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ABSTRACT

Objective: In this study, novel 5-fluoroindolylmethylene hydrazone derivatives were synthesized
and assessed for their potential inhibitory effects on human carbonic anhydrase I and Il (hCA | and
I1) enzymes through both in vitro and in silico approaches.

Material and Method: Accordingly, starting from 5-fluoroindole, 5-fluoroindole-3-
carboxaldehyde was synthesized. The target final compounds were then obtained by condensing
substituted phenylhydrazine with 5-fluoroindole-3-carboxaldehyde, resulting in three Schiff base
derivatives (2a, 2b, and 2c).

Result and Discussion: The synthesized compounds demonstrated effective inhibition of cytosolic
carbonic anhydrase isoforms hCA | and Il, with Ki values ranging from 32.28+7.09 to 74.86+10.90
nM for hCA | and 8.79+1.92 to 60.40+/4.64 nM for hCA Il. Among them, compound 2a exhibited
the most potent inhibitory effect on both isoenzymes. In vitro results were verified with the results
obtained by docking studies and interactions with enzymes were demonstrated. These novel 5-
fluoroindolylmethylene hydrazone derivatives show promise as potent inhibitors of cytosolic CA
isoenzymes.
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oz

Amac: Bu calismada, 5-floroindolilmetilen hidrazonun yeni tiirevieri sentezlendi ve bunlarin insan
karbonik anhidraz I ve Il (hCA I ve 1l) enzimleri iizerindeki potansiyel inhibitor etkileri in vitro ve
in silico olarak degerlendirilmesi amacland.

Gere¢ ve Yontem: Buna gore, 5-floroindolden baslayarak, 5-floroindol-3-karboksaldehit

sentezlendi. Hedef nihai bilesikler daha sonra ikame edilmis fenilhidrazinin 5-floroindol-3-
karboksaldehit ile yogunlastiriimasiyla elde edildi ve ii¢ Schiff baz tiirevi (2a, 2b ve 2c) elde edildi.
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Sonu¢ ve Tartisma: Sentezlenen bilesikler, hCA I i¢in 32.28+7.09 ila 74.86+10.90 nM ve hCA II
icin 8.79+1.92 ila 60.40+14.64 nM araliginda degisen Ki degerleri ile sitozolik karbonik anhidraz
izoformlart hCA I ve II'nin etkili inhibisyonunu gostermistir. Bunlar arasinda, bilesik 2a her iki
izoenzim iizerinde en giiclii inhibitor etkiyi gostermigtir. In vitro sonuglar, yerlestirme ¢calismalariyla
elde edilen sonuclarla dogrulanmis ve enzimlerle etkilesimler gosterilmigtir. Bu yeni 5-
floroindolilmetilen hidrazon tirevieri, sitozolik CA izoenzimlerinin gii¢lii inhibitorleri olarak timit
verici goriinmektedir.

Anahtar Kelimeler: 5-Floroindol, glokom, inhibisyon, karbonik anhidraz

INTRODUCTION

Metalloenzymes consist of one or more metal ions that are tightly bound within a protein. Using
the enzyme as a structural framework for transition metal complexes, these systems enable selective
chemical transformations. It is well known which metal ions strongly bind to proteins. Identifying these
bound metal ions is crucial for advancing enzymatic analysis [1,2]. These enzymes play crucial roles in
protein degradation, detoxification, nucleic acid modification and other vital processes [2,3]. The
participation of metalloenzymes in these functions also connects them to the development of various
diseases, highlighting their potential as therapeutic targets [3]. Human carbonic anhydrase (hCA;
carbonate hydrolases, EC 4.2.1.1) belongs to the metalloenzyme family, which includes sixteen
isoenzymes (CA I-XVI) in mammals. Because they contain zinc ions, most carbonic anhydrases are
categorized as metalloenzymes. Human carbonic anhydrases facilitate the reversible reaction of carbon
dioxide (CO:) with water, yielding a proton (H*) and a bicarbonate ion (HCOs"). This reaction plays a
crucial role in pH regulation across various tissues, particularly in erythrocytes [4-9]. Several CA
isozymes play essential roles in physiological functions, making them important therapeutic targets.
Modulating their activity, either through inhibition or activation, holds therapeutic potential for
conditions like edema, cancer, epilepsy, osteoporosis, glaucoma and obesity [5-11]. Carbonic anhydrase
inhibitors (CAIs) such as zonisamide (ZNS), acetazolamide (AZA) and methazolamide (MZA) are
commonly used in clinical settings as diuretics and to manage intraocular pressure in glaucoma patients
[12,13]. The inhibitory effects of several compounds, including anions, metal ions, phenols [14-16],
Schiff bases, sulfonamides and their amines, amides and 1H-indazole derivatives [17-20], chalcones
[21], pyrimidine-thiones [22], and certain amino methyl derivatives [23], have been investigated against
numerous CA isozymes to date. CA Il inhibitors have a number of uses, including the treatment of
epilepsy and glaucoma, as well as their use as antitumor agents, diagnostic tools, and diuretics
[6,8,24,25]. Currently, there is significant scientific interest in the discovery of novel CA inhibitors
[6,8,14,24-27]. Recent studies have shown that various phenol derivatives [8,14], salicylic acid
derivatives [28], and different benzene and bisphenol compounds with antioxidant properties, along with
their derivatives [29,30], are potential inhibitors of hCA I-1l isozymes. Recently, researchers in this field
have focused on evaluating the pharmacological activity of indole and its derivatives. Numerous studies
have demonstrated the diverse therapeutic potential of indole derivatives, including antioxidant [31],
antimicrobial [32], and anticancer [33], properties, as well as their potential in Alzheimer's disease
[34,35].

