8
QUEST diffractometer.

B REFERENCES

(1) Caglayan, C.; Taslimi, P.; Demir, Y.; Kiigiikler, S.; Kandemir, F.
M.; Gulgin, I. The effects of zingerone against vancomycin-induced
lung, liver, kidney and testis toxicity in rats: The behavior of some
metabolic enzymes. J. Biochem. Mol. Toxicol. 2019, 33 (10),
No. e22381.

(2) Kalayc1, M; Tiirkes, C.; Arslan, M.; Demir, Y.; Beydemir, S. Novel
benzoic acid derivatives: Synthesis and biological evaluation as
multitarget acetylcholinesterase and carbonic anhydrase inhibitors.
Arch. Pharm. 2021, 354 (3), No. e2000282.

(3) Caglayan, C.; Taslimi, P.; Tiirk, C.; Gulcin, I; Kandemir, F. M,;
Demir, Y.; Beydemir, $. Inhibition effects of some pesticides and heavy
metals on carbonic anhydrase enzyme activity purified from horse
mackerel (Trachurus trachurus) gill tissues. Environ. Sci. Pollut. Res.
2020, 27, 10607.

(4) Karakaya, A.; Ercetin, T.; Yildirim, S.; Kocyigit, U. M, Rudrapal,
M.; Rakshit, G.; Acar Cevik, U.; ézkay, Y. New Thiazole Derivatives:
Carbonic Anhydrase I-II and Cholinesterase Inhibition Profiles,
Molecular Docking Studies. ChemistrySelect. 2024, 9 (28),
No. €202401587.

(5) Lomelino, C. L.; Supuran, C. T.; McKenna, R. Non-classical
inhibition of carbonic anhydrase. Internat. J. Mol. Sci. 2016, 17 (7),
1150.

(6) Alterio, V.; Di Fiore, A.; D’Ambrosio, K; Supuran, C. T.; De
Simone, G. Multiple binding modes of inhibitors to carbonic
anhydrases: how to design specific drugs targeting 15 different
isoforms? Chem. Rev. 2012, 112 (8), 4421—4468.

(7) Tonelli, M.; Simone, M.; Tasso, B.; Novelli, F.; Boido, V.
Sparatore, F.; Paglietti, G.; Pricl, S.; Giliberti, G.; Blois, S.; Ibba, C.;
Sanna, G.; Loddo, R.; La Colla, P. Antiviral activity of benzimidazole
derivatives. II. Antiviral activity of 2-phenylbenzimidazole derivatives.
Bioorg. Med. Chem. 2010, 18 (8), 2937. )

(8) Mentese, E.; Yilmaz, F.; Emirik, M.; Ulker, S.; Kahveci, B.
Synthesis, molecular docking and biological evaluation of some
benzimidazole derivatives as potent pancreatic lipase inhibitors. Bioorg.
Chem. 2018, 76, 478.

(9) Kus, C.; Ayhan-Kilcigil, G.; Eke, B. C.; iScan, M. Synthesis and
antioxidant properties of some novel benzimidazole derivatives on lipid
peroxidation in the rat liver. Arch. Pharm. Res. 2004, 27, 156.

(10) Hoff, E.; Zou, D.; Schiza, S.; Demir, Y.; Grote, L.; Bouloukaki, I;
Beydemir, $.; Eskandari, D.; Stenlof, K.; Hedner, J. Carbonic anhydrase,
obstructive sleep apnea and hypertension: effects of intervention. J.
Sleep. Res. 2020, 29 (2), No. e12956.

(11) Yamali, C; Gul, H. I; Cakir, T.; Demir, Y.; Gulcin, L
Aminoalkylated phenolic chalcones: investigation of biological effects
on acetylcholinesterase and carbonic anhydrase I and II as potential
lead enzyme inhibitors. Lett. Drug Des. Discovery 2020, 17 (10), 1283.

