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activity evaluation of chalcone-piperazine
derivatives as dual AChE and MAO B inhibitors
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The development of pharmaceutical compounds for the treatment of Alzheimer's Disease (AD) and other
neurodegenerative diseases is crucial, as the pathophysiology of AD remains incompletely understood
and effective treatments are still lacking. In this study, a series of novel compounds based on Donepezil,
incorporating piperazine and chalcone structures, were designed, synthesized, and characterized. The
structures of the compounds were confirmed using IR, 'H-NMR, ¥C-NMR, and HRMS techniques.
Biological activities of the compounds were evaluated against cholinesterase enzymes and monoamine
oxidase enzymes. The most potent derivative against acetylcholinesterase (AChE) was compound 4g,
with an ICsq value of 0.027 + 0.001 uM, and the most potent against monoamine oxidase B (MAO B)
was also 4g, with an ICsq value of 0.114 + 0.003 pM. In silico studies further elucidated the interaction of
compound 4g with AChE. Molecular docking revealed key interactions between 4g and amino acids in
the AChE active site. A 100 ns molecular dynamics simulation confirmed the stability of the 4g-AChE

rsc.li/rsc-advances complex.

Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder that
directly affects brain functions responsible for abilities such as
memory, speech, and thinking. Alzheimer's disease (AD)
became known for the first time in literature when Alois Alz-
heimer discovered the illness in a 51-year-old female patient in
1901 and described it in 1906." In addition, among all causes of
death, AD ranks after conditions such as cancer and cardio-
vascular diseases, and it is undoubtedly the neurodegenerative
disease that causes the most deaths.” According to the World
Health Organization, it is expected that by 2050, there will be
139 million individuals with dementia, primarily due to Alz-
heimer's disease.® In the United States, 10.7% of people over the
age of 65 have dementia due to AD* and this fatal disease causes
the deaths of more than 10000 people over the age of 65 in
Turkey every year.>®
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There are various approaches to the treatment of AD. Several
therapeutic classes, including cholinesterase (ChE) inhibitors,
monoamine oxidase (MAO) inhibitors, and non-steroidal anti-
inflammatory drugs, are currently employed or hold promise
for future Alzheimer's disease (AD) management, targeting key
pathological features such as B-amyloid deposition and reactive
oxygen species. In addition, combinations of MAO inhibitors
with other therapeutics, are being explored as promising
combination therapies for the management of AD. In this study,
synthesized compounds exhibiting both anti-ChE activity and
MAO inhibition are considered highly valuable for the future
treatment of AD.**°

Although the pathophysiology of the disease has not yet been
fully elucidated, there are various accepted approaches such as
cholinergic hypothesis, amyloid hypothesis, neurodegenerative
tauopathies and oxidative stress hypothesis. The cholinergic
hypothesis, which emerged from the studies conducted by
Bartus and colleagues in 1982, underpins the development of
FDA-approved drugs such as Donepezil, Rivastigmine, and
Galantamine, actively used in the treatment of AD. This
hypothesis is distinguished from others by its unique charac-
teristics and is based on observations of a decline in the
cholinergic system among individuals with AD. It is theorized
that this reduction in cholinergic activity leads to decreased
levels of acetylcholine (ACh), resulting in learning and memory
impairments. Consequently, enhancing ACh levels has been
proposed as a strategy to restore cholinergic function. To
increase  ACh concentrations, inhibitors of the
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acetylcholinesterase (AChE) enzyme, which breaks down ACh,
are employed.”**

The primary recognized function of ChE enzymes is to
hydrolyze ACh. These enzymes are categorized into AChE (EC
3.1.1.7) and butyrylcholinesterase (BChE, EC 3.1.1.8). AChE
plays a crucial role in the pathophysiology of neurodegenerative
diseases, such as Alzheimer's disease (AD), due to its role in
metabolizing ACh. Reduced levels of AChE are observed in some
neurodegenerative conditions and are associated with the
accumulation of pathological proteins, oxidative stress,
apoptosis, and other phenomena prevalent in neurological
disorders.***

In the healthy human brain, the activity of AChE suppresses
that of BuChE. The most important feature that distinguishes
BuChE from AChE is its kinetic response to ACh concentrations.
At low ACh concentrations, BChE is less effective in ACh
hydrolysis. However, at high ACh concentrations, where AChE
activity is inhibited, BuChE becomes more active in AD,
a marked reduction of AChE levels has been observed in specific
brain regions even during the early stages of the disease.
Concurrently, particularly the G1 form of BuChE increases as
the disease progresses. This shift causes BuChE to assume the
primary role in the hydrolysis of ACh, a role that is auxiliary in
healthy individuals. Therefore, inhibiting BuChE in AD is
crucial for maintaining the balance of ACh levels.*

Donepezil reversibly inhibits the AChE in the treatment of
AD. It is also known to inhibit BuChE enzymes, albeit to a lesser
extent than its inhibition of AChE enzymes. Donepezil, taken
orally, readily crosses the blood-brain barrier. Donepezil, which
is used in the treatment of mild or moderate AD, has been re-
ported to have positive effects in severe cases despite its
gastrointestinal side effects. Due to its high efficacy and status
as one of the few molecules approved by FDA for the treatment
of AD, Donepezil is frequently used as a reference molecule in
research on AChE inhibitors and was selected as the reference
molecule for this study.*****

MAO (EC 1.3.3.4) is an essential enzyme in the breakdown of
xenobiotic amines and monoamine neurotransmitters.*> Most
mammalian tissues contain two MAO isoenzymes; MAO A and
MAO B. MAO A is inhibited at low concentrations by clorgyline
and catalyses the oxidation of norepinephrine and serotonin.
Meanwhile, non-polar aromatic amines without hydroxyl
groups, like phenylamine, benzylamine, etc. are commonly
targeted by MAO B. MAO B largely deaminates dopamine,
prefers to use 2-phenylethylamine and benzylamine as
substrates and is irreversibly inhibited at low concentrations by
t-deprenyl (selegiline).”® Therapeutic targets for the treatment of
neuropsychiatric and neurodegenerative illnesses include both
isoforms.>>**

The reaction catalyzed by MAO produces hydrogen peroxide,
which may contribute to the formation of reactive oxygen
species (ROS). This indicates that MAO activity could potentially
result in neurotoxic effects. Enzymes such as catalase and
superoxide dismutase typically metabolize ROS and other
reactive species; however, dysfunction in these enzymatic
systems can contribute to neurological disorders. Conse-
quently, MAO inhibitors may be beneficial in treating
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conditions like stroke and other forms of oxidative stress-
related tissue damage.”**** MAO B inhibitors, selegiline and
rasagiline, are used to treat Parkinson's disease and some novel
selective MAO B inhibitors are critical for the treatment of
neurodegenerative illnesses, particularly AD due to their effec-
tiveness and few side effects. On the other hand MAO A inhib-
itors are primarily used as antidepressants and anxiolytics.**”**

Numerous studies have focused on compounds with
multiple effects, as opposed to those that solely inhibit the
AChE, BChE, or MAO B enzymes. Research has demonstrated
that inhibiting more than one enzyme with a single molecule
offers numerous advantages.**-**

Piperazine is a member of 6-membered diazocyclo alkane
class with two secondary nitrogen atoms. Piperazine can
interact with target enzymes through hydrogen bonds due to its
non-planar flexible structure. Many pharmaceutically active
substances across various indication groups incorporate
piperazine in their structure. Due to its hydrophobic nature,
piperazine is frequently utilized in research on treatments for
AD, Parkinson's disease, and other neurodegenerative diseases,
as it aids in crossing the blood-brain barrier.*>*

Chalcone structures are o, B-unsaturated ketones that
contain a three-carbon «,B-unsaturated carbonyl system that
connects two aromatic rings. The chalcone structure, serving as
a binder within the molecule, not only prevents neuro-
inflammation, amyloid, and tau accumulation but also under-
pins the development of compounds with diverse activities. It is
known that compounds containing chalcone structures selec-
tively inhibit MAO B activity.**™*

In this study, the structure-activity relationships of phar-
macophore groups with previously demonstrated activity in the
molecular design process were investigated. By combining
these groups with necessary modifications, 14 new compounds
featuring piperazine and chalcone structures were designed
and synthesized. Their structures were elucidated, and their
biological activities were evaluated. Current literature data were
utilized during the design and synthesis processes. The
synthesis of the compounds was carried out in four steps. IR,
'"H-NMR, "*C-NMR, and HRMS techniques were employed for
structural elucidation. The effects of the obtained compounds
on the enzymes AChE, BChE, MAO A, and MAO B were exam-
ined. To support these findings, molecular docking, and
molecular dynamics studies were performed.