This study is primarily focused on the synthesis of three novel indole-derived Schiff base
compounds and the evaluation of their inhibitory potential against the hCA I-1l enzymes. In this context,
firstly, the compound 5-fluoroindole-3-carboxaldehyde it resulted from the reaction of 5-fluoroindole
with DMF and POCIs [36]. Then, 5-fluoroindole-3-carboxaldehyde was reacted with substituted
phenylhydrazine derivatives or hydrazine to synthesis the three Schiff bases compounds. The
synthesized compounds were evaluated using a variety of characterization techniques like *H and **C
NMR and mass spectra analyses. The CA inhibitory effects of the newly synthesized compounds
targeting the CA | and Il isoenzymes, isolated from human erythrocytes, were assessed based on two
parameters: 1Cso and Ki. ICso values were determined by measuring the percentage of enzyme activity
at various inhibitor concentrations, while keeping the substrate concentration fixed, followed by
graphical determination of the inhibitor concentration required for 50% inhibition. The results were
subsequently compared to acetazolamide.
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MATERIAL AND METHOD
General

A melting point for Stuart The SMP30 instrument was used to determine uncorrected melting
points. A Varian 500 MHz and 125 MHz spectrometer (Palo Alto, CA) The *H and **C NMR spectra
were recorded using TMS for internal standard, with DMSO-d6 and CDCl;s serving as the solvents. The
ESI mass spectra were obtained using a Waters Micromass ZQ apparatus. Every spectral analysis was
carried out at Ankara University's Instrumental Laboratory of the Faculty of Pharmacy. Using Merck
silica gel 60 (230-400 mesh ASTM), chromatography was performed. Sepharose-4B, protein assay
reagents, 4-nitrophenylacetate and other chemicals used for purification were purchased from Sigma—
Aldrich Co. All other chemicals used for kinetic analysis were analytical grade and obtained from
Merck. The chemical reagents and other compounds that were utilized in the synthesis.

General Procedure for Synthesis of Compounds

Compound 5-fluoroindole-3-carboxaldehyde it resulted from the reaction of 5-fluoroindole with
DMF and POCIls [36]. The final three Schiff bases compounds were synthesized by condensation of
substituted phenylhydrazine hydrochloride or hydrazine hydrate with 5-fluoroindole-3-carbaldehyde
(Figure 1). The novel compounds were synthesized using a Kidwai-adapted technique [37].
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Figure 1. Synthesis of indole hydrazine derivatives

Synthesis of 5-fluoroindole-3-carbaldehyde (1)

5-Fluoroindole (I mmol) was reacted with POCL in DMF. POCIs was dissolved in DMF at
temperatures below 10 °C, and then 5-fluoroindole, Dissolved in DMF, it was introduced into the
mixture, which was then stirred at 35 °C for 1.5 hours. Afterward, it cooled to 10 °C, and 1N NaOH was
added until the solution became alkaline. The mixture was subsequently heated to 60 °C and then
allowed to cool. Finally, it was filtered, rinsed with water, and left to dry.

Yield: 77% (0.126 g), mp: 163-165°C. *H-NMR (500 MHz, CDCls, &): 8.99 (s, 1H), 8.02 (dd,
1H, J=9.2, I’=2.3), 7.91 (d, 1H, J=3.1), .7.40 (dd, 1H, J=8.8, J’=4.3), 7.28 (s, 1H),7.12-7.08 (m, 1H).
B3C-NMR (125 MHz, DMSO, §): 184.99, 160.74, 158.85, 136.41, 133.03, 119.76, 113.08, 112.87,
112.43, 112.35, 107.58, 107.39. MS (ESI+) m/z: 164.03 (M+H, 55%). 191.29 (M+28, 100%).

Synthesis of Compounds 2a and 2b

A mixture of 5-fluoroindole-3-carbaldehyde (1 mmol), 2-chlorophenyl hydrazine hydrochloride
or 4-methoxybenzohydrazide (1.2 mmol) was dissolved in 20 ml of absolute ethanol. Sodium acetate
(0.4 g) was added as a catalyst, and the reaction was heated at 80°C for 2 hours. Upon completion, the
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reaction mixture was allowed to cool to room temperature. The resulting precipitate was filtered, washed
with cold water, and recrystallized from ethanol to afford the desired compounds.

5-fluoroindole-3-carboxaldehyde (2-chlorophenyl) hydrazone (2a): Yield:51% (0.145 g), mp:
147-148°C. *H-NMR (500 MHz, DMSO, §): 11.55 (s, 1H, hydrazon-NH), 9.44 (s, 1H), 8.49 (s, 1H,
azomethine-CH), 7.90 (dd, 2H, J = 10, J’=2.6 Hz), 7.76 (d, 1H, J=2.7 Hz), 7.52 (dd, 1H, J =8.6, J’=1.4
Hz), 7.47-7.44 (m,1H), 7.34-7.31 (m, 2H), 7.09-7.05 (m, 1H), 6.76-6.73 (M, 1H). *C-NMR (125 MHz,
DMSO, §): 158.97, 157.12, 142.46, 138.93, 134.15, 130.45, 129.74, 128.63, 124.84, 124.76, 118.93,
116.13,113.52,113.41, 113.33. 113.03, 112.99, 111.04, 110.84, 106.64, 106.46. MS (ESI+) m/z: 288.38
(M+H, 100%).

