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ABSTRACT

The activities of enzymes can be targeted in the treatment of some diseases. Recently, this strategy has
been used frequently in the development of new drugs. Carbonic anhydrase isozymes (CA-I and CA-II)
and acetylcholine esterase (AChE) are some of these enzymes. So, in the present study, we aimed to
investigate primer effects of presynthesized benzylidenemalononitrile derivatives (1-11) on the enzymes
via in vitro inhibition study, to clarify inhibition profiles of derivatives through molecular docking, and to
examine their effects against some bacterial strains.

For this purpose, firstly the benzylidenemalononitrile derivatives were synthesized starting from readily
available aldehydes and malononitrile with catalyst free conditions in aqueous medium just in 15 minutes
(11 examples). Then, biochemical and molecular docking studies were performed.

CA-I, CA-II and AChE was isolated from the human erythrocyte and the inhibition effects of synthesized
derivatives were examined through both in vitro and in silico approaches. While compound 5 was found
as the most effective inhibitor on hCA-I and hCA-II with K; constant of 7.51+2.25 and 11.92+2.22 pM
respectively, it was determined that compound 3 showed the highest inhibition effect on hAChE with
K; of 0.058+0.014 pM. From the antibacterial studies, it was found that while molecule 5 is the most

effective compound against K. pneumonia molecule 7 is the most effective compound against S. aureus.

© 2021 Elsevier B.V. All rights reserved.

Introduction

Malononitriles are highly reactive compounds. The reactive
methylene group is actively used in condensation reactions as a
nucleophile in the preparation of carbo- and heterocyclic products.
This property makes them an important chemical in medical, in-
dustrial and agricultural applications [1,2]. Malononitrile has been
reported to have antithyroid effect after in vivo experiments on
rats and humans. Besides, its biological activities such as causing
an increase of nucleoproteins in cells, regulating RNA synthesis in
neurons and nerve tissues, promoting nerve tissue regeneration,
neurotransmitter acetylcholine (ACh) biosynthesis and learning and
memory processes, and reducing amnesia after electric shock were
described [3-5].
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ACh, synthesized from cholinergic neurons of the brain, is a sig-
nificant neurotransmitter involved in signal transmission and de-
livery of messages. Some literature has been shown that it de-
grades in a short time in diseases related to memory loss such as
Alzheimer’s disease (AD) [6-9]. Acetylcholine esterase (AChE, E.C.
3.1.17) catalyses the hydrolysis of ACh to form choline and acetate
ions and it performs hydrolysis of approximately 80% of ACh in a
healthy brain [8,10]. It was declared that anticholinesterase drugs
can significantly reduce patients’ behavioural disorders by inhibit-
ing the AChE enzyme. Therefore, one of the potential therapeu-
tic strategy is cholinergic hypothesis via inhibiting the activity of
acetylcholinesterase (AChE) [11].

Carbonic anhydrase inhibitors (CAls) are a class of pharmaceuti-
cals and inhibit the catalytic activity of carbonic anhydrases (CAs).
CAs (EC 4.2.1.1) containing Zn?* in the active site, catalyse the
reversible conversion of carbon dioxide to bicarbonate and pro-
ton [12,13]. hCA-I and hCA-II are two isoforms (among sixteen CA
isozymes in human) known to be abundantly expressed in erythro-
cytes and they are mainly associated with important physiologi-
cal processes such as the regulation of respiratory and acid/base
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homeostasis, and have been the target of retinal pathologies, brain
oedema, glaucoma and epilepsy [14]. CAls are known to be used in
the clinic as diuretics, antiglaucoma agents and antiepileptic [15-
18]. Besides, they are used in the treatment of high altitude dis-
ease, idiopathic intracranial hypertension, neurological disorders,
osteoporosis, gastric and duodenal ulcers, etc. [13, 19-21].