Results and discussion
Chemistry

Compounds 4a-4n were obtained by following the procedure
outlined in Scheme 1. In the first step, 3,4-di-
methoxyacetophenone reacted with 4-acetamidobenzaldehyde
to produce 3-(4-aminophenyl)-1-(3,4-dimethoxyphenyl)prop-2-
en-1-one (1). In the next step, compound (1) underwent acidic
hydrolysis with hydrochloric acid, yielding 3-(4-aminophenyl)-1-
(3,4-dimethoxyphenyl)prop-2-en-1-one (2). Finally, acetylation
of compound (2) with chloroacetyl chloride resulted in the
formation of 2-chloro-N-(4-(3-(3,4-dimethoxyphenyl)-3-oxoprop-
1-en-1-yl)acetamide) (3).Target compounds were synthesized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis pathway for obtained compounds (4a—4n).

in the fourth and final stage, which involved the reaction of 2-
chloro-N-(4-(3-(3,4-dimethoxyphenyl)-3-oxoprop-1-en-1-yl)
acetamide) (3) with piperazine derivatives. The structures of the
obtained compounds were determined using spectroscopic
techniques such as HPLC, FTIR, '"H-NMR, *C-NMR, and HRMS.
The data provided in the SI data.

Upon examination of the "H-NMR data, the expected number
of peaks and chemical shift values were observed, consistent with
the number of protons in the synthesized compounds. The peaks
corresponding to the protons belonging to the piperazine ring
and amide group in the obtained structures were observed in the
expected regions. The protons belonging to the piperazine ring
were observed as multiplet or broad peaks between 2.26 ppm and
3.72 ppm. The 'H-NMR data of the piperazine ring were
compared with literature values and found to be consistent.*

Upon analysis of the '*C-NMR data of the obtained
compounds, the characteristic peaks of amide carbonyls (C=

© 2025 The Author(s). Published by the Royal Society of Chemistry
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0), chalcone carbonyls (C=0) and methoxy groups (C-O) were
prominently observed respectively; 168.90 ppm and
169.13 ppm, 187.64 ppm and 187.66 ppm, and 56.04 ppm and
56.26 ppm. In addition to these specific peaks, the peaks for
aromatic carbons were observed at 111.07 ppm and above, while
the peaks for aliphatic carbons appeared at 79.94 ppm and
below. Apart from all these, in the most active compound 4g,
a distinct peak at 168.99 ppm was observed, corresponding to
the acetyl carbonyl group, in addition to the other carbonyl
groups.

Anticholinesterase enzyme activity studies

Donepezil, the reference molecule, had an AChE inhibition of
99.156 + 1.302% at a concentration of 1 x 10> M. At 1 x
10~% M, the inhibition of AChE was 93.462 + 3.162% for
compound 4a, 92.641 + 2.447% for compound 4b, 96.805 £
2.926% for compound 4f, 98.027 + 2.557% for compound 4g,
90.641 + 2.745% for compound 4h, 94.168 + 2.062% for
compound 4i, 94.027 £+ 1.938% for compound 4j, 97.449 £
2.811% for compound 4k, 89.361 + 2.590% for compound 4m,
and 88.928 + 3.148% for compound 4n. As seen above, more
than half of all synthesized compounds exceeded 90% inhibi-
tion. Donepezil, had an inhibition of 97.395 + 1.255% at
a concentration of 0.1 x 10™* M. At 0.1 x 10~* M, the inhibition
of AChE was 90.251 + 1.862% for compound 4a, 88.667 +
2.235% for compound 4b, 94.837 + 3.957% for compound 4f,
96.441 =+ 2.499% for compound 4g, 90.469 + 2.827% for
compound 4i, 92.154 + 3.484% for compound 4j, 94.087 +
2.963% for compound 4Kk, 87.648 £+ 1.718% for compound 4m,
and 85.791 £ 1.397% for compound 4n. These compounds
advanced to the second stage for calculating ICs, values for the
AChE enzyme. Upon examining the results, most of the
compounds showed ICs, values below 0.1 pM. The ICs,
concentration of compound 4a was determined as 0.068 + 0.003
uM, the ICso concentration of compound 4f as 0.048 £ 0.002
uM, the ICs, concentration of compound 4g as 0.027 £ 0.001
uM, the ICs, concentration of compound 4j as 0.043 £ 0.002 pM
and the IC5, concentration of compound 4k as 0.039 £ 0.001
uM. In addition, the obtained compounds inhibited the BChE
enzyme between 30.184 £ 1.126% and 45.967 £+ 1.921% at
a concentration of 1 x 107> M. At 0.1 x 10~ * M concentration,
this range was 20.119 + 0.964% to 33.314 + 1.221% (Table 1).

Monoamine oxidase enzyme activity studies

Selegiline, selected as the reference compound for MAO B
inhibition, had an inhibition rate of 98.589 + 2.055% at
a concentration of 1 x 10> M. At 1 x 10> M, the inhibition of
MAO B was 83.952 4 1.925% for compound 4a, 60.441 + 2.269%
for compound 4b, 78.228 + 2.484% for compound 4e, 90.749 £+
2.620% for compound 4f, 92.322 + 2.160% for compound 4g,
79.462 + 2.864% for compound 4h, 74.137 + 2.422% for
compound 4i, 82.248 £ 3.026% for compound 4j, 58.035 £
1.628% for compound 4m, and 52.948 4 1.774% for compound
4n. Selegiline, had an inhibition rate of 94.850 + 1.114% at
a concentration of 0.1 x 10~* M. At 0.1 x 10~ * M, the inhibition
of MAO B was 80.528 + 2.240% for compound 4a, 88.62 £
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Table 1 % inhibition rates of the obtained compounds against AChE and BChE enzymes at 1073 and 10~* M concentrations and ICsg values

AChE % inhibition

BChE % inhibition

Compound 107°*M ICso (M) AChE IC5o (M) 107*M BChE Selectivity and indexes
4a 93.462 + 3.162 90.251 + 1.862 0.068 £ 0.003 42.462 £+ 1.852 24.558 £ 0.974 >1000 AChE/>1000
4b 92.641 + 2.447 88.667 + 2.235 0.093 £ 0.003 31.141 +1.034 27.034 + 0.877 >1000 AChE/>1000
4c 79.168 £ 3.028 48.248 £1.984 >100 45.967 £ 1.921 25.474 £ 1.098 >1000 AChE/>10
4ad 80.719 + 3.339  40.020 £ 1.019 >100 40.328 £ 1.205 20.119 £ 0.964 >1000 AChE/>10
4e 67.223 £2.110 39.369 £ 1.320 >100 38.019 + 0.964 21.922 + 0.835 >1000 AChE/>10
af 96.805 £+ 2.926 94.837 + 3.957 0.048 £ 0.002 31.703 £ 1.366  24.336 = 0.829 >1000 AChE/>1000
4ag 98.027 £ 2.557 96.441 + 2.499 0.027 £ 0.001 36.426 + 0.954 29.884 £ 0.920 >1000 AChE/>1000
4h 90.641 + 2.745 86.522 + 1.351 0.120 £ 0.005 30.184 +1.126  21.467 + 0.874 >1000 AChE/>1000
4i 94.168 £ 2.062 90.469 + 2.827 0.084 £ 0.003 39.637 £ 1.336  23.619 £ 1.069 >1000 AChE/>1000
4j 94.027 £ 1.938 92.154 + 3.484 0.043 £ 0.002 42.719 £ 2.055 28.438 £ 1.156 >1000 AChE/>1000
4k 97.449 + 2.811 94.087 £ 2.963  0.039 £ 0.001 45.952 £+ 1.874 29.020 £ 1.039 >1000 AChE/>1000
41 76.855 £+ 2.357 40.323 +1.820 >100 41.008 £ 1.998 32.733 £ 1.354 >1000 AChE/>10
4m 89.361 + 2.590 87.648 +1.718 0.158 +£ 0.006 37.346 + 0.961 33.314 £ 1.221 >1000 AChE/>1000
4n 88.928 + 3.148 85.791 £ 1.397 0.205 % 0.009 30.416 + 0.823 24.764 + 0.954 >1000 AChE/>1000
Donepezil 99.156 + 1.302 97.395 + 1.255 0.0201 + 0.0014 — — —