N'-((5-fluoro-1H-indol-3-yl)methylene)-4-methoxybenzohydrazide (2b): Yield: 37%(0.114 g),
mp: 220-222°C. *H-NMR (500 MHz, DMSO, §): 'H-NMR (500 MHz, DMSO, §): 11.68 (s, 1H,
hydrazon-NH), 11.47 (s, 1H), 8.60 (s, 1H, azomethine-CH), 8.03 (dd, 1H, J=10, I’=2.5 Hz), 7.94-7.90
(m, 3H), 7.47-7.44 (m, 1H), 7.09-7.05 (m, 3H), 3.84 (s, 3H). *C-NMR (125 MHz, DMSO, §): 162.49,
162.20, 159.12, 157.27, 144.36, 134.10, 132.20, 129.78, 126.46, 125.18, 125.10, 114.1, 113.38, 113.31,
112.47,112.43, 111.27, 111.06, 107.33, 107.14, 55.86. MS (ESI+) m/z: 312.46 (M+H, 100%).

Synthesis of 1,2-bis((5-fluoro-1H-indol-3-yl)methylene)hydrazine (2c)

5-Fluoroindole-3-carbaldehyde (2 mmol) was combined with hydrazine hydrate (1 mmol) in 20
mL of absolute ethanol and heated on a hot water bath for 2 hours. After completion, the reaction mixture
was cooled to room temperature. The resulting precipitate was filtered, washed with cold water,
recrystallized from ethanol to obtain the desired compounds.

Yield: 77% (0.248 g), mp: 324-325°C. *H-NMR (500 MHz, DMSO, 8): 11.84 (s, 2H, hydrazon-
NH), 8.92 (s, 2H), 8.05 (dd, 2H, J=10, I’=2.6 Hz), 7.99 (s, 2H, azomethine-CH), 7.51-7.48 (m, 2H),
7.11-7.06 (m, 2H). **C-NMR (125 MHz, DMSO, §): 185.44, 159.23, 157.37, 155.60, 134.26, 133.96,
125.60, 125.52, 113.59, 113.51, 112.59, 112.55, 111.30, 111.09, 107.36, 107.17. MS (ESI+) m/z: 323.47
(M+H, 100%).

Molecular Docking Studies

The protein data bank provided hCA | (PDB: 2FOY) [38] and hCA 1l (PDB: 1IF7) [38], which
were downloaded in pdb format for the molecular docking investigation. AutoDockTools 1.5.6 [39,40]
was used to remove water, ions and ligands from the downloaded proteins, add polar hydrogens, and
add a gaister charge before saving the protein in pdbgt format. Ligands were prepared in the
ChemDraw3D 19.0 application. Molecular docking analysis was performed using the most recent
AutoDock Vina software [40] following conversion to pdbgt format using AutoDockTools 1.5.6. The
results are shown in 2D and 3D the Discovery Studio Client program [41].

Biological Activity Studies
Carbonic Anhydrase Isoenzymes Inhibition Analysis

The enzyme purification process was conducted in accordance with established protocols from
previous research [42-46]. The protein concentration in active fractions was measured
spectrophotometrically at 595 nm using the Bradford assay [47]. Carbonic anhydrase (CA) isoenzyme
activity was determined based on the method outlined by Verpoorte et al., with spectrophotometric
absorbance monitored at 348 nm to track changes in the reaction medium [48].

To assess the inhibitory potential of thiophene derivative Schiff base compounds (2a-c) on human
CA isoenzymes, a graph representing enzyme activity percentage against inhibitor concentration was
generated. The ICso values were extracted from these plots. For Ki determination, three different
inhibitor concentrations were tested alongside five varying substrate concentrations. Additionally,
inhibition graphs for the most effective compounds were plotted and analyzed. The same approach used
for AZA, the reference inhibitor for CA isoenzymes, was used to calculate Ki and 1Cs values.

RESULT AND DISCUSSION
Studies on the inhibition of carbonic anhydrase (CA) enzyme activity have demonstrated its
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potential as a therapeutic approach for treating glaucoma. These studies have also aimed to clarify the
enzyme's catalytic mechanisms, while revealing its distribution in tissues and its vital roles within them.
These findings have led to a notable rise in the development of enzyme inhibitors and activators.
Consequently, various enzyme inhibitors have been developed. Beyond its use in glaucoma treatment,
CA inhibitors are also widely utilized in clinical settings for their antitumor, analgesic, anticonvulsant,
antiulcer, diuretic, antibiotic, and neurological properties [49]. Our previous research has demonstrated
that indole derivatives containing Schiff bases inhibit the cytosolic CA isozymes hCA | and hCA II. As
a continuation of our studies, the synthesis of three new indole-derived Schiff base compounds and the
investigation of their inhibitory effects on hCA | and Il enzymes were evaluated [50]. This work
synthesized new compounds and investigated their in vitro effects on the hCAI and hCAII isoenzymes
after first doing in silico assessments of novel Schiff bases generated from indole. After purifying the
CAl and CAII isoenzymes using the CNBr-activated Sepharose-4B-L-tyrosine sulfanilamide affinity
chromatography method, the effects of the new indole derivative Schiff base compounds on these
isoenzymes were investigated (Table 1, Figure 2-5). Compounds 2a and 2c exhibited strong inhibition
effects on hCAIl and hCAII isoenzymes at very low concentrations. The inhibitor concentration and %
activity for the compounds 2c and 2a, which showed inhibitory effects on the hCAI and hCAII
isoenzymes, respectively, were shown in graphs (Figure 2 and Figure 4). Ki values were determined for
each compound at three different concentrations. The compounds were found to exhibit inhibitory
effects across all three concentrations tested. Lineweaver-Burk plots were drawn to determine the Ki
values and the type of inhibition. The Ki and 1Cs, values obtained for hCAI and hCAII are provided in
Table 1. It has been established that the Ki values for hCAI range from 32.87 + 10.64 to 74.86 = 10.90
nM and for hCAII from 8.79 £ 1.92 to 60.40 = 14.67 nM. In comparison to the control compound AZA,
compound 2a displayed the strongest inhibitory activity against the hCAI isoenzyme, while compound
2c exhibited the most potent inhibition of the hCAIl enzyme (Figure 2 and Figure 4) (Table 1).
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Table 1. The Ki constants and 1Cs values determined for compounds (2a-c) and acetazolamide (AZA)
drugs having inhibitory effects on hCAI and hCAII.