(12) Cakmak, O.; Okten, S.; Alimli, D.; Ersanli, C. C.; Taslimi, P.;
Kogyigit, U.M. Novel piperazine and morpholine substituted quino-
lines: Selective synthesis through activation of 3,6,8-tribromoquinoline,
characterization and their some metabolic enzymes inhibition
potentials. J. Mol. Struct. 2020, 1220, No. 128666.

(13) Aydin, B. O; Anil, D.; Demir, Y. Synthesis of N-alkylated
pyrazolo[3,4-d]pyrimidine analogs and evaluation of acetylcholinester-
ase and carbonic anhydrase inhibition properties. Arch. Pharm. 2021,
354 (3), 2000330.

(14) Supuran, C. T.; Scozzafava, A.; Casini, A. Carbonic anhydrase
inhibitors. Med. Res. Rev. 2003, 23 (2), 146—189.

(15) Lomelino, C.; McKenna, R. Carbonic anhydrase inhibitors: a
review on the progress of patent literature (2011—2016). Expert Opin.
Ther. Pat. 2016, 26 (8), 947—956.

(16) Kerru, N.; Gummidi, L.; Maddila, S.; Gangu, K. K; Jonnalagadda,
S. B. A review on recent advances in nitrogen-containing molecules and
their biological applications. Molecules. 2020, 25 (8), 1909.

(17) Papadatos, G.; Brown, N. In silico applications of bioisosterism in
contemporary medicinal chemistry practice. Wiley Interdiscip. Rev.
Comput. 2013, 3 (4), 339-354.

(18) Carta, F.; Aggarwal, M.; Maresca, A.; Scozzafava, A.; McKenna,
R.; Masini, E,; Supuran, C. T. Dithiocarbamates strongly inhibit
carbonic anhydrases and show antiglaucoma action in vivo. J. Med.
Chem. 2012, 55 (4), 1721.

(19) Higazy, S.; Samir, N.; El-Khouly, A.; Giovannuzzi, S.; Begines, P.;
Gaber, H. M.; Supuran, C. T.; Abouzid, K. A. Identification of
thienopyrimidine derivatives tethered with sulfonamide and other
moieties as carbonic anhydrase inhibitors: design, synthesis and anti-
proliferative activity. Bioorg. Chem. 2024, 144, No. 107089.

(20) Abdel-Mohsen, H. T.; Omar, M. A.; Petreni, A.; Supuran, C. T.
Novel 2-substituted thioquinazolinebenzenesulfonamide derivatives as
carbonic anhydrase inhibitors with potential anticancer activity. Arch.
Pharm. 2022, 355 (12), 2200180.

(21) Angeli, A;; Carta, F.,; Supuran, C. T. Carbonic anhydrases:
versatile and useful biocatalysts in chemistry and biochemistry.
Catalysts. 2020, 10 (9), 1008.

(22) Carta, F.; Aggarwal, M.; Maresca, A.; Scozzafava, A.; McKenna,
R.; Supuran, C. T. Dithiocarbamates: a new class of carbonic anhydrase
inhibitors. Crystallographic and kinetic investigations. Chem. Commun.
2012, 48 (13), 1868.

(23) Supuran, C. T. How many carbonic anhydrase inhibition
mechanisms exist? J. Enzyme Inhib. Med. Chem. 2016, 31 (3), 345—360.

(24) Meanwell, N. A. Synopsis of some recent tactical application of
bioisosteres in drug design. J. Med. Chem. 2011, 54 (8), 2529—2591.

(25) Khanum, G.; Fatima, A.; Siddiqui, N.; Agarwal, D. D.; Butcher, R.
J.; Srivastava, S. K; Javed, S. Synthesis, single crystal, characterization,
and computational study of 2- amino-N-cyclopropyl-S-ethyl-thio-
phene-3-carboxamide. J. Mol. Struct. 2022, 1250, No. 131890.

(26) Sharma, S.; Devgun, M; Narang, R; Lal, S; Rana, A. C.
Thiazoles: a retrospective study on synthesis,: structureactivity
relationship and therapeutic significance. Indian J. Pharm. Educ. Res.
2022, 56, 646.