Tacrine — — — 99.827 + 1.378 98.651 + 1.402 0.0064 £ 0.0002

1.829% for compound 4f, and 89.154 + 2.168% for compound
4g. The ICs, values of compounds 4a, 4f and 4g obtained less
than 1 pM and are similar to the reference molecule, selegiline.
The ICs, concentration of compound 4a was determined as
0.274 £ 0.012 uM, the ICs, concentration of compound 4f as
0.137 £ 0.005 pM, and the IC5, concentration of compound 4g
as 0.114 4 0.003 uM. Among the synthesized compounds, those
containing groups with relatively smaller spatial volumes, such
as methyl, aldehyde, or acetyl groups, were the most active.
However, when the compounds contain long-chain groups such
as isopropyl, dimethylaminopropyl, methylsulfonyl, or ethyl-
sulfonyl, which occupy a relatively larger spatial volume,
a significant decrease in their activity is observed. Compound
4g, with an ICs, value of 0.114 £ 0.003 pM against the MAO B
enzyme, was the most active compound against MAO B, similar
to its activity against ChE enzymes. The high inhibitory activity

of compound 4g against both AChE and MAO B enzymes
demonstrates its multiple inhibitory properties (Table 2).

Kinetic studies of AChE enzyme inhibition

Enzyme kinetics studies were conducted to determine the
mechanism of inhibition of AChE using a procedure similar to
that of the inhibition assay for cholinesterase enzymes. These
studies were performed with compound 4g, which was found to
be the most potent agent. Linear Lineweaver-Burk graphs were
used to estimate the type of inhibition of this compound. The
velocity curves of the substrates were recorded in the absence
and presence of compound 4g. This compound was prepared
for enzyme kinetic studies at concentrations of ICs/2, ICs4, and
2 x ICs. In each case, the initial velocity measurements were
obtained at different substrate (ATC) concentrations ranging
from 600 to 18.75 uM. To calculate the K; (intercept on the x-

Table 2 % Inhibition rates of the obtained compounds against MAO A and MAO B enzymes at 10 and 10~* M concentrations and ICsg values

MAO A % inhibition

MAO B % inhibition

Compound 107°M 107'M MAO A IC;5, (M)  ICsq (M) 107*'M MAO B IC;, (M) Selectivity and indexes
4a 47.664 & 2.041 38.722 + 1.061 >1000 83.952 4+ 1.925 80.528 & 2.240 0.274 4+ 0.012  MAO-B/>1000
4b 53.118 £ 2.165 31.167 & 1.236 >100 60.441 £ 2.269 40.103 + 1.969 >100 —

4c 47.429 £ 0.836  39.049 % 0.933 >1000 41.137 £ 0.941 28.864 + 1.023 >1000 —

ad 55.003 + 2.057 41.428 & 1.958 >100 36.664 & 1.037 30.097 % 0.957 >1000 MAO-A/>10
4e 61.367 &= 1.949 44.213 £+ 1.874 >100 78.228 £ 2.484 39.310 & 1.484 >100 —

af 40.841 4 0.955 28.802 + 0.861 >1000 90.749 £ 2.620 88.628 + 1.829 0.137 £ 0.005  MAO-B/>1000
ag 68.957 & 2.516 39.367 £+ 1.108 >100 92.322 +2.160 89.154 + 2.168 0.114 + 0.003  MAO-B/>1000
4h 59.864 + 2.241 28.558 & 1.047 >100 79.462 £ 2.864 41.320 + 0.916 >100 —

4i 41.110 & 2.058 29.067 + 0.962 >1000 74.137 £ 2.422  47.436 + 1.623 >100 MAO-B/>10
4j 47.657 +1.936  32.294 + 1.141 >1000 82.248 + 3.026 40.124 £ 1.057 >100 MAO-B/>10
4k 63.049 & 2.857 41.311 £+ 1.936 >100 48.691 & 1.839  36.087 + 0.964 >1000 MAO-A/>10
a1 36.726 & 0.984 30.430 + 1.247 >1000 46.720 + 1.154 29.702 + 0.841 >1000 —

4m 39.430 & 1.369 33.625 + 1.320 >1000 58.035 & 1.628 28.989 £ 0.826 >100 MAO-B/>10
4n 44.974 +1.955 24.118 + 0.933 >1000 52.948 £+ 1.774 27.841 + 1.174 >100 MAO-B/>10
Moclobemide 94.121 £ 2.760 82.143 £ 2.691 6.0613 & 0.2625 — — —

Selegiline — — — 98.589 + 2.055 94.850 + 1.114 0.0374 % 0.0016
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axis) values of this compound value, the secondary plots of
slope (Km/Vimax) versus varying concentrations (0, ICsy/2, ICs,
and 2 x ICjo) were created. The graphical analyses of steady-
state inhibition data for compound 4g are shown in Fig. 1.
According to the Lineweaver-Burk plots, the type of inhibition
consists of two general classes: reversible or irreversible. Mixed-
type, uncompetitive, competitive, and noncompetitive inhibi-
tion types are included in the reversible inhibition.*”*° As seen in
the Lineweaver-Burk plot of compound 4g (Fig. 1), a graph with
lines that do not intersect at the x-axis or the y-axis was formed.
This observation indicated that compound 4g was a reversible
and mixed-type inhibitor with similar inhibition features as the
substrates. Furthermore, the K; value of compound 4g was
calculated as 0.047 uM with the help of a secondary plot.

Cytotoxicity assay

As a result of the cytotoxicity studies, the ICso value of
compound 4g was found to be 32.18 uM (Table 3). Based on the
relevant result, it is clear that compound 4g is not cytotoxic.

Molecular docking

Among the compounds obtained in this study, compound 4g,
which demonstrated the highest activity, particularly in AChE
enzyme inhibition, was subjected to docking studies with the

A

©1C50/2(0.014 uM)
*1C50 (0.027 uM)
©2x1C50(0.054 pM)

* Control

1/V (abs/min)!

0,02 0,04 0,06

0,005 1 1/[S] pMt
-0,010 +
-0,015 -
B 0.3
202
=]
7))
0
-0.06/ -0.04 -0.02 0.02 0.04 0.06
-0.1 Compound 4g (uM)

Fig. 1 (A) Lineweaver—Burk plots for the inhibition of AChE by
compound 4g. [S], substrate concentration (M); V, reaction velocity (1/
V (abs per min)). Inhibitor concentrations are shown at the left. (B)
Secondary plot for the calculation of the steady-state inhibition
constant (K;) of compound 4m. K; was calculated as 0.047 uM.
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Table 3 |Csq value (uM) of compound 4g against NIH/3T3 cell lines
Compound NIH/3T3
ag 32.18
Doxorubicin >1000

crystal structure of the AChE enzyme (PDB code: 4EY7) to
elucidate its potential interactions with the enzyme's active site.
While the crystal structure was preferred for these studies
carried out in the light of current literature information, the
Homo sapiens class was preferred due to the presence of Done-
pezil ligand and both packages of the enzyme active site.

During the studies, the “Glide 7.1” program was used for the
docking technique, while the most probable poses were ob-
tained with “GlideScore Sp”. In addition, the electrostatic and
Van der Waals interactions of the relevant compound of 4g with
the amino acids in the enzyme active site were displayed
through the “Perresidue interaction” panel (Fig. 2).

Two different binding sites, the catalytic site (CAS) and the
peripheral anionic site (PAS), must be considered when consid-
ering inhibitory activity for the AChE enzyme since the
compounds that successfully settle into the passage formed by the
CAS and PAS regions have high AChE enzyme inhibition values. It
is known that for high inhibition values, interaction must be
established with various amino acids located in both regions;
Phe338, Tyr337, Tyrl33, Tyr130, Trp86, His447, Glu334 and
Ser203 for the CAS region, and Trp286, Tyr341, Tyr124, Asp74 and
Tyr72 are of great importance in binding to the PAS region.***

Donepezil was our lead molecule in our molecular docking
study because of its binding with both the PAS and CAS regions
of the AChE enzyme, its use in AD treatment, and its activity
values. Donepezil's dimethoxy indanone group had a m-7
interaction with the Trp286 amino acid located in the PAS
region of the AChE enzyme. Additionally, Donepezil forms
a hydrogen bond with the Phe295 amino acid in the same
region, and its dimethoxy indanone group and mono-
substituted benzene ring also have a m-m interaction with the
Trp86 amino acid in the CAS region of the AChE (Fig. 3).