Following the strategy that AChEIs and CAls are effective in the
treatment of some diseases, it was aimed to clarify the inhibition
profiles of benzylidenemalononitrile derivatives on AChE and CA
isozymes through both in vitro and in silico approaches and inves-
tigate the antibacterial properties of these derivatives.

2. Experimental
2.1. Chemicals

DE-52 anion exchange gel, dialysis bag, 5,5-dithiobis-(2-
nitrobenzoic acid) (DTNB), acetylthiocholine iodide, Sepharose-4B,
p-nitrophenyl acetate (PNF), L-tyrosine and all other chemicals
were procured from Sigma Chem. Co. and E. Merk AG. The chemi-
cals used for the synthesis of benzylidenemalononitrile derivatives
including organic solvents were purchased from Sigma-Aldrichs
and used without any purification. All test microorganisms (Staphy-
lococcus aureus, Escherichia coli and Klebsiella pneumonia) used in
the determination of antibacterial activity were isolated from clin-
ical samples from Igdir State Hospital microbiology laboratory. The
expired waste human blood was obtained from the Erzurum Turk-
ish Red Crescent, Turkey.

2.2. General procedure for the synthesis of benzylidenemalononitrile
derivatives

Benzylidenemalononitrile derivatives were synthesized in previ-
ous study [22]. Benzaldehyde (0.25 mmol) and malononitrile (0.25
mmol) were added in a round bottom flask with 3 mL MeOH /
H,0 (2: 1) and the mixture was magnetically stirred for 15 min-
utes at room temperature. After the completion of the reaction, the
solvent removed under reduced pressure and the product was pu-
rified by recrystallization from dichloromethane/hexanes (3:1) at
room temperature. Finally, the samples were prepared for 'TH NMR
analysis. NMR spectra were recorded using a 400 MHz Bruker NMR
instrument ('"H NMR at 400 MHz) in deuterated chloroform unless
stated otherwise and the Topspin (Topspin 2.1) software was used
in NMR.

2.3. Biochemical studies

2.3.2. Enzyme assays

Esterase activity of CA was measured according to the method
described by Verpoorte, Mehta [23]. The carbonic anhydrases catal-
yse the hydrolysis of p-nitrophenylacetate to p-nitrophenol or p-
nitrophenylate ion which gives maximum absorption at 348 nm.

The AChE activity was assayed at 436 nm with a spec-
trophotometer, according to Worek, Mast [24] method, a modified
method of the Ellman’s procedure.

2.2.3. Isolation of enzymes from human erythrocytes

To prepare hemolysate, erythrocyte pellets were haemolysis by
stirring with 5 volume of ice water and cell membrane debris was
removed by centrifugation at 10 000 rpm for 15 min.

For isolation of CA isozymes, the pH of hemolysate (25 ml) was
adjusted to 8.7 with solid Tris and applied to the Sepharose 4B-L-
tyrosine-sulfanylamide affinity column as previously described by
Arslan, Nalbantoglu [25]. CA-I and CA-II isozymes were eluted se-
quentially from the column with different elution buffer. All ex-
periments were carried out at 4°C. The active eluates were com-
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bined and dialyzed against the 0.05 M Tris-SO, buffer at pH:7.4,
then they were stored at -20 °C up to use in inhibition studies.

For isolation of AChE enzyme, the pH of hemolysate (25 ml)
was adjusted to 7.8 with 0.1 M K;HPO,4 solution and applied to
DE-52 anion exchange chromatography column as previously de-
scribed by Giiller et al., 2020 [26]. Active eluates were combined
and dialyzed against the 20 mM KH,PO4 (pH 7.5) buffer. All these
process were carried out at about + 4°C by using ice blocks.

In order to calculate specific activity quantitative protein assay
was carried out according to the method of Bradford 1976 at 595
nm [27].