(27) Al S. H.; Sayed, A. R. Review of the synthesis and biological
activity of thiazoles. Synth. Commun. 2021, S1 (S), 670.

(28) Ashour, G. R; Qarah, A. F.; Alrefaei, A. F; Alalawy, A. I;
Alsoliemy, A.; Alqahtani, A. M.; Alamoudi, W. M.; El-Metwaly, N. M.
Synthesis,: modeling, and biological studies of new thiazole-pyrazole
analogues as anticancer agents. J. Saudi Chem. Soc. 2023, 27 (4),
No. 101669.

(29) Narendar, K; Rao, B. S; Tirunavalli S.; Jadav, S. S.;
Andugulapati, S. B.; Ramalingam, V.; Babu, K. S. Synthesis of novel

https://doi.org/10.1021/acsomega.5c00509
ACS Omega 2025, 10, 13583—-13594


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ismail+Celik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8146-1663
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ulviye+Acar+C%CC%A7evik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1879-1034
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zafer+As%C4%B1m+Kaplanc%C4%B1kl%C4%B1"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00509?ref=pdf
https://doi.org/10.1002/jbt.22381
https://doi.org/10.1002/jbt.22381
https://doi.org/10.1002/jbt.22381
https://doi.org/10.1002/ardp.202000282
https://doi.org/10.1002/ardp.202000282
https://doi.org/10.1002/ardp.202000282
https://doi.org/10.1007/s11356-020-07611-z
https://doi.org/10.1007/s11356-020-07611-z
https://doi.org/10.1007/s11356-020-07611-z
https://doi.org/10.1002/slct.202401587
https://doi.org/10.1002/slct.202401587
https://doi.org/10.1002/slct.202401587
https://doi.org/10.3390/ijms17071150
https://doi.org/10.3390/ijms17071150
https://doi.org/10.1021/cr200176r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200176r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200176r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmc.2010.02.037
https://doi.org/10.1016/j.bmc.2010.02.037
https://doi.org/10.1016/j.bioorg.2017.12.023
https://doi.org/10.1016/j.bioorg.2017.12.023
https://doi.org/10.1007/BF02980099
https://doi.org/10.1007/BF02980099
https://doi.org/10.1007/BF02980099
https://doi.org/10.1111/jsr.12956
https://doi.org/10.1111/jsr.12956
https://doi.org/10.2174/1570180817999200520123510
https://doi.org/10.2174/1570180817999200520123510
https://doi.org/10.2174/1570180817999200520123510
https://doi.org/10.1016/j.molstruc.2020.128666
https://doi.org/10.1016/j.molstruc.2020.128666
https://doi.org/10.1016/j.molstruc.2020.128666
https://doi.org/10.1016/j.molstruc.2020.128666
https://doi.org/10.1002/ardp.202000330
https://doi.org/10.1002/ardp.202000330
https://doi.org/10.1002/ardp.202000330
https://doi.org/10.1002/med.10025
https://doi.org/10.1002/med.10025
https://doi.org/10.1080/13543776.2016.1203904
https://doi.org/10.1080/13543776.2016.1203904
https://doi.org/10.3390/molecules25081909
https://doi.org/10.3390/molecules25081909
https://doi.org/10.1002/wcms.1148
https://doi.org/10.1002/wcms.1148
https://doi.org/10.1021/jm300031j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm300031j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bioorg.2023.107089
https://doi.org/10.1016/j.bioorg.2023.107089
https://doi.org/10.1016/j.bioorg.2023.107089
https://doi.org/10.1016/j.bioorg.2023.107089
https://doi.org/10.1002/ardp.202200180
https://doi.org/10.1002/ardp.202200180
https://doi.org/10.3390/catal10091008
https://doi.org/10.3390/catal10091008
https://doi.org/10.1039/c2cc16395k
https://doi.org/10.1039/c2cc16395k
https://doi.org/10.3109/14756366.2015.1122001
https://doi.org/10.3109/14756366.2015.1122001
https://doi.org/10.1021/jm1013693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm1013693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molstruc.2021.131890
https://doi.org/10.1016/j.molstruc.2021.131890
https://doi.org/10.1016/j.molstruc.2021.131890
https://doi.org/10.5530/ijper.56.3.113
https://doi.org/10.5530/ijper.56.3.113
https://doi.org/10.1080/00397911.2020.1854787
https://doi.org/10.1080/00397911.2020.1854787
https://doi.org/10.1016/j.jscs.2023.101669
https://doi.org/10.1016/j.jscs.2023.101669
https://doi.org/10.1080/14786419.2023.2166042
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