I1Cs0 (NM) Ki (nM) £ STD
Compouinds hCAlI R? hCAlI R? hCAl hCAII
2a 59.09 0.9991 4455 | 0.9971 34.20+£7.09 8.79+1.92
2b 196.70 0.9947 165.38 | 0.9889 74.86 £ 10.90 60.40 + 14.67
2C 76.75 0.9975 64.48 0.9971 32.87 +10.64 1445+ 4.28
AZA 111.44 0.9939 98.15 0.9976 89.70 £ 9.43 24.98 +7.71

Molecular docking studies revealed that the binding energies of compounds 2a-c to the hCA-I
and hCA-II enzymes ranged from from -6.8 to -8.8 kcal/mol. The binding energy of the reference drug
AZA for the hCAI enzyme is -5.7 kcal/mol, and for the hCAIl enzyme, it is -6.1 kcal/mol (Table 2). All
compounds were observed to bind with lower binding energies than the reference drug AZA.

When the interactions of the compounds with the hCAI enzyme were evaluated, hydrogen bonds
and pi interactions were observed in the interactions of all compounds and acetazolamide with the active
site of the hCAI enzyme. In compound 2b, hydrogen bonds are predominant and there are fewer
hydrophobic interactions. Considering the in vitro hCAI activity of 2b, it is thought that hydrophobic



J. Fac. Pharm. Ankara, 49(3): 773-784, 2025 Kedik etal. 779

interactions may play an important role in enzyme inhibition activity. In compounds 2a and 2c, pi
interactions are also seen in addition to hydrogen bonds. There are hydrogen bonds and pi interactions
in the interaction of the reference drug acetazolamide with the hCAI enzyme's active site (Figure 6).

Table 2. The binding energy and protein-ligand interaction for compounds (2a-c) and acetazolamide
(AZA) drugs having inhibitory effects on hCAI and hCAII

Binding energy Protein-ligand Binding Protein-ligand
: : energy for . ;
Compunds for hCA-I interaction hCA-II interaction
(kcal/mol) (for hCA-1) (kcal/mol) (for hCA-I1)
VAL A:239,LYS PHE A:231, PRO A:237,
2a -6.9 A:170, PRO A:240, -7.2 GLU A:236, GLY A:63,
TYR A7 GLU A:239
GLY A:63, GLN
A:242, HIS A:243, .
2b -6.8 LYS A:170. SER -7.8 PHE A:231
A:231, PRO A:241
LEU A:231, HIS A:94, TYR A:7, PHE A:231,
2c -7.8 ALA A:121, PHE A:91, -8.8 LYS A:170, ASN A:32,
ASN A:69, HIS A:200 VAL A:242
LEU A:131, ALA PHE A:231, HIS A4,
A:121, HIS A:100, LYS A:140, GLY A:63
AZA -5.7 GLU A:92, HIS A:96, -6.1 s Pove
) : TYR A7, GLU A:239,
THR A:199, HIS A:94, ASN A1l
HIS A:119 i
A C D
. " ® - s &
. B m @
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Figure 6. The active site of the hCA | enzyme contains 2D molecular docking images of compounds
2a (A), 2b (C), 2c (E), and the reference drug acetazolamide (G), as well as 3D molecular docking
images of compounds 2a (B), 2b (D), 2¢ (F), and the reference drug acetazolamide (H). Interactions of
compound 2a:VAL A:239(rn interactions), LYS A:170(alkyl interactions), PRO A:240(H-bonds), TYR
A:7(H-bonds), interactions of compound 2b: GLY A:63 (n-alkyl interactions), GLN A:242(H-bonds),
HIS A:243(H-bonds), LYS A:170(H-bonds), SER A:231(Halogen interactions), PRO A:241 (H-
bonds), Interactions of compound 2¢: LEU A:231 (7 interactions), HIS A:94 (r interactions), ALA
A:121 (m interactions), PHE A:91 (Halogen interactions), ASN A:69(Halogen interactions), HIS
A:200 (m interactions and H-bonds), interactions of reference drug acetazolamide; LEU A:131(n
interactions), ALA A:121(=n interactions), HIS A:100(x interactions), GLU A:92(H-bonds), HIS A:96,
(H-bonds), THR A:199(H-bonds), HIS A:94(H-bonds), HIS A:119 (H-bonds)
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When the interactions of compounds with hCAIl enzyme are evaluated, hydrogen bonds and pi
interactions are observed in the interactions of compounds 2a and 2b with the active site of hCAlI
enzyme. Hydrophobic interaction with Phe231 is seen as common in all compounds and acetazolamide.
Hydrophobic interaction with Gly63, Glu239 is similar in compounds 2a and acetazolamide. Moreover,
the low binding energy of compound 2a is low compared to acetazolamide. The fact that this compound
has a more potent activity compared to acetazolamide is correlated with molecular docking study, and
it can be thought that the hydrophobic interactions observed in the interaction of the compound with the
enzyme contribute to the activity. It was observed that compound 2b has both hydrophobic and hydrogen
bond interactions with Phe231 in the active site of the enzyme. Although its binding energy to the
enzyme is high, it is thought that its lower activity compared to acetazolamide and compound 2a
contributes to the activity due to hydrophobic interactions and hydrogen bonds. In the interactions of
compound 2c with protein, more hydrophobic interactions are observed compared to acetazolamide.
Compound 2c binds to the target protein with lower binding energy and correlates with in vitro activity.
(Figure 7).