2.3.3. Inhibition assays

In order to investigate the inhibition effects of benzylidene-
malononitrile derivatives (Fig. 1), firstly, enzyme activities were as-
sayed at the various concentrations of compounds. Control enzyme
activity (in the absence of the compound) was taken as 100%. For
each derivative, an activity%- [compound]| graphs were drawn us-
ing conventional polynominal regression software (Microsoft Of-
fice 2010, Excel). Benzylidenemalononitrile derivatives concentra-
tions that produced 50% inhibition (ICsq) were calculated from the
equation of these graphs. Secondly, for molecules, that showed in-
hibition effects, inhibition types and constants of the breakdown
of enzyme-inhibitor complexes (K;) were determined by drawing
Lineweaver Burk plots. For this purpose, at three different inhibitor
concentrations, enzyme activities were measured with five various
substrate concentrations.

2.2.5. In silico studies

Possible docking modes between molecules and isozymes were
studied using the AutoDock4 [28]. The crystal structures of hCA-I
(PDB code: 3LXE) [29] hCA-Il (PDB code: 5AML) [30], and hAChE
(PDB code: 4EY7) [31] were used in docking calculations and their
pdb file format were downloaded from protein data bank (http:
/|[www.rcsb.org/pdb). Three dimensional structures of the deriva-
tives were obtained by using ChemDraw software as the sdf file
and turned into pdb file by using Avogadro software.

After pdb files were obtained, ligand and protein were prepared
by using Autodock tool. To prepare the protein, water molecules
and other unnecessary atoms were deleted, polar H atoms were
added, missing atoms were checked, and Kollman charge was
added. The grid box dimension (60 x 60 x 60 A) and grid spac-
ing (0.375 A) were adjusted manually to keep the ligand flexible
around the protein active site. Grid boxes were centred as Xx= -
5.425, y= 30.918, z= 50.152 for hCA-I, x= -0.183, y= -3.555, z=
7192 for hCA-IL. In docking procedure of AChE, grid boxes were
centred as x= 1.165, y= -63.640, z= -24.967 for active site and x=
-2.892, y=-40.113, z= 14.866 for the allosteric site. The Lamarckian
genetic algorithm was used to determine the appropriate binding
positions, orientations, and conformations of ligands. To prepare
ligand, rotatable torsions in the ligands were generated with the
Autodock tool. Acetazolamide (AZA) was used as standard inhibitor
for hCA isozymes and tacrine was used as standard inhibitor for
hAChE. The results files were analysed using Discovery Studio Vi-
sualizer.

Before molecular docking studies, the validity of the protocol
was analysed through re-docking of co-crystallized ligand into the
receptors [32]. To test the scoring power, a dataset of known in-
hibitors and non-inhibitors of enzymes was constructed, and Re-
ceiver operating characteristic (ROC) curves were drawn. Active lig-
ands and decoys were generated using the DUD-E web service for
hCA isozymes and hAChE [33-35].

2.3.1. Antibacterial assay
All benzylidenemalononitrile derivatives were dissolved in
dimethyl sulfoxide (DMSO), reported as not being antibacterial
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Fig. 1. Structure of benzylidenemalononitrile derivatives.

[36-38]. For the antibacterial analysis, agar diffusion method was
carried out [39].

All test microorganisms (Staphylococcus aureus, Escherichia coli
and Klebsiella pneumonia) were identified using VITEK® 2 identifi-
cation system.

The bacteria to be tested were inoculated in Mueller Hinton
broth media and grown at 37°C overnight and also revived. The
microorganism suspensions at 10% cfu/ml (colony forming unit/ml)
concentrations were inoculated to the Mueller Hinton agar me-
dia and spread consistently on the plates. 5 mm diameter wells
at 2 cm intervals were made in the plate with the help of ster-
ile glass tube. 50 pL (containing 25, 50, 75, 100, 125, and 150 ug
of substance) of chemical solutions was placed into the wells. The
plates were incubated at 37 °C for 24 hours and after incubation
clear zones of inhibition surrounded the well/disc, mm in diame-
ter, were measured by using a Vernier calliper [40,41]. Commercial
discs were used for standard antibacterial [42]. For Gr (-) bacte-
ria Penicillin G (10 U), Clindamycin (2 pg), Erythromycin (15 pg),
Chloramphenicol (30 pg), Cephalexin (30 pg), for Gr (+) bacteria
Gentamicin (10), Tetracycline (30 pg), Vancomycin (30 pg), Methi-
cillin (5 pg), Bacitracin (0.04 U) disk were used as standard control
drug.