Among the synthesized compounds, those with long chains,
branches, and groups occupying relatively more space were less
successful in molecular docking studies than those with shorter
chains and groups occupying relatively less space. The main
reason is that the compounds with long chains, branches, and
bulky groups occupy too much space and, due to their structure,
cannot form effective bonds with both regions of the AChE
enzyme.

It is observed that compound 4g, like Donepezil, forms bonds
by settling into both the CAS and PAS regions of the enzyme. This
interaction with both regions, a hallmark of AChE inhibitors
especially notable in Donepezil, holds true for compound 4g as
well. Consequently, compound 4g achieved successful results in
biological activity tests. The dimethoxyphenyl group in compound
4g engages in -7 interactions with the amino acid Trp286,
similar to those observed in Donepezil. Such interactions are
critical for activity on the AChE enzyme, making their observation
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Fig.2 Two-dimensional view of the interaction of compound 4g with
the active site of the AChE enzyme.
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Fig. 3 Three-dimensional view of the interaction of compound 4g
with the active site of the AChE enzyme.

particularly significant given the design objectives of these
compounds. The hydrogen bond between the chalcone group of
the compound 4g and the amino acid Phe295, a key factor in the
binding to the enzyme's active site, was also observed. The
observation of this interaction in molecular docking studies of
compound 4g is a very positive finding regarding the binding of
the compound to the enzyme active site.

A -7 interaction was observed between the benzene ring of
compound 4g and the amino acid Tyr341, which plays a crucial
role in binding to the enzyme's active site. The interaction of
compound 4g with the relevant amino acid is very important in
terms of the activity of the compound on the AChE enzyme.

It was determined that compound 4g formed a hydrogen
bond with the amino acid Tyr133 in the CAS region of the
enzyme. Distinguishing it from other compounds, the acetyl
group within its structure interacts with Tyr133, explaining why
compound 4g excels in biological activity studies. Additionally,
the nitrogen atom in the piperazine group, situated near the
amide and chalcone groups, catalyzes a m—cation interaction
with the Trp86 amino acid, also in the CAS region.

Molecular dynamics simulation

The molecular dynamics simulation approach is widely utilized
to understand the dynamic behaviour of proteins or protein-
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ligand complexes. In this study, a 100 ns MD simulation anal-
ysis was conducted in an open hydration environment to assess
the stability of the complex formed between AChE (PDB ID:
4EY7) and the promising molecular compound 4g and simula-
tion results shown in Fig. 4 and 5. The stability of the model
developed during the molecular dynamics simulation was
evaluated using the RMSD (root mean square deviation of
atomic positions) and RMSF (root mean square fluctuation)
parameters. During the simulations, the stability of the created
model was checked via the RMSD parameter. Fig. 4(A) shows the
RMSD plot as a function of simulation time. The target range for
RMSD values is between 1 and 3. Since the RMSD value in the
obtained graph is within the relevant range (max 2.7 A), it is
possible to say the stability of the created model is preserved.
The RMSD value increases and fluctuates until reaching 40.20
ns, where it stabilizes around this point. When the changes
occurring during this fixation time were examined (Fig. 5B), it
was seen that the interactions between compound 4g and the
amino acids Gly121, Ser125, Tyr133, Tyr337 and His447 started
and strengthened. Therefore, it is thought that this amino acid
contributes to stability. According to the AChE-4g complex
protein RMSD analysis, the simulated system was stabilized
quite effectively.

In molecular dynamics studies, the stability of the protein-
ligand complex is significantly influenced by specific amino
acids. During modelling, individual residue variation and
structural changes along the protein chain can be observed
using the RMSF parameter (Fig. 4B). In the RMSF graphic, o-
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Fig.4 MD simulation results performed with the compound 4g-AChE
complex (A and B).
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Fig.5 MD simulation results performed with the compound 4g-AChE
complex (A-C).

helix areas are shown by red, B-banded regions are represented
by blue, and the loop region is represented by white. The a-
helical and B-sheet portions of the protein are stiffer than the
loop area resulting in fewer fluctuations in these regions. On the
plot's X-axis, vertical green lines indicate the contributions of
contacting residues between each protein chain and the ligand.

Compound 4g interacts with 36 amino acids of the AChE
protein, according to the RMSF study. These amino acids can be
listed as follows: Tyr72, Asp74, Thr75, Leu76, Tyr77, Thr83,
Met85, Trp86, Gly121, Gly122, Tyr124, Ser125, Leu130, Val132,
Tyr133, Glu202, Ser203, Trp286, His287, Leu289, GIn291,
Glu292, Ser293, Val294, Phe295, Arg296, Phe297, Tyr337,
Phe338, Tyr341, Phe446, His447, Gly448, Tyr449, Ile451,
Glu452. In the AChE-4g complex, there is no significant change
in the resulting RMSF plot fluctuations.

Aromatic hydrogen bonds formed during a 100 ns molecular
dynamics simulation were analyzed by reviewing the simulation
video. It was observed that compound 4g establishes aromatic
hydrogen bonds with the amino acids Tyr72, Gly122, Tyr124,
Phe297, Tyr337, and Tyr449. Specifically, the benzene rings in
compound 4g form aromatic hydrogen bonds with the carbonyl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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groups of Gly122, Tyr124, Phe297, and Tyr337. Additionally, the
methoxy groups on the dimethoxybenzene ring of compound 4g
engage in aromatic hydrogen bonding with the phenyl ring of
Tyr72. Lastly, a similar interaction occurs between the carbonyl
group adjacent to the piperazine ring in compound 4g and the
phenyl ring of Tyr449.

Interaction of compound 4g with amino acids in the active
site can be seen in Fig. 5(A-C). The amino acids that interact
with the enzyme active site more than 20% are displayed in Fig.
5(A). The interaction number and residue graph are shown in
Fig. 5(B). In this figure, compound 4g is shown to interact
consistently with Trp86, Tyr124, Glu202, Trp286 and Phe338.
The interaction with amino acids Gly121, Ser125, Tyr133,
Tyr337, and His447 began around 40.20 ns and continued
mostly uninterrupted, playing a crucial role in ensuring
stability. The consistent interaction with amino acids Trp86,
Glu202, Trp286, Tyr337, Phe338, and His447, which are
particularly critical for the AChE enzyme active site, further
underscores the compound's potential. The interaction frac-
tions with respect to the residue during the simulation are di-
splayed in Fig. 5(C) (green: H-bond, pink: ionic interaction,
purple: hydrophobic interaction, blue: water-mediated H-
bond). In this figure, interactions with amino acids that are
important for the enzyme active site are clearly seen.

Structure-activity relationships

The compounds 4a-4n synthesized in this study are composed
of three distinct regions; while the second and third regions
have the same structure in 14 different compounds synthesized,
and these compounds were derivatized over the substituents of
the piperazine ring in the first region. Upon examining the main
skeleton of the compounds, it can be observed that the first
region features a piperazine ring and an acetamide structure.
The related region of Donepezil interacts with the CAS region of
the AChE enzyme and contributes significantly to the AChE
inhibitory activity of Donepezil. Studies have demonstrated that
for the inhibition of the AChE enzyme, the presence of hetero-
cyclic structures like piperazine in the sections of compounds
that interact with the CAS region of the AChE enzyme positively
influences their activity. Secondary amines in the first region of
the compounds are known to be effective hydrogen donors.
Therefore, when the synthesized compounds encounter
enzymes such as AChE, the secondary amines within the
compounds engage in interactions that enhance their activity
(Fig. 6).

The second region of the synthesized compounds consists of
the benzene ring, labeled as ring A from the chalcone group,
and a two-carbon unsaturated chain also belonging to the
chalcone group. The second region acts as a link between the
first and third regions. During the design process of the
compounds, the chalcone structure was selected for the second
region, which serves as a linking element, because it was
intended to target multiple effects on both MAO B and cholin-
esterase enzymes. This choice was made because compounds
containing chalcone groups in their structures are known to
induce selective inhibition of MAO B.**

RSC Adv, 2025, 15, 40897-40911 | 40903
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Fig. 6 Comparison of target compounds with donepezil.