o]

Figure 7. The hCA Il enzyme's active site contains 2D molecular docking images of compounds 2a
(A), 2b (C), 2c (E), and the reference drug acetazolamide (G). The hCA Il enzyme's active site
contains 3D molecular docking images of compounds 2a (B), 2b (D), 2c (F), and the reference drug
acetazolamide (H). Interactions of compound 2a: PHE A:231(x interactions), PRO A:237, GLU
A:236 (m interactions), GLY A:63(H-bonds), GLU A:239(H-bonds), interactions of compound 2b:
PHE A:231(Halogen interactions and H-bonds), interactions of compound 2¢: TYR A:7 (n
interactions), PHE A:231 (x interactions), LYS A:170 (xn interactions), ASN A:32 (H-bonds), VAL
A:242 (Halogen interactions), interactions of reference drug acetazolamide; PHE A:231(n
interactions), HIS A:4(H-bonds), LYS A:140(H-bonds),, GLY A:63(H-bonds), TYR A:7(H-bonds),
GLU A:239(H-bonds), ASN A:11(H-bonds)

Conclusion

In this study, three different indole-derived Schiff base compounds were synthesized, and the
inhibitory profiles of the synthesized compounds against the hCA | and hCA Il enzymes were
investigated. The investigated compounds exhibited more effective inhibitory profiles compared to AZA
which is utilized as a reference drug. Consequently, the nnovel compounds inhibited hCAI and hCAII
activities at lower concentrations. The synthesized compounds demonstrated effective inhibition of
cytosolic carbonic anhydrase isoforms hCA | and Il, with Ki values ranging from 32.28+7.09 to
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74.86+£10.90 nM for hCA I and 8.79+1.92 to 60.40+14.64 nM for hCA 1l. Compound 2a exhibited the
most potent inhibitory effect on both isoenzymes. Docking studies were used to confirm the in vitro
results, and interactions with enzymes were shown. The lower activity of compound 2b compared to 2a
and 2c is believed to be due to the intramolecular hydrogen bond formed between the carbonyl oxygen
and the hydrogen on the hydrazine nitrogen in 2b. This bond reduces the molecule's ability to form
hydrogen bonds with the enzyme, leading to decreased activity. Even if our findings are encouraging,
we intend to carry out more research to examine the cytotoxicity and mode of action of these substances
in order to create an ideal and trustworthy hCA | and Il enzyme inhibitor. Therefore, we believe that
these novel 5-fluoroindolylmethylene hydrazone derivatives hold great potential as lead compounds for
the development of improved CA inhibitors.

ACKNOWLEDGEMENTS

The authors appreciate the Scientific Research Council of Selcuk University for their support of
the Project (Project No: 24202055).

AUTHOR CONTRIBUTIONS

Concept: C.K., N.F., E.D., H.S.; Design: C.K., N.F., E.D., H.S.; Control: CK., N.F.,, E.D., H.S.;
Sources: C.K., N.F., E.D., H.S.; Materials: C.K., N.F., E.D., H.S.; Data Collection and/or Processing:
C.K., N.F, E.D., H.S.; Analysis and/or Interpretation: C.K., N.F., E.D., H.S.; Literature Review: C.K.,
N.F., E.D., H.S.; Manuscript Writing: C.K., N.F., E.D., H.S.; Critical Review: C.K., N.F., E.D., H.S.;
Other: -

CONFLICT OF INTEREST

The authors declare that there is no real, potential, or perceived conflict of interest for this article.

ETHICS COMMITTEE APPROVAL

The authors declare that the ethics committee approval is not required for this study.

REFERENCES

1. Sandoval, B.A., Hyster, T.K. (2020). Emerging strategies for expanding the toolbox of enzymes in
biocatalysis. Current Opinion in Chemical Biology, 55, 45-51. [CrossRef]

2. Ramalho, T.C., de Castro, A.A., Silva, D.R., Silva, M.C., Franca, T.C., Bennion, B.J., Kuca, K. (2016).
Computational enzymology and organophosphorus degrading enzymes: Promising approaches toward
remediation technologies of warfare agents and pesticides. Current Medicinal Chemistry, 23(10), 1041-
1061. [CrossRef]

3. Chen, A.Y., Adamek, R.N., Dick, B.L., Credille, C.V., Morrison, C.N., Cohen, S.M. (2019). Targeting
metalloenzymes for therapeutic intervention. Chemical Reviews, 119(2), 1323-1455. [CrossRef]

4, Imtaiyaz Hassan, M., Shajee, B., Waheed, A., Ahmad, F., Sly, W.S. (2013). Structure, function and
applications of carbonic anhydrase isozymes. Bioorganic and Medicinal Chemistry, 21(6), 1570-1582.
[CrossRef]

5. Supuran, C.T., Vullo, D., Manole, G., Casini, A., Scozzafava, A. (2004). Designing of novel carbonic
anhydrase inhibitors and activators. Current Medicinal Chemistry-Cardiovascular and Hematological
Agents, 2(1), 49-68. [CrossRef]