thiazoles bearing lupeol derivatives as potent anticancer and anti-
inflammatory agents. Nat. Prod. Res. 2024, 38 (13), 2207—2214.

(30) Danyliuk, I; Kovalenko, N.; Tolmachova, V.; Kovtun, O,;
Saliyeva, L.; Slyvka, N.; Holota, S.; Kutrov, G.; Tsapko, M.; Vovk, M.
Synthesis and antioxidant activity evaluation of some new 4-thiomethyl
functionalised 1, 3-thiazoles. Curr. Chem. Lett. 2023, 12 (4), 667—676.

(31) Dincel, E. D.; Hasbal-Celikok, G.; Yilmaz-Ozden, T.; Ulusoy-
Giizeldemirci, N. Design,: synthesis, biological evaluation, molecular
docking, and dynamic simulation study of novel imidazo [2, 1-b]
thiazole derivatives as potent antioxidant agents. J. Mol. Struct. 2022,
1258, No. 132673.

(32) Yadav, A.; Verma, P.; Chauhan, B.; Mishra, A. P. In silico Study,
Synthesis Of Thiazole Molecules As Possible Dihydrofolate Reductase
Inhibitors Against Malaria. J. Pharm. Negat. Results. 2023, 1909.

(33) Sahu, S.; Ghosh, S. K; Gahtori, P.; Pratap Singh, U,;
Bhattacharyya, D. R.; Bhat, H. R. In silico ADMET study,: docking,
synthesis and antimalarial evaluation of thiazole-1, 3, S-triazine
derivatives as P-DHFR inhibitor. Pharmacol. Rep. 2019, 71 (5),
762—767.

(34) Saffour, S.; AL-Sharabi, A. A.; Evren, A. E.; Cankilic, M. Y.;
Yurttag, L. Antimicrobial Activity of Novel Substituted 1, 2, 4-Triazole
and 1, 3-Thiazole Derivatives. J. Mol. Struct. 2024, 1295, No. 136675.

(35) Salih, R. H. H; Hasan, A. H.; Hussen, N. H.; Hawaiz, F. E.;
Hadda, T. B.; Jamalis, J.; Almalki, F. A.; Adeyinka, A. S.; Coetzee, L. C.
C.; Oyebamiji, A. K. Thiazole-pyrazoline hybrids as potential
antimicrobial agent: synthesis: biological evaluation, molecular
docking, DFT studies and POM analysis. J. Mol. Struct. 2023, 1282,
No. 135191.

(36) Al-Sanea, M. M.; Abdel-Maksoud, M. S.; El-Behairy, M. F.;
Hamdi, A,; Ur Rahman, H,; Parambi, D. G. T.; Elbargisy, R. M,;
Mohamed, A. A. B. Anti-inflammatory effect of 3- fluorophenyl
pyrimidinylimidazo [2, 1-b] thiazole derivatives as p38a inhibitors.
Bioorg. Chem. 2023, 139, No. 106716.

(37) Kumar, G.; Singh, N. P. Synthesis, anti-inflammatory and
analgesic evaluation of thiazole/oxazole substituted benzothiazole
derivatives. Bioorg. Chem. 2021, 107, No. 104608.