3. Results
3.1. Synthesis of benzylidenemalononitrile derivates
The benzylidenemalononitrile analogues were synthesized effi-

ciently at room temperature by known method in the literature
[22]. The spectral data were given at supplementary file 1.

3.2. Biochemical studies

3.2.1. In vitro inhibition studies

After isolation of human erythrocyte CA-I, CA-II and AChE, in
vitro inhibitory effects of benzylidenemalononitrile derivatives on
enzymes were measured spectroscopically. And inhibition types
and K; constants of derivatives were determined by means of
Lineweaver-Burk graphs.

As indicated in Table 1, it was found out that all molecules in-
hibited hCA-I and hCA-II noncompetitively. Most effective inhibitor
was found as compound 5 for both isozymes with K; constants
of 7.51£2.25 and 11.9242.22 uM respectively. For the most effec-
tive compounds on hCA-I and hCA-II, Lineweaver-Burk graphs were
given in Fig. 2a and b.

As for results regarding hAChE, it was seen that molecules 2, 3,
6, 7, 8, and 9 inhibited hAChE and compound 3 showed the high-
est inhibition potency with the K; value of 0.058+0.014 puM (see
Fig. 2c). ICsq values, K; constants and inhibition types of inhibitor
molecules were summarized in Table 2.

3.2.2. Molecular docking studies

Molecular docking studies were performed by using
AutoDock4.2 to elucidate the interactions between the com-
pounds and enzymes. Firstly, the validity of the protocol was
analysed through re-docking of co-crystallized ligands into the
receptors. Topiramate for hCA-I, 2-(But-2-yn-1-ylsulfamoyl)-4-
sulfamoylbenzoic acid for hCA-II and Donepezil for hAChE were
used. Docking analysis of hCA isozymes showed that derivative 7
had the smallest binding energy. Molelecule 3 showed the lowest
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Table 1

ICs values, K; constants, and inhibition types of benzylidenemalononitrile derivatives on hCA-I and hCA-IL
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Compounds Compound No  ICsp (M) K; (uM) Inhibition Type
CA-1 2-(thiophen-2-ylmethylene) malononitrile 1 22.26 17.2442.81 Noncompetitive
2-(4-chlorobenzylidene) malononitrile 2 26.54 14.51+7.47 Noncompetitive
2-(4-bromobenzylidene) malononitrile 3 16.04 11.33+2.79 Noncompetitive
2-benzylidene malononitrile 4 230 142.33+58.25 Noncompetitive
2-(furan-2-ylmethylene) malononitrile 5 7.11 7.51£2.25 Noncompetitive
2-(4-fluorobenzylidene) malononitrile 6 115 104.29+35.62 Noncompetitive
2-(4-nitrobenzylidene) malononitrile 7 24.64 20.37+2.75 Noncompetitive
2-(4-methoxybenzylidene) malononitrile 8 40.59 41.42+£12.99 Noncompetitive
2-(4-hydroxybenzylidene) malononitrile 9 138 370.66+41.14 Noncompetitive
2-(2,6-dichlorobenzylidene) malononitrile 10 345 397.84+70.01 Noncompetitive
2-(2,4-dichlorobenzylidene) malononitrile 11 14.37 8.30+0.70 Noncompetitive
Acetazolamide* AZA* 0.76 0.744+0.094 Noncompetitive
CA-Il  2-(thiophen-2-ylmethylene) malononitrile 1 16.43 23.69+3.95 Noncompetitive
2-(4-chlorobenzylidene) malononitrile 2 27.6 85.65+22.27 Noncompetitive
2-(4-bromobenzylidene) malononitrile 3 26.54 91.42+£14.59 Noncompetitive
2-benzylidene malononitrile 4 172.5 169.92+68.03 Noncompetitive
2-(furan-2-ylmethylene) malononitrile 5 10.95 11.9242.22 Noncompetitive
2-(4-fluorobenzylidene) malononitrile 6 230 202.06+35.10 Noncompetitive
2-(4-nitrobenzylidene) malononitrile 7 17.25 12.1+£3.4 Noncompetitive
2-(4-methoxybenzylidene) malononitrile 8 23.79 36.75+2.77 Noncompetitive
2-(4-hydroxybenzylidene) malononitrile 9 76.67 146.05+15.50 Noncompetitive
2-(2,6-dichlorobenzylidene) malononitrile 10 690 430.824+98.88 Noncompetitive
2-(2,4-dichlorobenzylidene) malononitrile 11 14.68 13.27+3.43 Noncompetitive
Acetazolamide* AZA' 0.28 0.252 + 0.007  Noncompetitive
* Acetazolamide (AZA) was used as standard inhibitor for both isozymes.
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Fig. 2. Lineweaver-Burk plots showing the highest inhibition effects on hCA-I (a), on hCA-II (b), and on hAChE (c).
Table 2

