Chemistry WILEY. vcH

Europe

European Chemical
Societies Publishing

Excellence in Chemistry Research

Chemistry
Europe

Excellence in Chemistry Research Worldwide

journal.chemistry-europe.org

el

Announcing
our new
flagship journal

® Gold Open Access
® Publishing charges waived
® Preprints welcome

® Edited by active scientists

WILEY #vcH

Meet the Editors of ChemistryEurope

0

e |

Luisa De Cola Ive Hermans Ken Tanaka
Universita degli Studi University of Tokyo Institute of
di Milano Statale, Italy Wisconsin-Madison, USA Technology, Japan


https://chemistry-europe.onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Af80b6240-3b1d-4763-ae3f-c76104165b56&url=https%3A%2F%2Fchemistry-europe.onlinelibrary.wiley.com%2Fjournal%2F27514765&pubDoi=10.1002/slct.202301158&viewOrigin=offlinePdf

W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

ChemistrySelect doi.org/10.1002/slct.202301158

www.chemistryselect.org

Synthesis and Evaluation of Quinazolin-4(3H)-one
Derivatives as Multitarget Metabolic Enzyme Inhibitors: A
Biochemistry-Oriented Drug Design

Feyzi Sinan Tokali,*® Parham Taslimi,” Morteza Sadeghi,® and Halil Senol™

In this study, imines bearing quinazolin-4(3H)-one were synthe-
sized and their inhibitory properties were investigated against
some metabolic enzymes including Acetylcholinesterase
(AChE), Butyrylcholinesterase (BChE), a-Glycosidase (a-Gly), and
human Carbonic Anhydrase I-Il (hCA I-Il). All compounds had
inhibitory strength with K; values in the range of 38.55+4.08-
159.05+10.68 nM and 41.04+6.73-177.12+8.06 nM against
hCA | and hCA-Il, respectively in comparison to the standard
acetazolamide (AZA) K;=125.15+0.78 nM (for hCA-I) and K;=
148.75+0.92 nM (for hCA-Il). The compounds showed potent
inhibitory activity against a-Gly enzyme with IC;, value 0.34-

Introduction

After heart disease, cancer, and stroke, Alzheimer's disease
(AD), a chronic, progressive neurological condition, is now the
fourth largest cause of death for senior people. Memory
impairment, agnosia, apraxia, aphasia, and behavioral abnor-
malities are some of the clinical signs of AD."? A number of
variables, including aging, the environment, genes, metals,
cardiovascular illness, and gut dysbiosis, are linked to the
complicated etiology of AD. Several theories have been put up
as of late regarding the pathophysiology of AD, including the
cholinergic hypothesis, the oxidative stress hypothesis, the Tau
hypothesis, the inflammation hypothesis, and the amyloid
cascade hypothesis.”’ By raising the levels of acetylcholine and
enhancing communication between the neuronal cells, inhib-
ition of acetylcholinesterase has been proven to be an effective
target for treating AD.""

The enzyme a-glycosidase is important for the metabolism
of carbohydrates. It raises blood glucose levels in animals by
converting starch and disaccharides into soluble monosacchar-
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2.28 nM (standard inhibitor acarbose (ACR): 3.18 nM). Also,
these analogs had potent inhibitory strength with K; values in
the range of 4.20+0.15-26.10+2.36 nM against AChE and
1.22 4+0.05-16.09 + 0.88 nM against BChE in comparison to the
standard tacrine (TAC) K,=37.62+6.86 nM (for AChE) and K,=
26.75+5.79 nM (for BChE). Additionally, the molecular docking
and molecular dynamics simulation study was carried out for
the determination of ligand-enzyme interactions. The docking
scores of the most active compound were calculated as —7.31,
—7.59, —6.66, —6.93 and —7.11 kcal/mol for AChE, BChE, hCA I,
hCA II, and a-Gly, respectively.

ides like glucose.”® Because of this role, a-glycosidase has
been proposed as a potential therapeutic target for the
treatment of type-2 diabetes in people. By slowing down the
digestion of carbohydrates and subsequently the absorption of
monosaccharides, inhibition of this enzyme may lower post-
prandial plasma glucose levels.”®

A number of cellular and pathologic events, including the
modification of typical physiological pathways that led to
different changes or disorders, have been connected to the
overexpression of carbonic anhydrase (CA) isozymes.”'” Of the
several CA types, CA Il has a significant role in the prognosis of
cancers related to malignancies, including brain cancer, breast
cancer, pancreatic cancer, and other linked cancers. In addition,
it has been discovered that CA-Il is highly expressed in
macrophages, where it is crucial for producing hydrogen ions.
Such chemical moieties that can be employed to cure disease
are required for the treatment of cancer linked to the abnormal
expression of CA [1.l"12

Heterocyclic compounds are of much intention as they are
therapeutically and pharmacologically active. These com-
pounds are the building blocks of many pharmaceutical
products. Among all heterocyclic moieties, nitrogen-rich het-
erocycles represent a unique class displaying a broad spectrum
of biological activity. Quinazolines are the most common
known members of nitrogen-containing heterocyclic com-
pounds. Quinazolinones are the saturated form of quinazolines
and are at least as biologically active as quinazolines.
Quinazolinones have been known since 1970s, and in recent
decades quinazolinones have become one of the most
attractive objects of research in the chemistry of heterocyclic
compounds due to their unique properties. There are many
studies in the literature showing anticancer,”® antimicrobial
and antifungal,"¥ anti-inflammatory,"” antioxidant and DNA
protective,"®  anticonvulsant”  antitumor,"®  antiviral,"”
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anticholinergic® and antidiabetic®®”

zolinone derivatives.