(38) Xi, M,; Feng, C; Du, K; Lv, W,; Dy, C,; Shen, R;; Sun, H.
Design,: synthesis, biological evaluation and molecular modeling of N-
isobutyl-N-((2-(p-tolyloxymethyl) thiazol-4yl) methyl) benzo [d][1,
3] dioxoleS-carboxamides as selective butyrylcholinesterase inhibitors.
Bioorg. Med. Chem. Lett. 2022, 61, No. 128602.

(39) Scozzafava, A.; Menabuoni, L.; Mincione, F.; Briganti, F.;
Mincione, G.; Supuran, C. T. Carbonic anhydrase inhibitors. Synthesis
of water-soluble, topically effective, intraocular pressure-lowering
aromatic/heterocyclic sulfonamides containing cationic or anionic
moieties: is the tail more important than the ring? J. Med. Chem. 1999,
42,2641.

(40) SMART Bruker AXS, 2000.

(41) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A,;
Puschmann, H. OLEX2: a complete structure solution, refinement and
analysis program. J. Appl. Crystallogr. 2009, 42, 339—341.

(42) Sheldrick, G. M. SHELXT-integrated space-group and crystal-
structure determination. Acta Cryst. A 2015, 71 (1), 3.

(43) Macrae, C. F.; Edgington, P. R.; McCabe, P.; Pidcock, E.; Shields,
G. P,; Taylor, R.; Towler, M.; van de Streek, J. Mercury: visualization
and analysis of crystal structures. J. Appl. Crystallogr. 2006, 39 (3), 453.

(44) Armstrong, J. M; Myers, D. V.; Verpoorte, J. A; Edsall, J. T.
Purification and properties of human erythrocyte carbonic anhydrases.
J. Biol. Chem. 1966, 241 (21), 5137—5149.

(45) Ark, S.; Kogyigit, U.M. Investigation of the Effects of Favipiravir
and Oseltamivir Active Substances Used in the Treatment of Covid-19
on Carbonic Anhydrase I-II Isoenzymes and Acetylcholine Enzyme
Activities in Vitro. Cumhuriyet Sci. ]. 2023, 44 (1), 67—71.

(46) Verpoorte, J. A;; Mehta, S.; Edsall, J. T. Esterase activities of
human carbonic anhydrases B and C. J. Biol. Chem. 1967, 242 (18),
4221-9.

(47) Chakravarty, S.; Kannan, K. K. Drug-protein interactions: refined
structures of three sulfonamide drug complexes of human carbonic
anhydrase I enzyme. J. Mol. Biol. 1994, 243 (2), 298—309.

13594

(48) Vannozzi, G.; Vullo, D.; Angeli, A.; Ferraroni, M.; Combs, J.;
Lomelino, C.; Andring, J.; Mckenna, R.; Bartolucci, G.; Pallecchi, M.;
Lucarini, L.; Sgambellone, S.; Masini, E.; Carta, F.; Supuran, C. T. One-
pot procedure for the synthesis of asymmetric substituted ureido
benzene sulfonamides as effective inhibitors of carbonic anhydrase
enzymes. J. Med. Chem. 2022, 65 (1), 824—837.

(49) Trott, O.; Olson, A. J. AutoDock Vina: improving the speed and
accuracy of docking with a new scoring function, efficient optimization,
and multithreading. J. Comput. Chem. 2010, 31 (2), 455—461.

(50) Lee, J.; Cheng, X.; Jo, S.; MacKerell, A. D.; Klauda, J. B.; Im, W.
CHARMM-GUI input generator for NAMD, GROMACS, AMBER,
OpenMM, and CHARMM/OpenMM simulations using the
CHARMM36 additive force field. Biophys. J. 2016, 110 (3), 641a.

(51) Abraham, M. J.; Murtola, T.; Schulz, R.; P4ll, S.; Smith, J. C.;
Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 2018, 1, 19-285.

(52) Daina, A.; Michielin, O.; Zoete, V. SwissADME: a free web tool
to evaluate pharmacokinetics, drug-likeness and medicinal chemistry
friendliness of small molecules. Sci. Rep. 2017, 7 (1), 42717.