ICso values, K; constants, and inhibition types of malanontrille

derivatives on hAChE.

and molecule 7 is the most effective compound against S. aureus,
derivatives at issue did not affect E. coli.

4. Discussion

4.1. Inhibition studies

Compounds  ICsp (UM) K (M) Inhibition Type
1 - - NI

2 76.67 11.91 £ 1.27 Competitive

3 0.134 0.058 + 0.014  Competitive

4 - - NI

5 - - NI

6 172.5 34.88 + 2.68 Competitive

7 69 50.05 + 13.05  Noncompetitive
8 3.27 5.66 + 1.04 Noncompetitive
9 23.79 37.18 £ 18.96  Noncompetitive
10 - - NI

11 - - NI

Tacrine 0.015 0.011 & 0.001 Noncompetitive

estimated binding energy against hAChE receptor. Estimated Free
Energies of Binding were summarized in Table 3.

3.2.3. Antibacterial studies

The benzylidenemalononitrile derivatives were tested against
two Gram-negative (Escherichia coli and Klebsiella pneumonia) and
a Gram-positive (Staphylococcus aureus) microorganisms. Fig. 3
presents the inhibition zone diameters in mm formed by the com-
pounds against the microbial strains. It was determined that while
molecule 5 is the most effective compound against K. pneumonia

This paper focused on the in vitro inhibition of hCA-I, hCA-
I, and AChE activity with pre-synthesized benzylidenemalononi-
trile derivatives. Furthermore, inhibition profiles were clarified by
molecular docking analysis. Because these enzymes act in the reg-
ulation of many different biological functions, they have become
the therapeutic target for drugs used in the treatment of many
diseases. Enzyme inhibition is frequently used for drug design
in medicine, so it is important to determine the type of inhi-
bition correctly [43,44]. For example, irreversible inhibitors limit
competition with high concentrations of endogenous ligands and
achieve desired pharmacological effects even at lower drug con-
centrations/doses [44].