Taking into consideration the wide range of applications of
quinazolinone-based compounds in the field of pharmaceutical
chemistry, we decided to synthesize a new series of quinazoli-
none-derived Schiff's bases and evaluate their AChE, BChE, a-
Gly, and hCA I-ll inhibition properties. Also, molecular docking
and molecular dynamics studies were performed on the most
potent compounds in order to understand the interactions
between compounds with enzymes.

properties of 4(3H) quina-

Results and Discussion
Synthesis

In this study, twenty compounds were synthesized. 3-Amino-2-
methylquinazolin-4(3H)-one (3) was synthesized starting from
methyl anthranilate in two steps according to the method
given in our previous study® and it was used as amine
reactant. Compound 3 was converted to target Schiff Base
derivatives (3a-s) with good yields (88-96 %) by using various
sustituted benzaldehydes, heterocyclic aldehydes and allyl
aldehydes (Figure 1). Structures of the target compounds were
verified by Nuclear Magnetic Resonance ('H and *CNMR) and
High Resolution Mass Spectroscopy (HRMS) techniques. Spectra
of the compounds (Figure S1-57) were given in Supporting
Information file.

In the '"HNMR spectra of the compounds 3a-s, peaks of
phenolic OH protons were seen as a broad singlet at 6 11.31-
8.78 ppm and peaks of N=CH protons were observed as a
singlet (except compound 3p) at & 9.60-8.45 ppm. Aromatic

sogNoaf—
c112c12 EtOH

1 O

2

protons were seen at d 8.31-6.22 ppm as doublet, triplet and
multiplet relative to their chemical environment. For com-
pounds 3g and 3h, peaks of the ethoxy protons (OCH,CH,)
were seen as a quartet at & 4.11 ppm (OCH,CH,) and a triplet at
0 138 ppm (OCH,CH,) and as a quartet at 0 4.15 ppm
(OCH,CH,) and a triplet at 0 1.50 ppm (OCH,CH,), respectively.
For compounds 3a, 3n and 3 p, peaks of the methoxy protons
(OCH,) appeared at & 3.95-3.84 ppm. For all compounds, peaks
of the methyl protons at position 2 of the quinazolinone ring
were observed as singlet at 8 2.70-2.49 ppm. Chemical shifts,
integrations and splits are fully compatible with the structures
and literature.?*%?

In the PCNMR spectra of the compounds 3a-s, peaks of
the CH=N carbons of benzylidenamino moieties, C=0 carbons
of quinazolinone ring (C4) and C=N carbons of the quinazoline
ring (C2) were seen at & 171.4-158.6 ppm, & 159.0-157.4 ppm
and O 154.6-153.2 ppm, respectively. Aromatic carbons ap-
peared at  158.2-102.5 ppm. For compounds 3a, 3n and 3p,
peaks of the methoxy carbons (OCH;) resonated at 0 56.5-
55.4 ppm. For compounds 3g and 3h, peaks of the ethoxy
carbons (OCH,CH,) were seen at & 64.8-64.0 ppm (OCH,CH,)
and 6 14.8-14.6 ppm (OCH,CH,). For all compounds, peaks of
the methyl carbons at position 2 of the quinazolinone ring
were observed at & 23.4-21.1 ppm. Chemical shifts, and
number of the peaks are fully compatible with the structures
and literature.?**?

Bioactivity results

Acetylcholine, a neurotransmitter, is hydrolyzed more quickly
by cholinesterase enzymes (ChEs), which results in reduced
N\ R

o
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Figure 1. Synthetic route for the preparation of compounds 3 a-s.
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amounts of acetylcholine in the brain. Thus, cholinesterase
inhibition enhances cholinergic neurotransmission.”” The only
FDA-approved cholinesterase inhibitors now on the market are
galantamine, tacrine, donepezil, and rivastigmine, but they all
have substantial adverse effects such hepatotoxicity and
anxiety. Hence, a desirable goal in medicinal chemistry is the
development of novel, reliable, and secure a-glycosidase and
cholinesterase inhibitors with high efficacy.”” As a result, a-
glycosidase inhibition has become a crucial therapeutic target
with the potential to lower blood sugar levels by slowing down
the digestion of carbohydrates. The a-glycosidase inhibitors,
however, primarily influence hyperglycemia without directly
influencing insulin secretion.”” As a result, they are utilized as
monotherapy in the treatment of moderate diabetes situations
and are regarded as the first-line oral sugar-reducing medica-
tions. While in the case of acute diabetic problems, these are
utilized in combination therapy with insulin or other drugs. The
three most widely used a-glycosidase inhibitors currently on
the market are acarbose, voglibose, and miglitol.”® Sadly,
research has found that these drugs also have a number of side
effects, including diarrhea, abdominal pain, bloating, and
flatulence. These factors led researchers to concentrate on
discovering novel substances, and in recent years, a large
number of novel substances have been identified as -
glycosidase inhibitors.””!

The inhibitory effects of the compounds (3a-s) on AChE
are shown in Table 1. The AChE inhibition profiles of the
compounds evaluated here were quite interesting. Overall, the
compounds (3a-s) had excellent inhibitory activity with K
values ranging from 4.20+£0.15nM to 26.1042.36nM. Further-
more, tacrine, used as a standard AChE inhibitor in this study
that demonstrated K; value of 37.62 +6.86nM toward AChE. As
these results show, the inhibition of all compounds on AChE is
much better than standard drug. The compounds of 3j, 3m,
and 3 e showed excellent inhibition profile against AChE with K;
values of 4.20+0.15, 5.32+0.18 and 7.17+0.63nM, respec-
tively (Table 1 and Figure 2). For BChE, the IC;, values of the
compounds 3a-s were found in the range of 1.47-19.89 nM.
The ICs, values of the compounds on BChE exhibited the
following order: 3m (147 nM, r*:0.941)<3j (1.64nM,
r’:0.984) <3e (1.77 nM, r*:0.933)<3a (3.32 nM, r*:0.966) < 3b
(4.86 nM, r*:0.987)<3n (5.11nM, r*:0977)<3l (5.26 nM,
r?:0.953) <3h (6.03 nM, r*:0.964) <3k (6.08 nM, r*:0.946) <3¢
(6.09 nM, r*:0.981)<3g (7.43nM, r:0971)<3d (7.44 nM,
r’:0.951) <30 (8.38 nM, r*:0.968) <3i (9.13 nM, r*:0.971) <3r
(10.82 nM, r*:0.970) <3f (11.98 nM, r*:0.986)<3s (12.08 nM,
r2:0.983)<3q (15.53 nM, r?:0.997) <3p (19.89 nM, r*:0.971) <
Tac (31.57 nM, r*:0.962).