(53) Valasani, K. R;; Chaney, M. O.; Day, V. W.; ShiDu Yan, S.
Acetylcholinesterase inhibitors: structure based design, synthesis,
pharmacophore modeling, and virtual screening. J. Chem. Inf. Model.
2013, 53 (8), 2033—2046.

(54) Chevis, P.].; Chao, C. B. E.; Richardson, C.; Hyland, C.]. T ; Lee,
R.; Pyne, S. G. Diastereoselective Petasis-Borono-Mannich Crotylation
Reactions of Chiral a-Heteroatom (F, OBz, OH) Aldehydes: Rapid
Access to Valuable Mono and Bicyclic Heterocyclic Scaffolds. Chem. -
Eur. ]. 2023, 29 (53), No. €202301701.

(55) Isik, A.; Acar Cevik, U.; Celik, L; Kiigiikoglu, K.; Nadaroglu, H.;
Bostanci, H. E.; f)zkay, Y.; Kaplancikly, Z. A. Novel Hydrazide-
Hydrazones Bearing a Benzimidazole Ring: Design, Synthesis, and
Evaluation of Inhibitor Properties Against CA I and CA II Isozymes.
Chem. Biol. Drug Design 2024, 104 (6), No. e70025.

(56) Acar Cevik, U; Isik, A; Kapavarapu, R; Kiigiikoglu, K;
Nadaroglu, H.; Bostanci, H. E,; OZkay, Y.; Kaplancikli, Z. A. Design,
synthesis and biological evaluation of novel ketone derivatives
containing benzimidazole and 1, 3, 4-triazole as CA inhibitors. J. Mol.
Struct. 2024, 1295, No. 136770.

(57) Kogyigit, U. M,; Dogan, M.; Muglu, H.; Taslimi, P.; Tiiziin, B.;
Yakan, H.; Bal, H; Giizel, E.; Giilgin, I. Determination of biological
studies and molecular docking calculations of isatin-thiosemicarbazone
hybrid compounds. J. Mol. Struct. 2022, 1264, No. 133249.

(58) Yakan, H.; Azam, M.; Kansiz, S.; Muglu, H.; Ergiil, M.; Taslimi,
P.; M. Kogyigit, U.; Karaman, M,; L Al-Resayes, S.; Min, K. Isatin/
thiosemicarbohydrazone hybrids: Facile synthesis, and their evaluation
as anti-proliferative agents and metabolic enzyme inhibitors. Bull.
Chem. Soc. Ethiop. 2023, 37 (5), 1221—1236.

(59) Unver, H.; Acar Cevik, U.; Bostancl, H. E.; Kaya, O.; Kocyigit, U.
M. Imidazole-hydrazone derivatives: Synthesis, characterization, X-ray
structures and evaluation of anticancer and carbonic anhydrase I-II
inhibition properties. ChemistrySelect. 2023, 8 (27), No. €202301641.

(60) Misir, B. A.; Derin, Y.; Okten, S.; Aydin, A; Kogyigit, U. M,;
Sahin, H.; Tutar, A. Novel diarylated tacrine derivatives: Synthesis,
characterization, anticancer, antiepileptic, antibacterial, and antifungal
activities. J. Biochem. Mol. Toxicol. 2024, 38 (4), No. e23706.

(61) Dincel, E. D.; Kuran, E. D.; Demir, Y.; Sucu, B. O.; Giilgin, I;
Ulusoy-Giizeldemirci, N. Discovery of Dual-Inhibitor Acyl Hydrazones
for Acetylcholinesterase and Carbonic Anhydrase I/II: A Mechanistic
Insight into Alzheimer’s Disease. ChemistrySelect. 2025, 10 (9),
No. e202405876.