In the third region of the synthesized compounds, the
benzene ring, labeled as ring B, features methoxy groups
substituted at the third and fourth positions, along with
a carbonyl group belonging to the chalcone group. Compared to
Donepezil, this region corresponds to where the indanone ring
system is located in Donepezil. For AChE inhibitors and
inhibitor candidate compounds, particularly Donepezil, the
presence of two adjacent methoxy groups significantly enhances
activity. Given that the indanone ring system of Donepezil
interacts with the PAS of the AChE enzyme, the third region of
the synthesized compounds is also expected to interact with the
PAS site of the AChE enzyme.***

Among the compounds obtained, compounds 4c, 4d, 4e and
41 showed the lowest activity on the AChE enzyme. It is thought
that a decrease in the AChE enzyme inhibition values of the
relevant compounds occurs because the isopropyl, allyl,
propine, and cyclopentyl groups substituted on the piperazine
rings do not establish effective interactions with the CAS of the
AChE enzyme. Due to their structural characteristics, these
groups can not interact effectively with both the CAS and PAS
active sites. The ICs, values of 4a, 4f, 4g, 4j and 4k from the
compounds were determined as 0.068 + 0.003 pm, 0.048 +
0.002 pm, 0.027 + 0.001 pm, 0.043 £ 0.002 pm and 0.039 =+
0.001 pm, respectively. Compound 4g and compound 4k, which
exhibit the highest AChE activity among the 14 synthesized
compounds, demonstrate that groups such as acetyl and di-
methylamino propyl, substituted on the piperazine rings in
their structures, interact with the CAS of the AChE enzyme.
Consequently, these compounds with high activity effectively
inhibit both active sites of the AChE enzyme. The compounds
with long-chain, large-volume structures in the fourth position
of the piperazine ring showed significant decreases in AChE
enzyme inhibition values.

Compounds with similar structures were compared based on
their AChE enzyme inhibition values. Compound 4a has a one-
carbon methyl group, while compound 4b has two-carbon ethyl
group. The IC;, values of these compounds were determined as
0.068 + 0.00 M and 30.093 + 0.003 uM, respectively. Consid-
ering these two compounds with similar structures, a decrease
in AChE enzyme inhibition was observed when chain elonga-
tion occurs in the side groups. Similar to compounds 4a and
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Table 4 clogP and total polar surface area (TPSA) values of the
synthesized compounds

Compound  AChEICs, (M) MAOBICso (M) clogP  TPSA

4a 0.068 + 0.003  0.274 + 0.012 2.48 71.11
b 0.093 £ 0.003  >100 2.82 71.11
4c >100 >1000 3.14 71.11
ad >100 >1000 3.07 71.11
4e >100 >100 2.70 71.11
af 0.048 £ 0.002  0.137 % 0.005 2.17 88.18
ag 0.027 £ 0.001  0.114 + 0.003 2.32 88.18
4h 0.120 £ 0.005  >100 2.51 80.34
4 0.084 + 0.003  >100 2.41 91.34
4j 0.043 £ 0.002  >100 2.63 74.35
4k 0.039 + 0.001  >1000 2.94 74.35
4l >100 >1000 3.48 71.11
4m 0.158 + 0.006  >100 1.97 113.63
4n 0.205 + 0.009  >100 2.28 113.63

compound 4b, compound 4m features a one-carbon methyl
sulfonyl structure, whereas compound 4n incorporates a two-
carbon ethyl sulfonyl structure. As observed in the previous
example, chain elongation in the groups attached to the
compounds negatively impacted their AChE enzyme activities.

The IC5, values of compounds 4a, 4f and 4g against the MAO
B enzyme are less than 1 uM and these values are close to the
reference molecule, selegiline. These compounds have ICs,
values of 0.274 & 0.012 pM, 0.137 & 0.005 uM, 0.114 + 0.003 uM,
respectively. Among the synthesized compounds, those
featuring groups with relatively smaller spatial volumes, such as
methyl, aldehyde, or acetyl, exhibited the highest activity.
Conversely, compounds containing larger, long-chain groups
such as isopropyl, dimethylamino propyl, methylsulfonyl, or
ethylsulfonyl demonstrated a noticeable decline in activity due
to their larger spatial volumes.

An examination of the clog P and TPSA data obtained from
SwissADME*® revealed a correlation between the physicochem-
ical properties of the compounds and their biological activity
(Table 4). Molecules with lower clog P values and higher TPSA
values demonstrated greater efficacy, which can be seen in the
higher activity of compounds 4a, 4b, 4f, and 4g, compared to the
lower activity of compounds 4c, 4d, 4e, and 41. Specifically, the
compounds with higher ¢ log P values (such as compounds 4c,
4d, 4e, and 4l) exhibited reduced biological activity, possibly
due to increased lipophilicity, which might impair their inter-
action with biological targets. On the other hand, the
compounds with higher TPSA values (such as compounds 4a,
4b, 4f, and 4g) showed increased polar surface area, which
might improve solubility and interaction with polar biological
targets, thereby enhancing their activity. This suggests that the
balance between lipophilicity (c log P) and polarity (TPSA) plays
a crucial role in determining the biological activity of these
compounds.

Conclusions

The 'H-NMR, “C-NMR, HRMS and melting point data
demonstrated a good support to the characterization of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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obtained compounds. Following the characterization studies, in
vitro and in silico studies were carried out. According to the in
vitro and in silico studies, compound 4g showed the highest
potential activity against AChE and MAO B. The most potent
derivative against AChE was 4g with an ICs, value of 0.027 +
0.001 pM. Moreover, the most potent derivative against MAO B
was 4g with an ICs, value of 0.114 + 0.003 pM.

In molecular docking studies, compound 4g exhibited
similarities to Donepezil, but it also interacted with the amino
acid Tyr133, which Donepezil does not engage with. In the
dynamics study, compound 4g formed bonds with 36 different
amino acids. In interpreting these results, the continuous
interactions between compound 4g and the amino acids Trp86,
Glu202, Trp286, Tyr337, Phe338 and His447, which are impor-
tant for the active site of the AChE enzyme, play a significant
role.

It has been observed from all of the studies that by
designing, synthesizing, and evaluating the activities of
synthesized compounds with similar structures in the future, it
is possible to develop compounds with enhanced activity
values.

Experimental
Chemistry

All the reagents are purchased from a commercial provider, and
no additional purification was required before the usage. The
Mettler Toledo-MP90 Melting Point System was used to deter-
mine the melting points (M.P.), without any correction. The
characterization of the compounds was performed using the
"H-NMR DPX 300 FT-NMR spectrometer and the ">C-NMR DPX
75 MHz spectrometer (Bruker Bioscience, USA). ESI was used to
record mass spectra on an LCMS-IT-TOF (Shimadzu, Kyoto,
Japan). The IR spectra of the compounds were recorded using
an FTIR spectrometer (Shimadzu, Japan).

The purity of the compounds was assessed by HPLC (Shi-
madzu, Kyoto, Japan) equipped with two LC-20AD binary
pumps, a DGU-20A3R degassing unit, a CTO-10ASvp column
oven, an SIL-20AC autosampler, and an SPD-M20A PDA
detector. Analyses were performed on a Shim-pack FC-ODS C18
column (150 mm x 2.0 mm, 3 um). The mobile phase consisted
of acetonitrile and water (70: 30, v/v) containing 0.1% formic
acid, delivered at a flow rate of 0.25 mL min~". The injection
volume was 1 pL, and the column oven temperature was
maintained at 40 °C. Detection was carried out at 254 nm.

Synthesis of N-(4-(3-(3,4-dimethoxyphenyl)-3-oxoprop-1-en-1-
yDphenyl)acetamide 1

Potassium hydroxide (100 mmol, 5.6 g) was dissolved in meth-
anol (absolute). First 3,4-dimethoxyacetophenone (100 mmol,
18.0 g) and then 4-acetamidobenzaldehyde (100 mmol, 16.3 g)
were added to the solution and stirred at room temperature.
After 48 hours, a colored precipitate formed and was collected
by filtration. The resulting product was dried and recrystallized
from ethanol.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of 3-(4-aminophenyl)-1-(3,4-dimethoxyphenyl)prop-
2-en-1-one 2

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)
acetamide (1) (70 mmol, 22.75 g) was dissolved in a mixture of
water (60 mL) and concentrated hydrochloric acid (37%, 20 mL).
The reaction mixture was refluxed for 12 hours. Upon comple-
tion, confirmed by TLC, the mixture was cooled, ice was added,
and the solution was neutralized with aqueous ammonia. The
resulting precipitate was filtered, washed with water. Following
these processes, the resulting product was dried and recrystal-
lized from ethanol.