Inhibition types: Inhibition types of compounds 3a-s: for
carbonic anhydrase isoenzymes, non-competitive; for cholines-
terases, competitive; and for a-glycosidase, non-competitive.

In a recent study, Le-Nhat-Thuy et al. synthesized a new
quinazoline-triazole hybrid series and evaluated their AChE
inhibition properties against Donepezil (another standard
inhibitor of the AChE and BChE). They reported that the
compounds containing benzylamine moiety were the most
active in the series. However, the inhibition profile of donepezil

ChemistrySelect 2023, 8, €202301158 (3 of 14)

is more effective than the synthesized compounds.” In
another study investigating the anticholinergic properties of
quinazolin-4(3H)-ones, new diacetic acid derivatives containing
quinazolin-4(3H)-one nuclei were synthesized. The compounds
synthesized in the study showed inhibition at the micromolar
level and their activities were comparable to the standard
compound tacrin®? As we mentioned above, all of the
compounds synthesized within the scope of our study showed
inhibition at the micromolar level and they are more effective
than the standard inhibitor. When the results of these studies
are compared, our compounds are valuable in terms of AChE
and BChE inhibition properties.

It is thought that the inhibition of a-glycosidase is a prime
target for the discovery and development of new anti-diabetic
medications that are more effective and less harmful. For the
a-glycosidase enzyme, the compounds 3a-s had IC, values in
the range of 0.21-1.98 nM and K; values in the range of 0.34+
0.04-2.28+£0.09nM (Table 1 and Figure 2). The results obviously
showed that all compounds demonstrated efficient a-glyco-
sidase inhibitory effects than that of acarbose (ICsy: 2.58nM) as
a standard a-glycosidase inhibitor. Additionally, the most
effective K; values were obtained by 3¢, 31, and 3k with K;
values of 0.3440.04, 0.36+£0.02 and 0.57 £ 0.06, respectively.

In a study by Pedrood etal, quinazolin-4(3H)-one -
imidazole (1H) hybrids were synthesized and their inhibitory
effects on various enzymes including a-glycosidase were
investigated. The compounds synthesized in the study showed
inhibition at the nanomolar level and their activities are better
than standard compound acarbose. The most effective com-
pound has an ICs,: 13.78 nM.P! The synthesis procedure of this
study is more complex and very harmful chemicals such as
pyridine, dimethyl formamide were used. Our work has a
simplier synthesis procedure and does not contain very harmful
chemicals. In addition, our compounds have much lower ICg,
values. In an another study by Santos-Ballarado et al., the
effects of the synthesized new quinazolinones on a-glycosidase
and o-amylase were investigated. They reported that com-
pounds showed moderate inhibitory effect against a-Gly.””
Whereas, our compounds have a much stronger inhibition
profiles than the standard compound acarbose.

Adult blindness is known to have glaucoma as a contribu-
ting factor. The overactive CA llisoenzyme is the cause of this
disorder. Many of the often prescribed sulfonamide medica-
tions have been tried to treat the signs and symptoms of
glaucoma, but they have been found to be ineffective. In this
study, we investigated some novel compounds as inhibitors of
CA | and Il isoenzymesthat may be usedfor drug design for the
treatment of glaucoma.®® The compounds 3a-s were eval-
uated for hCA | and hCA Il inhibitory potential. All of the
compounds (except 3f) revealed potent inhibitory strength for
both isoforms of enzyme. Compounds demonstrated inhibition
ranging from K;=38.55+4.08 to 159.05+10.68 nM for hCA |
and K;=41.04+6.73 to 177.12+8.06 pM for hCA-Il (Table 1 and
Figure 2) as compared to the standard acetazolamide (hCA |,
Ki=125.154+0.78 nM; hCA I, 148.75+0.92 nM). The IC, values
of compounds on hCA | exhibited the following order: 3e
(3236 nM, r?:09777) <3g (3410nM, r’:09677) <3m

© 2023 Wiley-VCH GmbH
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Figure 2. Lineweaver-Burk graphs of best inhibitors.

(43.52 nM, r*:0.933) <3j (50.24 nM, r*:0.952) <31(54.12 nM,
r’:0.961) <3k (57.18 nM, r*:0.995) < AZA (118.77 nM, r*:0.952).
The IC,, values of compounds on hCA Il exhibited the following
order: 3j (36.10 nM, r*:0.998) <3g (38.72 nM, r’:0.921) <3e
(42.13 nM, r*:0.935) <3m (48.08 nM, r*:0.918) <3k (62.37 nM,
r’:0916) <3l (68.83nM, r*:0979) <AZA (137.52nM,
r?:0.9925).

In a recent study by Tokal et al., inhibition properties of the
new quinazolin-4(3H)-one analogues against hCA I-Il were
evaluated invitro and in silico. They reported that the new