For the first step of inhibition studies, we partially isolated en-
zymes from human erythrocytes. In vitro inhibition studies of CA
isozymes were performed based on the esterase activity consider-
ing the nature of inhibition with respect to PNF. The most effective
inhibitor for both hCA-I and hCA-II is furan analogue 5 with the
IC59 constant of 711 and 10.95 puM respectively. According to our
results about the type of inhibition, it can be predicted that the
inhibitors that we studied inhibit the enzymes by binding to a site
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Table 3
Results of binding energies, and ligand interaction types of the studied benzylidenemalononitriles with hCA-I, hCA-II, and hAChE.
Compounds  hCA-I hCA-II hAChE
Estimated Free Energy of Binding (kcal/mol)  Estimated Free Energy of Binding (kcal/mol)  Estimated Free Energy of Binding (kcal/mol)
1 -5.64 -5.51 NI?
2 -5.99 -6.14 -7.02
3 -6.21 -6.04 -7.39
4 -5.72 -5.69 NI
5 -5.69 -5.51 NI
6 -5.63 -5.68 -5.57
7 -7.85 -7.05 -5.69
8 -5.64 -5.51 -5.74
9 -6.49 -6.08 -6.30
10 -6.44 -6.31 NI
11 -6.79 -6.67 NI
AZAP -7.16 -6.19 -
Tacrine® - - -6.72
2 NI: Not inhibitor according to the experimental study.
b Acetazolamide (AZA) was used as standard inhibitor for both hCA-I and hCA-II.
¢ Tacrine was used as standard inhibitor for hAChE.
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Fig. 3. The inhibition zone diameters formed by the compounds against the microbial strains.

that is remote from the active site, and caused a conformational
change within the enzyme. So this conformational change blocked
the binding of substrate. Because inhibitor and substrate do not
compete the degree of inhibition depends solely on the concen-
tration of the inhibitor.

The previous research also reported that so many synthe-
sized compounds such as tetra-pyridine-triazole-substituted ph-
thalocyanines, hydroxy and phenolic compounds, acridine bis-
sulfonamides, 1,3-bis-chalcone derivatives, pyrazole derivatives,
some uracil derivatives, 5-methyl-2,4-dihydro-3H-1,2,4-triazole-3-
one’s aryl schiff base derivatives, ureido benzenesulfonamides,
chalcone substituted benzenesulfonamides, chalcones derivatives
bearing morpholine moiety, Schiff bases of Sulfa drugs, and
alicilaldehyde-N-methylp-toluenesulfonylhydrazone were inhibited
hCAs [45-56]. It was concluded that the inhibition potencies of
benzylidenemalononitrile derivatives was higher than some ben-
zothiazole derivatives and 7-amino-3,4-dihydroquinolin-2(1H)-one
derivatives [57,58]. Acetazolamide (AAZ), methazolamide (MZA),
ethoxzolamide (EZA), celecoxib (CLX) drugs, common CAls, have
been used for many years in the treatment of many diseases such
as glaucoma, edema, osteoporosis, idiopathic intracranial hyperten-
sion [59].

In recent years, the development of new AChE inhibitors has
become popular among the organic chemists and pharmacolo-

gists. The chromone-2-carboxamido-alkylamines, carbamates, new
4-arylthiazole-2-amine derivatives, thiazole-piperazines and xan-
thones showed inhibitory effect on electric eel AChE at micromo-
lar range [60-64|. The previous research also reported inhibition
of mammals AChE, coumarinyl thiazoles and coumarinyl oxadia-
zoles showed inhibitory effects on horse serum AChE with ICsq
ranging 0.87 + 0.09- 36.34 + 0.18 pM [65] and indanone deriva-
tives inhibited mouse brain AChE (ICsq values as, 12.01-79.71 uM).
Novel chromone-2-carboxamido-alkylamines designed and synthe-
sized for cholinesterase inhibitory activity. The compounds ex-
hibited inhibitory activities on human erythrocytes AChE at mi-
cromolar range (ICso values of 0.09 + 0.02- 6.38 + 0.67) [61].
As summarized in Table 2, in the current study, the ICsy val-
ues of the chemicals that exhibited an inhibition effect ranged
from 0.134 to 172.5 pM. Compounds 2,3 and 6 (monohalogenated
malononitriles) inhibited hAChE competitively with the K; val-
ues of 1191 + 127, 0.058 + 0.014, and 34.88 + 2.68, re-
spectively and it was observed that the derivative 3 showed
the highest inhibition effect on the hAChE. H Ferreira-Vieira,
M Guimaraes [8] reported that mostly competitive inhibitors of
AChE are used in AD treatment. When we look at the struc-
ture of these three competitive inhibitor, it is seen that all three
include mono-halogen such as Cl, Br, or F respectively in the
para-position.
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B
Fig. 4. Docking validation.