Synthesis of 2-chloro-N-(4-(3-(3,4-dimethoxyphenyl)-3-
oxoprop-1-en-1-yl) phenyl) acetamide 3

In a flask, 3-(4-aminophenyl)-1-(3,4-dimethoxyphenyl)prop-2-
en-1-one (2) (33 mmol, 9.34 g) was dissolved in THF (30 mL).
Then, TEA (33 mmol, 4.63 mL) was added, and the flask was
placed in an ice bath on a magnetic stirrer. Following this
process, chloroacetyl chloride (33 mmol, 2.63 mL) dissolved in
THF (10 mL) and was added to a dropping funnel. Subse-
quently, chloroacetyl chloride solution was added dropwise
onto the mixing 3-(4-aminophenyl)-1-(3,4-dimethoxyphenyl)
prop-2-en-1-one (2) solution. After the dripping process was
completed, the mixture continued to be stirred for 1 hour. The
completion of the reaction was confirmed by thin-layer chro-
matography (TLC). THF was subsequently removed from the
reaction mixture, and the residue was washed with water and
filtered. The crude product was then dried, followed by crys-
tallization from ethanol.

Synthesis of the target compounds

2-Chloro-N-(4-(3-(3,4-dimethoxyphenyl)-3-oxoprop-1-en-1yl)
phenyl)acetamide (3) (1 mmol, 0.36 g) and K,CO; (1 mmol,
0.138 g) was taken into a flask and dissolved in acetone (30 mL)
and the appropriate piperazine derivative (1 mmol) was added
into the solution. Following this process, the reaction mixture
was refluxed for 12 hours. After the completion of the reaction
was confirmed by TLC, the mixture was transferred to an open
container and acetone was removed from the environment
under the fume hood. The remaining residue was then washed
with water and filtered. The dried crude product was crystallized
from ethanol.

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-
(4-methylpiperazin-1-yl)acetamide (4a)

Yield: 81%, TLC R; 0.30 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): 95.5%, M.P.: 68.6 °C. FTIR (ATR, cm~!): 3258
(stretching band corresponding to N-H), 1676 (stretching band
corresponding to chalcone C=0), 1647 (stretching band cor-
responding to amide C=O0), 1148 (stretching band corre-
sponding to C-0). 'H-NMR (300 MHz, DMSO-dg): 6 = 2.16
(3H, s, -CH3), 2.37 (8H, b.s., piperazine), 3.14 (2H, s, -CH,), 3.86
(3H, s, -OCHj,), 3.87 (3H, s, -OCHj), 7.10 (1H, d, J = 8.59 Hz,
trisubstituebenzene), 7.60 (1H, d, J = 1.95 Hz, Ar-H), 7.69-7.75
(3H, m,Ar-H), 7.82-7.92 (5H, m, Ar-H), 9.94 (1H, s, seconder
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amine). *C-NMR (75 MHz, DMSO-de): 6 = 46.24, 53.16, 54.97,
56.05, 62.31, 111.10, 111.30, 119.71, 120.66, 123.72, 130.16,
130.27, 131.08, 141.14, 143.28, 149.22, 153.57, 169.12, 187.66.
HRMS (m/z): [M + H]" caled for C,4H,oN;0,: 424.2231; found:
424.2239.

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-
(4-ethylpiperazin-1-yl)acetamide (4b)

Yield: 82%, TLC R¢ 0.35 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): >99.9%, M.P.: 61.7 °C. FTIR (ATR, cm ™~ 1): 3271
(stretching band attributed to N-H), 1678 (stretching band
attributed to chalcone C=0), 1647 (stretching band attributed
to amide C=0), 1147 (stretching band attributed to C-0). 'H-
NMR (300 MHz, DMSO-d¢): 6 = 0.98 (3H, t, J = 7.17 Hz, -
CH3;), 2.14-2.44 (10H, m, piperazine/-CH,-), 3.13 (2H, s, -CH,),
3.86 (3H, s, -OCH,), 3.87 (3H, s, -OCH,), 7.10 (1H, d, J =
8.56 Hz, trisubstituebenzene), 7.60 (1H, d, J = 1.93 Hz, Ar-H),
7.69-7.75 (3H, m, Ar-H), 7.82-7.91 (5H, m, Ar-H), 9.94 (1H, s,
seconder amine). ">C-NMR (75 MHz, DMSO-d¢): 6 = 12.53,
52.07, 52.66, 53.31, 56.04, 56.25, 62.39, 111.05, 111.28, 119.71,
120.64, 123.71, 130.16, 130.26, 131.07, 141.15, 143.29, 149.2 0,
153.56, 169 12, 187.65. HRMS (m/z): [M + H]" caled for
C,5H3,N,0,: 438.2387; found: 438.2386.

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-
(4-isopropylpiperazin-1-yl)acetamide (4c)

Yield: 77%, TLC R¢ 0.46 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): 96.6%, M.P.: 127.6 °C. FTIR (ATR, cm "): 3269
(stretching band attributed to N-H), 1680 (stretching band
attributed to chalcone C=0), 1649 (stretching band attributed
to amide C=0), 1161 (stretching band attributed to C-0). 'H-
NMR (300 MHz, DMSO-d): 6 = 0.96 (6H, d, ] = 6.51 Hz, -
CHj,), 2.36-2.44 (4H, m, piperazine), 2.56-2.72 (5H, m, pipera-
zine, -CH-), 3.12 (2H, s, -CH,-), 3.86 (3H, s, -OCH), 3.87 (3H, s,
-0OCH3;), 7.10 (1H, d, J = 8.56 Hz, trisubstituebenzene), 7.60 (1H,
d,J = 1.92 Hz, Ar-H), 7.69-7.75 (3H, m, Ar-H), 7.84-7.91 (4H, m,
Ar-H), 9.92 (1H, s, seconder amine). ">*C-NMR (75 MHz, DMSO-
de): 6 = 18.73, 48.27, 53.72, 54.07, 56.05, 56.20, 62.48, 111.09,
111.29, 119.74, 120.65, 123.71, 130.16, 130.26, 131.08, 141.15,
143.29, 149.22, 153.56, 169.14, 187.65. HRMS (m/z): [M + H]"
caled for C,sH33N30,: 452.2544; found: 452.2550.

2-(4-Allylpiperazin-1-yl)-N-(4-(3-(3,4-dimethoxyphenyl)-3-
oxoprop-1-en-1-yl)phenyl)acetamide (4d)

Yield: 79%, TLC R 0.29 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): >99.9%, M.P.: 120.8 °C. FTIR (ATR, cm 1):
3265 (stretching band attributed to N-H), 1680 (stretching band
attributed to chalcone C=0), 1649 (stretching band attributed
to amide C=0), 1147 (stretching band attributed to C-0). 'H-
NMR (300 MHz, DMSO-d¢): 6 = 2.37-2.44 (4H, m, piperazine),
2.51-2.63 (4H, m, piperazine), 2.94 (2H, d, J = 6.36 Hz, -CH,-),
3.14 (2H, s, -CH,-), 3.86 (3H, s, -OCH;), 3.87 (3H, s, ~OCHj),
5.14 (2H, m, -CH,-allyl), 5.80 (1H, m, -CH allyl), 7.10 (1H, d, ] =
8.56 Hz, trisubstituebenzene), 7.60 (1H, d, J = 1.95 Hz, Ar-H),
7.69-7.75 (3H, m, Ar-H), 7.84-7.93 (4H, m, Ar-H), 9.93 (1H, s,
seconder amine). *C-NMR (75 MHz, DMSO-d¢): 6 = 52.85,
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53.23, 56.06, 56.26, 61.33, 62.33, 111.09, 111.30, 117.91, 119.72,
120.67, 123.72, 130.16, 130.27, 131.08, 136.07, 141.14, 143.28,
149.22, 153.57, 169.10, 187.65. HRMS (m/z): [M + H]" calcd for
C,eH3,N;0,: 450.2387; found: 450.2388.