ChemistrySelect 2023, 8, €202301158 (5 of 14)

compounds showed inhibition at the nanomolar level and that
compound 4-[(4-Oxo0-2-(phenoxymethyl)quinazolin-3(4H)-
ylimino)methyllphenyl furan-2-carboxylate (ICs,: 205 nM) was
the most potent compounds in the series for hCA | and
compound 4-[(4-oxo-2-(phenoxymethyl)quinazolin-3(4H)-
ylimino)methyllphenyl isobutyrate (ICs,: 209) nM for hCA 11.BY
When the results of this study are compared with our study, it
is seen that our compounds have lower ICy, values. In another
study by Khan etal., a series of 3-amino quinazolin-4(3H)-one
derivatives were synthesized and their hCA Il inhibition proper-
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Table 2. Docking scores of the most potent compounds against AChE, BChE, hCA |, hCA II, and a-Gly enzymes.
Enzyme Comp. Co-crystallized ligand Docking Score RMSD (A)
(kcal/mol)
AChE 3j Tacrine —7.31 1.23
(PDB ID: 4PQE)
BChE 3m 2-acetamido-2-deoxy-beta-D-glucopyranose-(1-4)-[alpha-L-fucopyranose-(1-6)] —7.59 3.37
(PDB ID:1POI) 2-acetamido-2-deoxy-beta-D-glucopyranose
hCA | 3e N-(3-methyl-5-sulfamoyl-1,3,4-thiadiazol-2(3H)-ylidene)acetamide —6.66 0.82
(PDB ID: 1BZM)
hCA Il 3j (4R)-2-(2-ethoxyethyl)-4-(ethylamino)-3,4-dihydro-2H-thieno[3,2-e][1,2]thiazine-6-sulfonamide —6.93 0.27
(PDB ID:1 A42) 1,1-dioxide
a-Gly 3¢ alpha-D-glucopyranose —-7.11 4.41
(PDB ID: 3A4A)

ties were investigated. It was reported that the compounds
synthesized in the study showed inhibition at the micromolar
level.®? Considering that the compounds in our study show
inhibition at the nanomolar level, it is seen that our compounds
are more valuable.

There are many CA inhibitors on the market that are used
to treat tumors linked to CA, including Acetazolamide,
Methazolamide, Diclofenamide, and Zonisamide. Sulfonamide
and thioureas have also been reported to be CA inhibitors in
addition to this.”® CA II, IV, XIl, and XIV are inhibited by CA
inhibitors used as diuretic medications. Whereas CA I, VI, and
XIV inhibitors are utilized as antiepileptic medications, CA
inhibitors that affect CA Il, IV, and Xl are used to treat
glaucoma. Moreover, the transmembrane CA isoenzymes CA IX
and CA Xll, which control pH, have emerged as prospective
cancer indicators.®¥

Molecular docking investigation

Molecular docking is an effective method for evaluating
receptor/ligand interaction. The energies calculated in this
method are based on the strength of the bonds formed
between the receptor and the ligand. The higher the binding
strength of the ligand to the receptor, the more negative the
docking score will be®**® Here, to further understand the
enzyme/ligand interaction mechanism, molecular docking was
performed. The docking energies of the twenty ligands docked
into hCA I, hCAl, BChE, AChE, and a-Gly enzymes are revealed
in Table 2. From the docking scores, we can identify that all of
the ligands in the hCA |, hCA I, BChE, AChE, and a-Gly enzymes
have acceptable interactions. The docking energy of ACR
(standard inhibitor) with a-Gly was —6.17 kcal/mol. The dock-
ing energy of AZA (standard inhibitor) with hCAIl and hCAI
were —5.39 and —5.91 kcal/mol, respectively. Also, the docking
score of TAC (standard inhibitor) with BChE and AChE were
—6.12 and —6.33 kcal/mol, respectively. 2D and 3D pose of the
interactions of standard compounds with enzymes (Figure S58-
62) are seen in Supporting Information file. Docking scores
outputs show that among the ligands, 3j, 3e, 3m, 3j, and 3¢
exhibit more negative docking energies than control inhibitors,
and represent great binding capacities for interaction with the
hCA II, hCA |, BChE, AChE, and a-Gly enzymes, respectively.

ChemistrySelect 2023, 8, €202301158 (6 of 14)

In order to establish the authenticity of the molecular
docking method utilizing Autodock, a series of protein
structures possessing co-crystallized ligands were subjected to
re-docking with the aim of validating the docking orientation.
The energy values generated by the docking process as well as
the root mean squared deviations (RMSD, measured in A) were
documented in Table 3. It was observed that those protein
structures containing relatively inflexible co-crystallized ligands
exhibited a remarkable ability to accurately replicate the
original ligand orientation upon re-docking. For instance, the
protein structures of hCA | and hCA Il demonstrated excep-
tional re-docking efficacy, with RMSD values of 0.82 A and
0.27 A, respectively. Conversely, protein structures consisting of
co-crystallized ligands with numerous rotatable bonds failed to
achieve comparable levels of success during re-docking. In
particular, protein structures such as BChE and a-Gly exhibited
substantially larger RMSD values of 3.37 A and 4.41 A, respec-
tively.

3j-AChE complex exhibited a minimum docking score of
—7.31 kcal/mol. There are mainly four types of bonds between
AChE and 3j: Pi—Pi stacked (Pi-ST), van der Waals (VDWs),
carbon-hydrogen bond (C-HB), and Conventional Hydrogen
bond (Cn-HB). Tyr33 bonded using Pi-ST bond. Fifteen VDWs
interactions were observed in the 3j-AChE complex. Asp74,
Tyr72, and GIn71 residues were observed interacting by Cn-HB.
In addition, three C-HBwas exposed with Tyr124, Val73, and
Trp86 residues. TAC-AChE complex displayed a docking score

Table 3. The MM-GBSA AG binding free energies of most active com-
pounds and references.

Complexes MM-GBSA AG binding free energy
(kcal/mol)
3j-AChE —60.52
3m-BChE —55.61
3e-hCAl —19.66
3j-hCAll —22.82
3c-aGly ~60.71
Tacrine-AChE —50.96
Tacrine -BChE —30.35

Acetazolamide-hCA | —8.94
Acetazolamide -hCA Il —20.45
— -38.36
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of —6.33 kcal/mol. Only one Cn-HB, Pi-ST, and C-HB were
observed with His447, Trp86, and Tyr337, respectively (Fig-
ure 3A). Thirteen VDWs interactions were observed in the TAC-
AChE complex. The predictions of molecular docking indicated
that the total number of VDWs, C-HB, and Cn-HB formed in the
complex of the 3j-AChE complex is more than that of the TAC-
AChE complex, so it shows more negative docking energy. This
was consistent with the enzyme assay outputs.