6. Supuran, C.T., Scozzafava, A. (2007). Carbonic anhydrases as targets for medicinal chemistry. Bioorganic
and Medicinal Chemistry, 15(13), 4336-4350. [CrossRef]

7. Supuran C.T. (2008). Carbonic anhydrases: Novel therapeutic applications for inhibitors and
activators. Nature Reviews Drug Discovery, 7(2), 168-181. [CrossRef]

8. Innocenti, A., Vullo, D., Scozzafava, A., Supuran, C.T. (2008). Carbonic anhydrase inhibitors: Interactions
of phenols with the 12 catalytically active mammalian isoforms (CA I-XIV). Bioorganic and Medicinal
Chemistry Letters, 18(5), 1583-1587. [CrossRef]


https://doi.org/10.1016/j.cbpa.2019.12.006
https://doi.org/10.2174/0929867323666160222113504
https://doi.org/10.1021/acs.chemrev.8b00201
https://doi.org/10.1016/j.bmc.2012.04.044
https://www.eurekaselect.com/article/36192
https://doi.org/10.1016/j.bmc.2007.04.020
https://doi.org/10.1038/nrd2467
https://doi.org/10.1016/j.bmcl.2008.01.077

782 Kedik et al. J. Fac. Pharm. Ankara, 49(3): 773-784, 2025

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Oztiirk Sarikaya, S.B., Topal, F., Sentiirk, M., Giilgin, I., Supuran, C.T. (2011). In vitro inhibition of a-
carbonic anhydrase isozymes by some phenolic compounds. Bioorganic and Medicinal Chemistry
Letters, 21(14), 4259-4262. [CrossRef]

Nair, S.K., Ludwig, P.A., Christianson, D.W. (1994). Two-site binding of phenol in the active site of human
carbonic anhydrase IlI: Structural implications for substrate association. Journal of the American Chemical
Society, 116(8), 3659-3660. [CrossRef]

Casey, J.R. (2006). Why bicarbonate?. Biochemistry and Cell biology, 84(6), 930-939. [CrossRef]
Ozbey, F., Taslimi, P., Giilgin, 1., Maras, A., Goksu, S., Supuran, C.T. (2016). Synthesis of diaryl ethers
with acetylcholinesterase, butyrylcholinesterase and carbonic anhydrase inhibitory actions. Journal of
Enzyme Inhibition and Medicinal Chemistry, 31(sup2), 79-85. [CrossRef]

Garibov, E., Taslimi, P., Sujayev, A., Bingol, Z., Cetinkaya, S., Gulgin, 1., Beydemir, S., Farzaliyev, V.,
Alwasel, S.H., Supuran, C.T. (2016). Synthesis of 4,5-disubstituted-2-thioxo-1,2,3,4-
tetrahydropyrimidines and investigation of their acetylcholinesterase, butyrylcholinesterase, carbonic
anhydrase I/1l inhibitory and antioxidant activities. Journal of Enzyme Inhibition and Medicinal
Chemistry, 31(sup3), 1-9. [CrossRef]

Innocenti, A., Hilvo, M., Scozzafava, A., Parkkila, S., Supuran, C.T. (2008). Carbonic anhydrase inhibitors:
Inhibition of the new membrane-associated isoform XV with phenols. Bioorganic and Medicinal Chemistry
Letters, 18(12), 3593-3596. [CrossRef]

Thiry, A., Dogné, J.M., Supuran, C.T., Masereel, B. (2007). Carbonic anhydrase inhibitors as
anticonvulsant agents. Current Topics in Medicinal Chemistry, 7(9), 855-864. [CrossRef]

Ekinci, D., Beydemir, S., Kiifrevioglu, O.I. (2007). In vitro inhibitory effects of some heavy metals on
human erythrocyte carbonic anhydrases. Journal of Enzyme Inhibition and Medicinal Chemistry, 22(6),
745-750. [CrossRef]

Supuran C.T. (2008). Diuretics: From classical carbonic anhydrase inhibitors to novel applications of the
sulfonamides. Current Pharmaceutical Design, 14(7), 641-648. [CrossRef]

Yigit, B., Yigit, M., Taslimi, P., Gok, Y., Giilgin, 1. (2018). Schiff bases and their amines: Synthesis and
discovery of carbonic anhydrase and acetylcholinesterase enzymes inhibitors. Archiv der
Pharmazie, 351(9), e1800146. [CrossRef]

Alim Z. (2018). 1H-indazole molecules reduced the activity of human erythrocytes carbonic anhydrase |
and Il isoenzymes. Journal of Biochemical and Molecular Toxicology, 32(9), €22194. [CrossRef]
Taslimi, P., Osmanova, S., Gulgin, 1., Sardarova, S., Farzaliyev, V., Sujayev, A., Kaya, R., Koc, F.,
Beydemir, S., Alwasel, S.H., Kufrevioglu, O.l. (2017). Discovery of potent carbonic anhydrase,
acetylcholinesterase, and butyrylcholinesterase enzymes inhibitors: The new amides and thiazolidine-4-
ones synthesized on an acetophenone base. Journal of Biochemical and Molecular Toxicology, 31(9), 10.
[CrossRef]

Aslan, H.E., Demir, Y., Ozaslan, M.S., Tiirkan, F., Beydemir, S., Kiifrevioglu, O.1. (2019). The behavior
of some chalcones on acetylcholinesterase and carbonic anhydrase activity. Drug and Chemical
Toxicology, 42(6), 634-640. [CrossRef]