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-
(4-(prop-2-yn-1-yl)piperazin-1-yl)acetamide (4e)

Yield: 78%, TLC R¢ 0.26 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): >99.9%, M.P.: 74.5 °C. FTIR (ATR, cm ™ ): 3261
(stretching band attributed to N-H), 1676 (stretching band
attributed to chalcone C=0), 1647 (stretching band attributed
to amide C=0), 1149 (stretching band attributed to C-O). 'H-
NMR (300 MHz, DMSO-dg): 6 = 2.37-2.49 (4H, m, piperazine),
2.52-2.59 (4H, m, piperazine), 3.15 (2H, s, -CH,-), 3.17 (1H, s, -
CH), 3.26 (2H, s, -CH,-), 3.86 (3H, s, -OCH;), 3.87 (3H, s, —
OCH3;), 7.10 (1H, d, J = 8.56 Hz, trisubstituebenzene), 7.60 (1H,
d,J = 1.95 Hz, Ar-H), 7.69-7.75 (3H, m, Ar-H), 7.84-7.92 (4H, m,
Ar-H), 9.96 (1H, s, seconder amine). '*C-NMR (75 MHz, DMSO-
de): 6 = 46.45, 51.47, 53.07, 56.06, 56.20, 62.31, 76.18, 79.94,
111.08, 111.30, 119.75, 120.67, 123.71, 130.15, 130.26, 131.08,
141.18, 143.29, 149.22, 153.57, 169.08, 187.66. HRMS (m/2): [M +
H]" caled for Cy6H,oN30,: 448.2231; found: 448.2248.

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-
(4-formylpiperazin-1-yl)acetamide (4f)

Yield: 73%, TLC R 0.40 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): 97.6%, M.P.: 104.1 °C. FTIR (ATR, cm ™ '): 3277
(stretching band attributed to N-H), 1651 (stretching band
attributed to chalcone C=0), 1573 (stretching band attributed
to amide C=0), 1146 (stretching band attributed to C-O). 'H-
NMR (300 MHz, DMSO-d¢): 6 = 2.37-2.49 (2H, m, piperazine),
2.53-2.63 (2H, m, piperazine), 3.22 (2H, s, -CH,-), 3.41-3.54
(4H, m, piperazine), 3.86 (3H, s, ~-OCHj;), 3.87 (3H, s, -OCH3),
7.10 (1H, d, J = 8.55 Hz, trisubstituebenzene), 7.60 (1H, d, J =
1.91 Hz, Ar-H), 7.70-7.77 (3H, m, Ar-H), 7.85-7.92 (4H, m, Ar-
H), 8.01 (1H, s, -CH-), 10.02 (1H, s, seconder amine). ">C-NMR
(75 MHz, DMSO-dy): 6 = 44.09, 45.13, 52.44, 53.59, 56.04, 56.193
61.87, 111.05, 111.28, 119.80, 120.67, 123.73, 130.16, 130.31,
131.06, 141.13, 143.28, 149.21, 153.56, 161.23, 165.39, 168.95,
187.64. HRMS (m/z): [M + H]' caled for C,4H,,N;05: 438.2023;
found: 438.2043.

2-(4-Acetylpiperazin-1-yl)-N-(4-(3-(3,4-dimethoxyphenyl)-3-
oxoprop-1-en-1-yl)phenyl)acetamide (4g)

Yield: 82%, TLC R; 0.25 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): 95.3%, M.P.: 81.8 °C. FTIR (ATR, cm™'): 3279
(stretching band attributed to N-H), 1620 (stretching band
attributed to chalcone C=0), 1562 (stretching band attributed
to amide C=0), 1139 (stretching band attributed to C-O). 'H-
NMR (300 MHz, DMSO-d): 6 = 1.99 (3H, s, -CH;), 2.45-2.49
(2H, m, piperazine), 2.51-2.57 (2H, m, piperazine), 3.20 (2H, s, -
CH,-), 3.47-3.55 (4H, b.s., piperazine), 3.86 (3H, s, -OCH3), 3.87
(3H, s, -OCH3;), 7.10 (1H, d, J = 8.57 Hz, trisubstituebenzene),
7.60 (1H, d, J = 1.89 Hz, Ar-H), 7.70-7.76 (3H, m, Ar-H), 7.85
(4H, m, Ar-H), 10.02 (1H, s, seconder amine). >C-NMR (75
MHz, DMSO-dg): 6 = 21.69, 46.01, 52.82, 56.04, 56.19, 61.92,
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111.06, 111.28, 119.78, 120.66, 123.72, 130.16, 130.30, 131.06,
141.14, 143.28, 149.21, 153.56, 168.62, 168.99, 187.64. HRMS
(m/z): [M + H]" caled for Cy5H,0N;305: 452.2180; found: 452.2192.

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-
(4-(2-methoxyethyl)piperazin-1-yl)acetamide (4h)

Yield: 77%, TLC R 0.23 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): >99.9%, M.P.: 53.5 °C. FTIR (ATR, cm ™ 1): 3265
(stretching band attributed to N-H), 1676 (stretching band
attributed to chalcone C=0), 1645 (stretching band attributed
to amide C=0), 1148 (stretching band attributed to C-0). 'H-
NMR (300 MHz, DMSO-dg): 6 = 2.38-2.49 (8H, m, piperazine),
3.14 (2H, d,J = 7.90 Hz, -CH,-), 3.22 (2H, s, -CH,-), 3.29 (2H, d,
J = 4.95 Hz, -CH,-), 3.42 (3H, m, -CH,), 3.86 (3H, s, -OCH,),
3.87 (3H, s, -OCH;), 7.10 (1H, d, J = 8.56 Hz, tri-
substituebenzene), 7.60 (1H, d, J = 1.95 Hz, Ar-H), 7.69-7.75
(3H, m, Ar-H), 7.84-7.92 (4H, m, Ar-H), 9.94 (1H, s, seconder
amine). ">*C-NMR (75 MHz, DMSO-dg): 6 = 53.28, 53.43, 56.05,
56.26, 57.51, 58.46, 62.36, 70.39, 111.09, 111.29, 119.72, 120.66,
123.73, 130.17, 130.26, 131.08, 141.15, 143.29, 149.22, 153.56,
169.12, 187.66. HRMS (m/z): [M + H]' caled for CyeH33N30s:
468.2493; found: 468.2500.

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-
(4-(3-hydroxypropyl)piperazin-1-yl)acetamide (4i)

Yield: 78%, TLC R 0.48 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): 97.1%, M.P.: 152.9 °C. FTIR (ATR, cm '): 3287
(stretching band attributed to N-H), 1688 (stretching band
attributed to chalcone C=0), 1651 (stretching band attributed
to amide C=0), 1150 (stretching band attributed to C-0). 'H-
NMR (300 MHz, DMSO-d¢): 6 = 1.56 (2H, m, -CH,-), 2.20-
2.49 (10H, m, piperazine, -CH,-), 2.64 (1H, m, CH), 3.14 (2H, s,
-CH,-), 3.44 (2H, d, J = 6.25 Hz, -CH,-), 3.86 (3H, s, -OCHj),
3.87 (3H, s, -OCH,), 4.49 (1H, b.s., -OH), 7.10 (1H, d, J =
8.57 Hz, trisubstituebenzene), 7.60 (1H, d, J = 1.92 Hz, Ar-H),
7.69 (1H, s, trisubstituebenzene), 7.74 (2H, d, J = 8.74 Hz, di-
substituebenzene), 7.84 (2H, d, J = 3.22 Hz, di-
substitutedbenzene), 7.88 (1H, m, trisubstitutebenzene), 7.91
(1H, m, Ar-H), 9.94 (1H, s, seconder amine). *C-NMR (75 MHz,
DMSO-dg): 6 = 30.03, 53.14, 53.32, 55.60, 56.04, 59.90, 62.35,
111.05, 111.28, 119.71, 120.64, 123.72, 130.17, 130.26, 131.07,
141.15,143.29, 149.21, 153.55, 169.12, 187.64. HRMS (m/z): [M +
H]" caled for C,sH33N;05: 468.2493; found: 468.2503.