3m-BChE complex exhibited a minimum docking score of
—7.59 kcal/mol. There are mainly four types of bonds between
BChE and 3 m: Gly116 bonded using amide-Pi stacked bond.
Fourteen VDWs interactions were observed in the 3m-BChE
complex. Only one Cn-HB was observed with His438. In
addition, eight Pi-alkyl was observed with Met437, Phe398,
Ala328, Leu286, and Trp231 residues (Figure 4). TAC-BChE
complex displayed a docking score of —6.12 kcal/mol. Only one

A:202 dig,  Ad4s
[ PRO
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A2 ; R
: A:449
216 \
SER wo|oon
A:125 H.“ AL
ASN S T TRP
I o N A3
pro A ) 6% s>
A:88 I \ TR
TRP  A:337
i e A:86 GLY
..... o ~o o
&7 A H THR
H™, A:33
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: 4 TYR
&% TYR AsP A341
a2 A4

Figure 3. 2D (A) and 3D (B) ligand-protein interactions of the 3j-AChE complex.
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Figure 4. 2D (A) and 3D (B) ligand-protein interactions of the 3m-BChE complex.
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Cn-HB and amide-Pi stacked was observed with Glu197 and
Trp82, respectively. Twelve VDWs interactions were observed in
the TAC-BChE complex. The predictions of molecular docking
indicated that the total number of VDWs formed in the
complex 3m-BChE complex is more than that of the TAC-BChE
complex, so it shows more negative docking energy. This was
consistent with the enzyme assay outputs.

3e-hCAl complex revealed a minimum docking score of
—6.66 kcal/mol. There are mainly four types of bonds between
hCAl and 3e: His200 and His94 bonded using Pi-ST bond. Seven
VDWs interactions were observed in the 3e-hCAl complex.
Leu198, Val143, Leu141, Ala135, Leu131, and Phe91 residues
were observed interacting by Pi-alkyl. In addition, one C-HB
was exposed with Pro202 residue (Figure 5). AZA-hCAl complex
displayed a docking score of —5.91 kcal/mol. Only one Pi-sulfur
was observed with Trp209. Six VDWs and one Pi-sigma

© 2023 Wiley-VCH GmbH
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Figure 5. 2D (A) and 3D (B) ligand-protein interactions of the 3e-hCA | complex.

interaction were observed in the AZA-hCAI complex. His200,
Thr199, His96, and His94 residues were observed interacting by
Cn-HB.

3j-hCAIll complex exhibited a minimum docking score of
—6.93 kcal/mol. There are mainly four types of bonds between
hCAIll and 3j: Pi-ST, VDWs, Pi-alkyl, and Cn-HB. Tyr5 bonded
using Pi-ST bond. Twelve VDWs interactions were observed in
the 3j-hCAIl complex. Thr199, His119, Glu109, and His94
residues were observed interacting by Cn-HB. In addition, three
Pi-alkyl was exposed with Leu198, Val43, and Ala65 residues
(Figure 6). AZA-hCAIl complex displayed a docking score of
—5.39 kcal/mol. Only one Pi-alkyl and C-HB were observed with
Leu198 and His94, respectively. Ten VDWs interactions were
observed in the AZA-hCAIl complex. The predictions of
molecular docking indicated that the total number of VDWs
and Cn-HB formed in the complex of the 3j-hCAIl complex is

ASN
& @
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A:65 : A:64
VAL
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A:143
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VAL | THR
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Figure 6. 2D (A) and 3D (B) ligand-protein of the 3j-hCA Il complex.
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more than that of the AZA-hCAIl complex, so it shows more
negative docking energy. This was consistent with the enzyme
assay outputs.

3c-a-Gly complex revealed a minimum docking score of
—7.11 kcal/mol. There are mainly five types of bonds between
a-Gly and 3c: His351 and Val216 bonded using Pi-alkyl bond.
Thirteen VDWs interactions were observed in the 3c-a-Gly
complex. GIn279 and Asp215 residues were observed interact-
ing by Cn-HB. Two Pi-ST interaction was observed with Phe303
and Tyr72 residues. In addition, three C-HB was exposed with
Asp351 residue (Figure 7). ACR-a-Gly complex displayed a
docking score of —7.14 kcal/mol. Twelve VDWs interactions
were observed in the ACR-a-Gly complex. Glu411, GIn353,
Asp352, Asp302, Asp215, GIn182, and Asp69 bonded using Cn-
HB. The predictions of molecular docking indicated that the
total number of VDWs, C-HB, and Cn-HB formed in the complex

© 2023 Wiley-VCH GmbH
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Figure 7. 2D (A) and 3D (B) ligand-protein of the 3c-a-Gly complex.

of ACR-a-Gly complex is more than that of the 3c-a-Gly
complex. But still, compound 3¢ shows good binding ability.

Molecular Dynamics Simulations

To determine and evaluate of stabilities of ligand-protein
complexes molecular dynamics simulations were carried out for
the best docked poses which were obtained from the
molecular docking studies.And also, RMSD (root mean square
deviation) values of ligand atoms were determined during
simulation time. According to the results of the molecular
dockings studies 3j-AChE, 3 m-BChE, 3e-hCAl, 3j-hCAll, and 3c-
aGly complexes were selected and molecular dynamics simu-
lations were performed.