*The poses of co-crystallized ligands, (A) Topiramate for hCA-I, (B) 2-(But-2-yn-1-ylsulfamoyl)-4-sulfamoylbenzoic acid for hCA-II, and (C) Donepezil for hAChE
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4.2. In silico studies

Molecular docking studies were performed to get insight the
interactions between derivatives and enzymes (hCA-I, hCA-II, and
hAChE). Firstly docking validations were performed and it was seen
that co-crystallized and re-docked ligands were located in a very
closet region of the receptor (see Fig. 4). As the result of our exper-
imental studies, we found that derivatives and standard inhibitor
(AZA) inhibited hCA-I and II isoenzymes non-competitively. There-

fore, we searched different pockets other than the active site where
inhibitors can bind to enzymes in the literature and in the CASTp
web server. We docked the molecules inside the assigned pockets
and chose the best binding sites according to the lowest binding
energies [66,67].

The results given in Table 3 indicated that 7 had the low-
est binding energy for hCA-I receptor. Each nitro moiety of the
molecule was found to form a hydrogen bond with His64 and
Lys170 residues. Benzene ring of 7 had the hydrophobic interac-
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tions of the amide-pi stacked with Gly6. Nitrile group showed
unfavorable acceptor-acceptor interactions with His64. Besides,
several Van der Waals interactions in the deep binding pocket
contributed inhibitory effects of molecule (Fig. 5A). When consid-
ering the binding energies of molecules, it was figured out that the
inhibitory effect of 7 is higher than the standard inhibitor, AZA. In
Fig. 6A, it was seen that the inhibition effect of AZA was mainly
due to hydrogen bonds formed with Asp8, His64, GIn242, His243
residues. The interactions of molecule 7 with hCA-I were found
to be similar to those for thiophene-based sulfonamides and

9-Butyl-N-(2,3,4-trimethoxybenzylidene)-9H-carbazole-3-amine
[66,68].

Compound 7 showed the highest inhibition potential against
hCA-II such as hCA-I. The benzene ring of the molecule showed a
pi-cation interaction between and the imidazole ring of the amino
acid His64 (Fig. 5B). While nitro moiety made hydrogen bond with
Lys170, nitrile group of compound 7 made hydrogen bond with
His64. In addition, molecule exhibited several Van der Waals in-
teractions. Molecule 7 showed higher inhibition potency than AZA
with estimated binding energy of -7.05 kcal/mol. AZA showed sev-
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eral hydrogen bonds with Trp5, Tyr7, Gly8, His64, and Glu239
residues of hCA-II. It formed pi-pi stacked interaction between the
benzene ring of the molecule and the benzyl ring of the amino acid
Phe231. The interaction was displayed in Fig. 6B. It was seen that
molecule 7 was interacted with same amino acid residues with
hCA-II inhibitors specified in the study performed by Camadan
et al. (2020) [68].

As for hAChE, the lowest free binding energy was estimated for
derivative 3 as -7.39 kcal/mol. Molecule 3 was found to be the
most effective inhibitor for the hAChE enzyme in both in vitro and
in silico studies. It was predicted that the interactions at the ben-
zene ring of it were largely responsible for the effects of derivative
3 on AChE. Notably, it was involved in forming a pi-pi T-shaped
and pi-pi stacked hydrophobic interaction with Phe297 and Tyr341.
It had pi-alkyl hydrophobic interaction with Trp286 and alkyl in-
teraction with Val294 at Br atom. Molecule 3 formed a carbon hy-
drogen bond with Trp86 residue. And it showed several Van der
Waals interactions too (see Fig. 7A). It was seen from the Fig. 7B
that derivative 3 interacted with the enzyme in a different manner
than standard inhibitor, tacrine. Free binding energy of tacrine was
estimated as -6.72 kcal/mol. The inhibitory potency of 3 was found
higher than tacrine. Tacrine interacted with the amino acid residue
Leu536 and Pro537 of hAChE by forming pi-alkyl interaction. Be-
sides, it formed several Van der Waals interactions with hAChE re-
ceptor.