https://doi.org/10.1021/acsomega.5c00509
ACS Omega 2025, 10, 13583—-13594


https://doi.org/10.1080/14786419.2023.2166042
https://doi.org/10.1080/14786419.2023.2166042
https://doi.org/10.5267/j.ccl.2023.6.002
https://doi.org/10.5267/j.ccl.2023.6.002
https://doi.org/10.1016/j.molstruc.2022.132673
https://doi.org/10.1016/j.molstruc.2022.132673
https://doi.org/10.1016/j.molstruc.2022.132673
https://doi.org/10.47750/pnr.2023.14.03.247
https://doi.org/10.47750/pnr.2023.14.03.247
https://doi.org/10.47750/pnr.2023.14.03.247
https://doi.org/10.1016/j.pharep.2019.04.006
https://doi.org/10.1016/j.pharep.2019.04.006
https://doi.org/10.1016/j.pharep.2019.04.006
https://doi.org/10.1016/j.molstruc.2023.136675
https://doi.org/10.1016/j.molstruc.2023.136675
https://doi.org/10.1016/j.molstruc.2023.135191
https://doi.org/10.1016/j.molstruc.2023.135191
https://doi.org/10.1016/j.molstruc.2023.135191
https://doi.org/10.1016/j.bioorg.2023.106716
https://doi.org/10.1016/j.bioorg.2023.106716
https://doi.org/10.1016/j.bioorg.2020.104608
https://doi.org/10.1016/j.bioorg.2020.104608
https://doi.org/10.1016/j.bioorg.2020.104608
https://doi.org/10.1016/j.bmcl.2022.128602
https://doi.org/10.1016/j.bmcl.2022.128602
https://doi.org/10.1016/j.bmcl.2022.128602
https://doi.org/10.1021/jm9900523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9900523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9900523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9900523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S002188980600731X
https://doi.org/10.1107/S002188980600731X
https://doi.org/10.1016/S0021-9258(18)99681-X
https://doi.org/10.17776/csj.1134711
https://doi.org/10.17776/csj.1134711
https://doi.org/10.17776/csj.1134711
https://doi.org/10.17776/csj.1134711
https://doi.org/10.1016/S0021-9258(18)95800-X
https://doi.org/10.1016/S0021-9258(18)95800-X
https://doi.org/10.1006/jmbi.1994.1655
https://doi.org/10.1006/jmbi.1994.1655
https://doi.org/10.1006/jmbi.1994.1655
https://doi.org/10.1021/acs.jmedchem.1c01906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c01906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c01906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c01906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1016/j.bpj.2015.11.3431
https://doi.org/10.1016/j.bpj.2015.11.3431
https://doi.org/10.1016/j.bpj.2015.11.3431
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1038/srep42717
https://doi.org/10.1038/srep42717
https://doi.org/10.1038/srep42717
https://doi.org/10.1021/ci400196z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci400196z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202301701
https://doi.org/10.1002/chem.202301701
https://doi.org/10.1002/chem.202301701
https://doi.org/10.1111/cbdd.70025
https://doi.org/10.1111/cbdd.70025
https://doi.org/10.1111/cbdd.70025
https://doi.org/10.1016/j.molstruc.2023.136770
https://doi.org/10.1016/j.molstruc.2023.136770
https://doi.org/10.1016/j.molstruc.2023.136770
https://doi.org/10.1016/j.molstruc.2022.133249
https://doi.org/10.1016/j.molstruc.2022.133249
https://doi.org/10.1016/j.molstruc.2022.133249
https://doi.org/10.4314/bcse.v37i5.14
https://doi.org/10.4314/bcse.v37i5.14
https://doi.org/10.4314/bcse.v37i5.14
https://doi.org/10.1002/slct.202301641
https://doi.org/10.1002/slct.202301641
https://doi.org/10.1002/slct.202301641
https://doi.org/10.1002/jbt.23706
https://doi.org/10.1002/jbt.23706
https://doi.org/10.1002/jbt.23706
https://doi.org/10.1002/slct.202405876
https://doi.org/10.1002/slct.202405876
https://doi.org/10.1002/slct.202405876
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