-
TYR
337 S
HO prie )
A ]/'
u o
A
TYR
124

Molecular dynamics 2D ligand protein interactions with
simulationtimes, and RMSD plot of ligand atoms 3j-AChE
complex were given in Figure 8. As can be seen from Figure 8,
there are six different direct hydrogen bond (purple arrows),
five different water bridged hydrogen bond interactions and
five different pi-pi stacking interactions (green lines) between
compound 3j and amino acid residue of active site of AChE
enzyme. Glu292 formed two hydrogen bond interactions (62 %
of sim.) with C3 and C4 hydroxyl groups of phenyl ring.
Hydroxyl group of C2 position of phenyl ring formed three
different hydrogen bond interactions with Ser293 (27% of
sim.), Arg296 (26 % of sim.), and Phe295 (26 % of sim.). Phe295
also formed another hydrogen bond interaction (29% of sim.)
with carbonyl group of quinazolinone ring. Trp286 formed a pi-

mmLig) fit on Prot

(V) QSiny puebi

2.4

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Time (nsec)

Figure 8. Molecular dynamics 2D ligand-protein key interactions (A) and RMSD plot of ligand atoms (B) of 3j-AChE complex.
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pi stacking interaction (79% of sim.) with phenyl ring, Tyr341
and Phe297 formed two different pi-pi stacking interactions
with pyrimidine part of quinazoline ring in various simulation
times, and also the benzene part of quinazoline ring formed
two pi-pi stacking interactions with Thy337 (58 % of sim.) and
Phe-295 (20% of sim.). The N1 nitrogen of quinazoline ring
formed two different water bridged hydrogen bonds inter-
actions with Trp86 (31% of sim.) and Tyr124 (26% of sim.). In
addition, Glu292, Phe295, and Arg296 formed water bridged
hydrogen bond interactions with hydroxyl groups. The average
RMSD values of ligand atoms of 3j-BChE complex during
simulation times were found as 4 A.

Molecular dynamics 2D ligand-protein interactions with
simulationtimes, and RMSD plot of ligand atoms 3m-BChE
complex were given in Figure 9. As can be seen from Figure 9,
hydroxyl group of compound 3m formed a strong hydrogen
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A LT )
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2
Cl
P
HIS
e %
(VAL

Cl
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%

bond interaction with Ala328 (79 % of sim.) and also compound
3m formed another hydrogen bond interaction with Ser287
(29% of sim.) via N1 nitrogen atom of quinazoline ring.
Compound 3m also formed four different pi-pi stacking
interactions with Tyr332 (81% of sim.), Trp231 (42% of sim.),
Phe73 (34% of sim.), and Phe 329 (12% of sim.). In addition,
His438 formed a water bridged hydrogen bond interaction a
metal coordination with carbonyl group of compound 3m. The
average RMSD values of ligand atoms of 3 m-BChE complex
during simulation times were found as 3.5 A.

Molecular dynamics 2D ligand-protein interactions with
simulationtimes, and RMSD plot of ligand atoms 3e-hCAl
complex were given in Figure 10. In Figure 10, the carbonyl
group and N1 nitrogen atom of quinazoline ring of compound
3e formed hydrogen bond interactions with GIn92 and His96,
respectively. Quinazoline ring formed four different pi-pi
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Figure 10. Molecular dynamics 2D ligand-protein key interactions (A) and RMSD plot of ligand atoms (B) of 3e-hCAl complex.
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stacking interactions with His94 (47% and 28% of sim.) and
His200. In addition phenyl ring formed a pi-pi stacking
interaction with Phe91 (24 % of sim.). The average RMSD values
of ligand atoms of 3e-hCAl complex during simulation times
were found as 1.2 A. The RDMS value showed that the complex
is very stable.

Molecular dynamics 2D ligand-protein interactions with
simulationtimes, and RMSD plot of ligand atoms 3j-hCAll
complex were given in Figure 11. CAl and CAIll enzymes have
Zn in their active site. When molecules or ligands interact with
the Zn atom, it leads to inhibition of the enzymes. As can be
seen from Figure 11, the hydroxyl groups of compound 3j
interacted with Zn during 100% of simulation time. His94,
His96, Glu106, and His119 formed metal bridged interactions
via Zn during 100% of simulation times. Compound 3j formed
a hydrogen bond interaction with Thr100 (46% of sim.) and
also Pro201, His64, and Thr200 formed water bridged hydrogen

bond interactions with compound 3j. In addition, compound
3j formed a pi-pi stacking interaction with His94 during 70% of
simulation time. The average RMSD value of ligand atoms of 3j-
hCAIl complex were found as 25A. These results and
interactions showed that the complex are very stable.

Molecular dynamics 2D ligand-protein interactions with
simulationtimes, and RMSD plot of ligand atoms 3c-aGly
complex were given in Figure 12. In Figure 12, N1 atom of
quinazoline ring formed strong hydrogen bond interaction
with GIn22 during 87 % of simulation time. GIn182 also formed
a hydrogen bond interaction with OH group (36% of sim.).
Compound 3c interacted with Tyr72 (45% of sim.) and Phe301
(45% of sim.) via pi-pi stacking interactions. In addition, there is
a pi-cation interaction between quinazoline ring and Arg213
and three different water bridged hydrogen bon interactions
with Asp332, Tyr72 and GIn182.The average RMSD value of
ligand atoms of 3c-aGly complex were found as 7 A.
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Figure 12. Molecular dynamics 2D ligand-protein key interactions (A) and RMSD plot of ligand atoms (B) of 3c-aGly complex.
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The MM-GBSA AG (Molecular Mechanics Generalized Born
Surface Area) binding free energies of selected ligand-protein
complexes were calculated and results were given in Table 3.
MM-GBSA is a computational method used in molecular
modeling and drug discovery to estimate the free energy
changes (AG) associated with molecular interactions, such as
protein-ligand binding or protein-protein interactions.

These values represent the estimated binding affinities or
strengths of the interactions between the molecules in each
complex. The AG value of 3j-AChE complex is —60.52 kcal/mol
it indicates a strong binding affinity between the molecules in
the 3j-AChE complex. The negative value suggests a favorable
and tight binding interaction. The 3j-AChE complex showed a
more favorable binding affinity (—60.52 kcal/mol) compared to
the tacrine-AChE complex (—50.96 kcal/mol). These results
indicated that the 3j-AChE complex is stronger and more stable
than in the Tacrine-AChE complex. The 3m-BChE complex
showed a more favorable binding affinity (—55.61 kcal/mol)
compared to the Tacrine-BChE complex (—30.35 kcal/mol). As a
result, the 3m-BChE complex is stronger and more stable than
in the Tacrine-BChE complex.