Furthermore, the accuracy and predictability of the generated
models were checked by Receiver operating characteristic (ROC)
curves for each three enzymes (Fig. 8). The identity of the com-
pounds of the test set were given in the Supporting Informa-
tion. The Area Under The Curve (AUC) values of hCA-I, hCA-II, and
hAChE were determined as 1.00, 0.90, and 0.95 respectively which
is very close to the optimal value.

4.3. Antibacterial studies

In addition to in vitro inhibition studies and in silico screening
of inhibition mechanism, the research team try to explore the an-
tibacterial properties of benzylidenemalononitriles.

The effects of benzylidenemalononitrile derivatives on bacteria
were analysis on the basis of well-diffusion method and zone of
inhibitions is also shown in Fig. 3 as diameter in millimetre. The
structure and activity relationships (SAR) of the compounds were
evaluated. It was seen that none of the malononitrile derivatives
was effective against E. coli strain, a gram-negative bacterium, and
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molecule 8 was effective against neither K. pneumonia nor S. au-
reus strains as well. An inhibition zone diameter >10mm indicated
that the tested compound is active against the indicator cultures
[69]. Most of the compounds showed a zone diameter greater than
10 mm at a lower concentration (25 pg). Despite their structural
similarities, against the K. pneumonia strain, compound 7 showed
a zone diameter greater than 10 mm at 50 pg, 9 showed a zone di-
ameter greater than 10 mm at 75 pg. This is thought to be caused
by nitro and hydroxy group at the para position in the structure
of compound 7 and 9. Molecule 5 showed a zone diameter 15 mm
at even 25 pg since it contains the furane heterocyclic ring. Effec-
tiveness of compound 5 at 25 pg was found almost as efficient as
erythromycin and cephalexin. Against the strain of Staphylococcus
aureus, a gram-positive bacterium, molecule 1, 7, and 10 caused
a zone diameter of high than 15 mm at the lowest concentration
(25 pg). Most effective compound against this strain was found as
molecule 10 containing dichloro as a functional group. At mini-
mum concertation (25 pg), it showed a 21 mm zone diameter. At
high concentration, these derivatives were almost as effective as
standards. Benzylidenemalononitrile derivatives that examined in
this study were found more sovereign against K. pneumonia and S.
aureus than those reported by Beyzaei, Deljoo [70]. Besides, other
authors manifested that some malononitrile derivatives did not af-
fected B. cereus and S. typhimurium strains [71].

5. Conclusion

Consequently, this study contains in vitro and in silico inhibition
profiles of the benzylidenemalononitrile derivatives on human ery-
throcyte CA-I, CA-II, and AChE. Besides antibacterial effects of them
were also investigated. All malononitrile derivative was found to be
of potential CA inhibitor. The structures of these compounds can be
useful to give an idea in the design of drugs for diseases in which
CA is targeted in the treatment. In the current study, derivatives
with mono-halogen such as Cl, Br, or F at the para-position were
found to inhibit AChE competitively. It was reported that compet-
itive AChE inhibitors were preferred in the treatment of neurode-
generative diseases such as AD. On this basis, we think that the
derivatives 2,3 and 6 can be a guide in drug development. Besides,
the primer effects of compounds were enlightened and in order to
identify the effects of metabolites of these compounds and evalu-
ate safety and bioavailability, further in vivo experiments are also
required.
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