Taslimi, P., Sujayev, A., Turkan, F., Garibov, E., Huyut, Z., Farzaliyev, V., Mamedova, S., Gulgin, 1.
(2018). Synthesis and investigation of the conversion reactions of pyrimidine-thiones with nucleophilic
reagent and evaluation of their acetylcholinesterase, carbonic anhydrase inhibition, and antioxidant
activities. Journal of Biochemical and Molecular Toxicology, 32(2), €22019. [CrossRef]

Timur, 1., Kocyigit, U.M., Dastan, T., Sandal, S., Ceribasi, A.O., Taslimi, P., Gulcin, i., Koparir, M.,
Karatepe, M., Cift¢i, M. (2018). In vitro cytotoxic and in vivo antitumoral activities of some aminomethyl
derivatives of 2,4-dihydro-3H-1,2,4-triazole-3-thiones-Evaluation of their acetylcholinesterase and
carbonic anhydrase enzymes inhibition profiles. Journal of Biochemical and Molecular Toxicology, 33,
£22239. [CrossRef]

Supuran, C.T., Scozzafava, A. (2007). Carbonic anhydrases as targets for medicinal chemistry. Bioorganic
and Medicinal Chemistry, 15(13), 4336-4350. [CrossRef]

Sly, W.S., Hu, P.Y. (1995). Human carbonic anhydrases and carbonic anhydrase deficiencies. Annual
Review of Biochemistry, 64, 375-401. [CrossRef]

Ozensoy, O., Arslan, O., Sinan, S.0O. (2004). A new method for purification of carbonic anhydrase isozymes
by affinity chromatography. Biochemistry, 69(2), 216-219. [CrossRef]

Pastorekova, S., Parkkila, S., Pastorek, J., Supuran, C.T. (2004). Carbonic anhydrases: Current state of the
art, therapeutic applications and future prospects. Journal of Enzyme Inhibition and Medicinal
Chemistry, 19(3), 199-229. [CrossRef]


https://doi.org/10.1016/j.bmcl.2011.05.071
https://doi.org/10.1021/ja00087a086
https://doi.org/10.1139/o06-184
https://doi.org/10.1080/14756366.2016.1189422
https://doi.org/10.1080/14756366.2016.1198901
https://doi.org/10.1016/j.bmcl.2008.04.077
https://doi.org/10.2174/156802607780636726
https://doi.org/10.1080/14756360601176048
https://doi.org/10.2174/138161208783877947
https://doi.org/10.1002/ardp.201800146
https://doi.org/10.1002/jbt.22194
https://doi.org/10.1002/jbt.21931
https://doi.org/10.1080/01480545.2018.1463242
https://doi.org/10.1002/jbt.22019
https://doi.org/10.1002/jbt.22239
https://doi.org/10.1016/j.bmc.2007.04.020
https://doi.org/10.1146/annurev.bi.64.070195.002111
https://doi.org/10.1023/b:biry.0000018954.38006.9a
https://doi.org/10.1080/14756360410001689540

J. Fac. Pharm. Ankara, 49(3): 773-784, 2025 Kedik etal. 783

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

Bayram, E., Senturk, M., Kufrevioglu, O.l., Supuran, C.T. (2008). In vitro inhibition of salicylic acid
derivatives on human cytosolic carbonic anhydrase isozymes | and Il. Bioorganic and Medicinal
Chemistry, 16(20), 9101-9105. [CrossRef]

Burmaoglu, S., Dilek, E., Yilmaz, A.O., Supuran, C.T. (2016). Synthesis of two phloroglucinol derivatives
with cinnamyl moieties as inhibitors of the carbonic anhydrase isozymes | and Il: An in vitro study. Journal
of Enzyme Inhibition and Medicinal Chemistry, 31(2), 208-212. [CrossRef]

Caglar, S., Dilek, E., Caglar, B., Adiguzel, E., Temel, E., Buyukgungor, O., Tabak, A. (2016). New metal
complexes with diclofenac containing 2-pyridineethanol or 2-pyridinepropanol: synthesis, structural,
spectroscopic, thermal properties, catechol oxidase and carbonic anhydrase activities. Journal of
Coordination Chemistry, 69(22), 3321-3335. [CrossRef]

Suzen, S., Tekiner-Gulbas, B., Shirinzadeh, H., Uslu, D., Gurer-Orhan, H., Gumustas, M., Ozkan, S.A.
(2013). Antioxidant activity of indole-based melatonin analogues in erythrocytes and their voltammetric
characterization. Journal of Enzyme Inhibition and Medicinal Chemistry, 28(6), 1143-1155. [CrossRef]
Shirinzadeh, H., Altanlar, N., Yucel, N., Ozden, S., Suzen, S. (2011). Antimicrobial evaluation of indole-
containing hydrazone derivatives. Zeitschrift fur Naturforschung, 66(7-8), 340-344. [CrossRef]
Shirinzadeh, H., Neuhaus, E., Ince Erguc, E., Tascioglu Aliyev, A., Gurer-Orhan, H., Suzen, S. (2020).
New indole-7-aldehyde derivatives as melatonin analogues; synthesis and screening their antioxidant and
anticancer potential. Bioorganic Chemistry, 104, 104219. [CrossRef]

Gurer-Orhan, H., Karaaslan, C., Ozcan, S., Firuzi, O., Tavakkoli, M., Saso, L., Suzen, S. (2016). Novel
indole-based melatonin analogues: Evaluation of antioxidant activity and protective effect against amyloid
B-induced damage. Bioorganic and Medicinal Chemistry, 24(8), 1658-1664. [CrossRef]

Purgatorio, R., Gambacorta, N., Catto, M., de Candia, M., Pisani, L., Espargaro, A., Sabaté, R., Cellamare,
S., Nicolotti, O., Altomare, C.D. (2020). Pharmacophore modeling and 3D-QSAR study of indole and isatin
derivatives as antiamyloidogenic agents targeting Alzheimer's disease. Molecules (Basel,
Switzerland), 25(23), 5773. [CrossRef]

Heda, L.C., Sharma, R., Chaudhari, P.B. (2009). Viscometric investigations of some derivatives of 5-
substituted indole dihydropyrimidines 2-ones in mixed organic solvents. International Journal of Chemical
Sciences, 7(3), 1595-1605.