For carbonic anhydrase isoenzymes, the 3e-hCAl complex
showed a more favorable binding affinity (—19.66 kcal/mol)
compared to the Aza-hCA | complex (—8.94 kcal/mol). The 3e-
hCAI complex is stronger and more stable than in the Aza-hCA
| complex. On the other hand, the 3j-hCAIl complex showed a
slightly more favorable binding affinity (—22.82 kcal/mol)
compared to the Aza-hCA Il complex (—20.45 kcal/mol). The
stabilities of 3j-hCAll and Aza-hCA licomplexes were found to
be almost same.

Finally, the 3c-aGly complex showed a more favorable
binding affinity (—60.71 kcal/mol) compared to the Acr-aGly
complex (—38.36 kcal/mol). These results showed that the 3c-
aGly complex is stronger and more stable than in the Acr-aGly
complex.

Conclusions

In this study, nineteen Schiff bases derived from 2-meth-
ylquinazoline-4(3H)-one were synthesized and their effects on
metabolic enzymes such as AChE, BChE, hCA I-Il and a-Gly
were investigated. There are many studies in the literature
reporting that these enzymes are directly related to various
diseases. For example, inhibition of a-Gly is known to be one of
the current approaches in the treatment of type 2 diabetes. All
of the compounds synthesized in this study are more potent
inhibitors than the standard a-Gly inhibitor, acarbose. In fact,
compound 3¢ is about 9.5 times more effective than acarbose.
AChE and BChE are two enzymes directly related to Alzheimer’s
disease. Inhibition of these enzymes is important for the
treatment of Alzheimer's disease. All of our compounds are
more effective inhibitors of these enzymes than the standard
compound tacrine. Compound 3j is 9 times and compound
3m is 22 times more potent inhibitors than acarbose against
AChE and BChE, respectively. Carbonic anhydrase isoenzymes
are known to be associated with epilepsy, glaucoma and
various types of cancer. Sulfonamides are known as effective

ChemistrySelect 2023, 8, €202301158 (12 of 14)

inhibitors of this enzyme class. Although our compounds do
not belong to the sulfonamide class, all compounds (except 3f)
are more effective than the standard drug acetazolamide, a
sulfonamide derivative. Compounds 3e and 3j are the most
effective compounds in the series for hCA | and hCA I,
respectively. They can be described as non-classical effective
hCA I-Il inhibitors. In addition, molecular docking and dynamics
studies were also carried out in order to understand the
interactions of the most effective molecules with enzymes.
Molecular docking and dynamics studies support the findings
from in vitro inhibition studies.

However, our study determined the properties of these
molecules only in vitro and in silico conditions. Results obtained
from this study suggest that compounds could be further
investigated for their anti-diabetic, anti-cholinergic, and anti-
epileptic properties in preclinical and clinical studies. Further
research should include determining the compounds’ mecha-
nism of action, pharmacokinetic profile, and potential side
effects. If the compounds prove to be effective and safe, they
can potentially be developed into new agents for the treatment
of these diseases. We hope that the results from this study will
be used as a preliminary study in the discovery of new
druggable agents.

Experimental Section
Chemistry

The chemicals used in this study were purchased from various
suppliers. Melting points were determined on WRS-2A Micro-
processor Melting-point Apparatus and are uncorrected. '"HNMR
spectra were recorded on Bruker (400 MHz) spectrometer. *CNMR
spectra were recorded on Bruker (100 MHz) spectrometer. Chemical
shifts were reported as 0 in ppm relative to tetramethylsilane (TMS)
(6 0.00 singlet) in deuterated chloroform (CDCl;) and deuterated
dimethyl sulfoxide (DMSO-dj).

Synthesis of 3-amino-2-methylquinazolin-4(3H)-one (3)

Sodium bicarbonate (20 mmol) was added to a solution of methyl
anthranilate (1) (10 mmol) in 20 mL dichloromethane and the
solution was stirred for 20 minutes at 0-5°C. Acetyl chloride
(10 mmol) in 10 mL dichloromethane was added by drop wise to
this solution and stirred for an hour at room temperature. Reaction
progress was monitored by TLC (Hex:EtOAc - 9:1). The mixture was
filtered off and the solvent was removed under reduced pressure.
The crude product (2) (10 mmol) was dissolved in absolute ethanol
(20 mL) and hydrazinium hydroxide (25 mmol, w/w: 80%) was
added to this solution. The mixture was refluxed for 4 hours.
Reaction progress was monitored by TLC (Hex:EtOAc - 7:3). Half of
solvent was removed under reduced pressure and diethylether
(20 mL) was added. The mixture was left in the freezer overnight
and formed white crystals were filtered off and washed with ice
cold ethanol (Figure 1). White crystals, yield 89%, mp: 150-
152°C.E” "THNMR (400 MHz, CDCl;) & 8.22 (d, J=8.0 Hz, 1H, ArH),
773 (t, J=7.7 Hz, 1H, ArH), 7.63 (d, J=8.2 Hz, 1H, ArH), 7.44 (t, J=
7.5Hz, TH, ArH), 4.92 (brs, 2H, NH,), 2.70 (s, 3H, CH,). *CNMR
(101 MHz, CDCl;) 6 161.6, 155.4, 147.0, 134.3, 127.0, 126.5, 126.27,
120.1, 22.2.

© 2023 Wiley-VCH GmbH

85U80]7 SUOWILIOD A1) 3cedldde Uy Aq peusenob ke a0 VO @SN JO s3I 10j Akeid1 78Ul UQ 48] UO (SUORIPUOD-PpUR-SLUBIAI0D A8 ImAeIq U1 UO//:SANY) SUORIPUOD pue Swie | 8u 88S *[€202/20/LT] Uo AriqiTaulluo Aeim ‘AiseAIuN JdeA WelY |-wzeg Aq 8GTTOEZ0Z 108/200T 0T/I0p/w0d 48| im Aeiq puluo-adone-Alis iweyod//:sdiy woy papeojumod ‘Sz ‘€02 ‘6vS9G9E2



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemistrySelect doi.org/10.1002/slct.202301158

Synthesis of the target molecules (3 a-s)

To a solution of compound 3 (10 mmol) in glacial acetic acid (6 mL)
various substituted aldehyde derivatives (10 mmol) was added and
refluxed for an hour. The solvent was evaporated and crude
products were recrystallized from ethanol (Figure 1). The yields,
physical and spectral properties of the compounds are seen in
Supporting Information file.

In vitro enzyme inhibition study

Assays for inhibiting AChE and BChE the Ellman® method was
used to test the inhibition effects of synthesized compounds on
AChE/BChE activity. The AChE/BChE activities were measured using
DTNB (Product No. D8130-1G, Sigma-Aldrich) and AChl/BChl.
Specifically, 10 mL of the sample solution were dissolved in 100 pL
of buffer (Tris/HCI, 1 M, pH 8.0), with various concentrations of the
sample solution. AChE/BChE (5.32103 EU) solution was then added
and 50 uL was incubated at 25°C for 10 minutes. A quantity of
DTNB (50 uL, 0.5 mM) was added following incubation.”” Finally,
50 mL of AChI/BChl were added to the reaction to begin it (10 mM,
Product no: 01480-1G, Sigma-Aldrich). By observing the spectro-
photometric production of the yellow 5-thio-2-nitrobenzoate anion
as a result of the reaction of DTNB with thiocholine at a wavelength
of 412 nm, it was possible to quantify the enzymatic hydrolysis of
both substrates. Different amounts of compounds were added to
the reaction mixture in order to determine their impact on AChE.
Following that, AChE/BChE activities were assessed. The plots of
activity (%) vs compounds were used to get the IC;, values.*”

According to Tao et al.”" method's the activity of compounds on -
glycosidase was measured using the substrate p-NPG. Samples
were made by dissolving 20 mg in 20 mL. (EtOH:H,0). It was initially
combined in 5-200 pL of sample with 700 puL of phosphate buffer
(0.15u/mL, pH7.4) and 20 L of enzyme solution. After a pre-
incubation period of 10 minutes at 35°C, 50 uL of p-NPG was
added to the reaction’s beginning. Also, after pre-incubation, 50 pL
of p-NPG in phosphate buffer (5 mM, pH=7.4) was added and
incubation was carried out again at 35°C.*? IC,, and K; values were
calculated by curve fitting of the data. Acarbose compound was
used as a positive control. Absorbances were measured spectro-
photometrically at 405 nm. One unit of a-glycosidase is the amount
of enzyme (pH: 7.4) that catalyzes 1.0 mole of substrate hydrolysis
per minute."

The hCA I-Il isoenzymes were purified using sepharose-4B-L-
tyrosine-sulfanilamide affinity column chromatography for the hCA
inhibition experiment. Verpoorte et al.** developed a spectropho-
tometric approach for determining the inhibitory activities of
compounds and this method was based on earlier investigations.

Molecular docking study

The potent ligands with inhibitory activities were docked using the
software AutoDock version 4.1.6.%*¢ The crystal structures of the
AChE (pdb id: 4PQE), BChE (pdb id: 1B0I),"*” a-Gly (pdb id: 3A4A),"*®
hCA | (pdb id: 1BZM),** and hCA Il (pdb id: 1A42)* enzymes were
downloaded from the RCSB Protein Data Bank. Before arranging
the investigation, the enzyme structure was optimized by adding
polar hydrogens to the enzyme and eliminating crystallographic
water in perfect geometry. The rotations were stable for the ligand.
The primary factors and van der Waals bond fit-complexity of
0.200 kcal/mol were assigned for the enzymes, and the initial files
were saved in PDBQT format. The surface topography of enzymes
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was scrutinized and obtained from the CASTp (3.0) server. The
AutoDock tools (ADTs.4) were used to cause docking parameter
(DP) and grid parameter (GP) files. Lastly, Lamarckian Genetic
Algorithm (LGA)®™*? was used to create possible ligand-enzymes
interaction conformations. The docking score was acquired on 20
different poses. Finally, 2D and 3D interactions of the complex with
the best docking score were investigated by Discovery Studio (DS).

Molecular Dynamics Simulations

Molecular dynamics simulations were carried out using Desmond.
According to the molecular docking results, the docked poses were
selected and merged with the related enzyme. Protein ligand
complex was prepared using the Desmond system builder module
and they were positioned at the center of an orthorhombic box
with a 10 A buffer zone between the protein and the box
boundaries. To create a solvated and neutral system, water
molecules (Tip3p) and counter ions (NaCl at 0.15 M) were added.
The system was then optimized through energy minimization using
the OPLS3 force field. The complex was loaded to the Desmond
molecular dynamics module and the simulation of the system was
performed for 20 ns under constant temperature (300 K) and
pressure (1 bar) using with default parameters. The simulation was
run, with a time step of 2.5 fs and using the RESPA integrator. The
interactions between the ligand and protein during the binding
were analyzed, as well as the root mean square deviation (RMSD)
of the Ca atoms of the protein and the heavy atoms of the ligand,
by utilizing Desmond.”™

Statistical study

Analysis of the data, and drawing of graphs were realized using
GraphPad Prism version 8 (GraphPad Software, La Jolla California
USA). The inhibition constants were calculated by SigmaPlot ver. 12
for Windows (Systat Software, San Jode California USA). The results
were exhibited as mean=+standard deviation (95% confidence
intervals). Differences between data sets were considered statisti-
cally significant when the p-value was less than 0.05.

Supporting Information Summary

The physical and spectral properties and NMR (*H and C) and
HRMS spectra of the synthesized compounds were given in
Supporting Information (SI) file. The 2D and 3D pose of the
interactions of standard compounds with enzymes are seen in
Sl file. In addition, the high resolution images of molecular
dynamics simulations and ligan-protein interactions were given
in supporting information. The IC;, and K; plots of the
compounds 3a-s are also seen in Sl. Additional references cited
within the Supporting Information.>**
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