Kidwai, M., Negi, N., Gupta, S.D. (1994). Synthesis and antifertility activity of 1,5-diaryl-3-(3-
indolyl)formazans. Chemical and Pharmaceutical Bulletin, 42(11), 2363-2364. [CrossRef]

Xiang, F., Xiang, J., Fang, Y., Zhang, M., Li, M. (2014). Discovering isozyme-selective inhibitor scaffolds
of human carbonic anhydrases using structural alignment and de novo drug design approaches. Chemical
Biology and Drug Design, 83(2), 247-258. [CrossRef]

Huey, R., Morris, G.M. (2008). Using AutoDock 4 with AutoDocktools: A tutorial. The Scripps Research
Institute, USA, 8(8), 54-56.

Trott, O., Olson, A.J. (2010). AutoDock Vina: Improving the speed and accuracy of docking with a new
scoring function, efficient optimization, and multithreading. Journal of Computational Chemistry, 31(2),
455-461. [CrossRef]

Studio, B.D. (2017). Discovery Studio Visualizer. Biovia Discovery Studio: San Diego, CA, USA, 936.
Shirinzadeh, H., Dilek, E. (2020). Synthesis, characterization and biological activity evaluation of novel
naphthalenylmethylen hydrazine derivatives as carbonic anhydrase inhibitors. Journal of Molecular
Structure, 1220, 128657. [CrossRef]

Dilek, E., Caglar, S., Dogancay, N., Caglar, B., Sahin, O., Tabak, A. (2017). Synthesis, crystal structure,
spectroscopy, thermal properties and carbonic anhydrase activities of new metal (I1) complexes with
mefenamic acid and picoline derivatives. Journal of Coordination Chemistry, 70(16), 2833-2852.
[CrossRef]

Burmaoglu, S., Dilek, E., Yilmaz, A. O., Supuran, C. T. (2016). Synthesis of two phloroglucinol derivatives
with cinnamyl moieties as inhibitors of the carbonic anhydrase isozymes | and Il: An in vitro study. Journal
of Enzyme Inhibition and Medicinal Chemistry, 31(2), 208-212. [CrossRef]

Caglar, S., Dilek, E., Caglar, B., Adiguzel, E., Temel, E., Buyukgungor, O., Tabak, A. (2016). New metal
complexes with diclofenac containing 2-pyridineethanol or 2-pyridinepropanol: Synthesis, structural,
spectroscopic, thermal properties, catechol oxidase and carbonic anhydrase activities. Journal of
Coordination Chemistry, 69(22), 3321-3335. [CrossRef]

Bayram, E., Senturk, M., Kufrevioglu, O.l., Supuran, C.T. (2008). In vitro inhibition of salicylic acid
derivatives on human cytosolic carbonic anhydrase isozymes | and Il. Bioorganic and Medicinal
Chemistry, 16(20), 9101-9105. [CrossRef]


https://doi.org/10.1016/j.bmc.2008.09.028
https://doi.org/10.1080/14756366.2016.1181626
https://doi.org/10.1080/00958972.2016.1227802
https://doi.org/10.3109/14756366.2012.717223
https://doi.org/10.1515/znc-2011-7-804
https://doi.org/10.1016/j.bioorg.2020.104219
https://doi.org/10.1016/j.bmc.2016.02.039
https://doi.org/10.3390/molecules25235773
https://doi.org/10.1248/cpb.42.2363
https://doi.org/10.1111/cbdd.12234
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1016/j.molstruc.2020.128657
https://doi.org/10.1080/00958972.2017.1366996
https://doi.org/10.1080/14756366.2016.1181626
https://doi.org/10.1080/00958972.2016.1227802
https://doi.org/10.1016/j.bmc.2008.09.028

784 Kedik et al. J. Fac. Pharm. Ankara, 49(3): 773-784, 2025

47.

48.

49.

50.

Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Analytical Biochemistry, 72(1-2), 248-254.
[CrossRef]

Verpoorte, J.A., Mehta, S., Edsall, J.T. (1967). Esterase activities of human carbonic anhydrases B and
C. Journal of Biological Chemistry, 242(18), 4221-4229. [CrossRef]

Supuran, C.T., Scozzafava, A., Casini, A. (2003). Carbonic anhydrase inhibitors. Medicinal Research
Reviews, 23(2), 146-189. [CrossRef]

Akman, E., Sirinzade, H., Ozguven, S.Y., Dilek, E., Suzen, S. (2024). Enzyme inhibitory potential of some
indole Schiff bases on acetylcholinesterase and human carbonic anhydrase isoforms | and 1l enzymes:
An in vitro and molecular docking study. Journal of Biomolecular Structure and Dynamics, 42(22), 12011-
12020. [CrossRef]


https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/S0021-9258(18)95800-X
https://doi.org/10.1002/med.10025
https://doi.org/10.1080/07391102.2023.2266500