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-
(4-(2-(dimethylamino)ethyl)piperazin-1-yl)acetamide (4j)

Yield: 78%, TLC R; 0.30 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): >99.9%, M.P.: 152.9 °C. FTIR (ATR, cm ):
3289 (stretching band attributed to N-H), 1682 (stretching band
attributed to chalcone C=0), 1647 (stretching band attributed
to amide C=0), 1152 (stretching band attributed to C-0). 'H-
NMR (300 MHz, DMSO-d¢): 6 = 2.11 (6H, s, dimethylamino),
2.24-2.41 (8H, m, piperazine), 2.44-2.45 (4H, m, -CH,CH,-),
3.13 (2H, s, -CH,), 3.86 (3H, s, -OCHj), 3.87 (3H, s, -OCHj), 7.10
(1H, d, J = 8.59 Hz, trisubstituebenzene), 7.60 (1H, d, J =
1.98 Hz, Ar-H), 7.69-7.75 (3H, m, Ar-H), 7.83-7.92 (4H, m, Ar-
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H), 9.99 (1H, s, seconder amine). "*C-NMR (75 MHz, DMSO-d,):
6 = 46.02, 53.30, 53.40, 56.05, 56.25, 56.40, 57.12, 62.35, 111.09,
111.29, 119.71, 120.64, 123.71, 130.15, 130.24, 131.08, 141.18,
143.29, 149.22, 153.56, 169.12, 187.65. HRMS (m/z): [M + H]
caled for C,;H36N,O4: 468.2493; found: 468.2503.

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-
(4-(3-(dimethylamino)propyl)piperazin-1-yl)acetamide (4k)

Yield: 80%, TLC R 0.39 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): >99.9%, M.P.: 129.3 °C. FTIR (ATR, cm'):
3291 (stretching band attributed to N-H), 1682 (stretching band
attributed to chalcone C=0), 1649 (stretching band attributed
to amide C=0), 1152 (stretching band attributed to C-O). 'H-
NMR (300 MHz, DMSO-d¢): 6 = 1.51 (2H, m, -CH,-), 2.08
(6H, s, dimetilamino), 2.18 (2H, d,J = 7.17 Hz, -CH,-), 2.24 (2H,
d,J = 7.35 Hz, -CH,-) 2.40 (8H, b.s., piperazine), 3.14 (2H, s, -
CH,-), 3.86 (3H, s, -OCH3), 3.87 (3H, s, ~OCH3), 7.10 (1H, d, J =
8.59 Hz, trisubstituebenzene), 7.60 (1H, d, J = 1.86 Hz, Ar-H),
7.69-7.76 (3H, m, Ar-H), 7.83-7.92 (4H, m, Ar-H), 10.02 (1H, s,
seconder amine). *C-NMR (75 MHz, DMSO-d¢): 6 = 25.03,
45.67, 53.13, 53.30, 56.04, 56.24, 56.47, 57.77, 62.34, 111.06,
111.27, 119.71, 120.62, 123.71, 130.15, 130.23, 131.08, 141.20,
143.30, 149.21, 153.55, 169.13, 187.64. HRMS (m/z): [M + H]"
caled for C,gH3gN,Oy4: 248.1519; found: 248.1513.

2-(4-Cyclopentylpiperazin-1-yl)-N-(4-(3-(3,4-dimethoxyphenyl)-
3-oxoprop-1-en-1-yl)phenyl)acetamide (41)

Yield: 78%, TLC R; 0.31 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): >99.9%, M.P.: 72.8 °C. FTIR (ATR, cm'): 3265
(stretching band attributed to N-H), 1694 (stretching band
attributed to chalcone C=0), 1657 (stretching band attributed
to amide C=0), 1163 (stretching band attributed to C-O). 'H-
NMR (300 MHz, DMSO-dg): 6 = 1.25-1.32 (2H, m, cyclo-
pentyl), 1.45-.1.50 (2H, m, cyclopentyl), 1.52-1.58 (2H, m,
cyclopentyl), 1.71-1.78 (2H, m, cyclopentyl), 2.33-2.49 (8H, m,
piperazine), 2.55-2.57 (1H, m, cyclopentyl), 3.12 (2H, s, -CH,-),
3.86 (3H, s, -OCHj;), 3.87 (3H, s, -OCH;), 7.10 (1H, d, J =
8.59 Hz, trisubstituebenzene), 7.60 (1H, d, J = 1.98 Hz, Ar-H),
7.69-7.76 (3H, m, Ar-H), 7.84-7.92 (4H, m, Ar-H), 9.98 (1H, s,
seconder amine). *C-NMR (75 MHz, DMSO-d¢): 6 = 24.11,
30.43, 51.98, 53.39, 56.04, 56.25, 62.40, 67.17, 111.08, 111.28,
119.71, 120.62, 123.72, 130.16, 130.24, 131.07, 141.19, 143.29,
149.21, 153.55, 169.12, 187.64. HRMS (m/z): [M + H]" calcd for
C,5H35N;0,: 478.2700; found: 478.2718.

N-(4-(3-(3,4-Dimethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-
(4-(methylsulfonyl)piperazin-1-yl)acetamide (4m)

Yield: 79%, TLC R 0.33 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): >99.9%, M.P.: 112.6 °C. FTIR (ATR, cm™'):
3308 (stretching band attributed to N-H), 1682 (stretching band
attributed to chalcone C=0), 1651 (stretching band attributed
to amide C=0), 1157 (stretching band attributed to C-O). 'H-
NMR (300 MHz, DMSO-dg): 6 = 2.62-2.65 (4H, m, piperazine),
2.82 (2H, s, -CH,-), 2.90 (3H, s, —-CHj;), 3.16-3.19 (4H, m,
piperazine), 3.86 (3H, s, -OCH3), 3.87 (3H, s, -OCHj3;), 7.10 (1H,
d,J = 8.57 Hz, trisubstituebenzene), 7.60 (1H, d, ] = 1.89 Hz, Ar-
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H), 7.69-7.76 (3H, m, Ar-H), 7.83-7.92 (4H, m, Ar-H), 10.04
(1H, s, seconder amine). >C-NMR (75 MHz, DMSO-d¢): 6 =
34.20, 45.77, 52.30, 56.05, 56.26, 61.53, 111.07, 111.29, 119.77,
120.69, 123.74, 130.16, 130.31, 131.07, 141.15, 143.27, 149.22,
153.57, 168.90, 187.65. HRMS (m/z): [M + H]" caled for
CaHyoN;0S: 488.1850; found: 488.1855.

N-(4-(3-(3,4-Imethoxyphenyl)-3-oxoprop-1-en-1-yl)phenyl)-2-(4-
(ethylsulfonyl)piperazin-1-yl)acetamide (4n)

Yield: 80%, TLC R; 0.43 (petroleum ether/ethyl acetate 75 : 25, v/
v), purity (HPLC): >99.9%, M.P.: 100.9 °C. FTIR (ATR, cm):
3298 (stretching band attributed to N-H), 1682 (stretching band
attributed to chalcone C=0), 1655 (stretching band attributed
to amide C=0), 1150 (stretching band attributed to C-0). 'H-
NMR (300 MHz, DMSO-dg): 6 = 1.20-1.25 (3H, m, -CH,),
2.59-2.72 (4H, m, piperazine), 3.05-3.11 (2H, m, -CH,-), 3.17
(2H, s, -CH,-), 3.24 (4H, b.s., piperazine), 3.86 (3H, s, -OCH3),
3.87 (3H, s, -OCH;), 7.10 (1H, d, J = 8.59 Hz, tri-
substituebenzene), 7.60 (1H, d, J = 1.95 Hz, Ar-H), 7.69-7.76
(3H, m, Ar-H), 7.85-7.92 (4H, m, Ar-H), 10.05 (1H, s, seconder
amine). "*C-NMR (75 MHz, DMSO-dg): 6 = 7.95, 42.78, 45.59,
52.65, 56.05, 56.26, 61.59, 111.07, 111.29, 119.79, 120.67,
123.72, 130.16, 130.30, 131.06, 141.15, 143.28, 149.21, 153.56,
168.93, 187.64. HRMS (m/z): [M + H]" caled for C,5H3,N304S:
502.2006; found: 502.2022.

Anticholinesterase enzyme activity studies

Anticholinesterase enzyme activity studies were conducted by
investigating the enzyme inhibition properties of compounds
obtained through a modified version of the colorimetric Ellman
method. Prior to initiating the inhibition studies, all solutions
were equilibrated to a temperature of 20-25 °C. During the
experiments, 96-well microplates were utilized. Each well was
brought to a final volume of 210 puL using two different test
solutions.

The first test solution consisted of 20 pL enzyme solution, 20
puL DTNB solution, and 70 pL phosphate buffer per well. The
second test solution included 10 uL ATC/BTC and 70 uL phos-
phate buffer per well. Upon addition of the enzyme inhibitors,
the final composition per well was as follows: 10 uL ATC/BTC, 20
puL enzyme solution, 20 pL inhibitor solution, 20 pL. DTNB
solution, and 140 pL phosphate buffer, bringing the total
volume to 210 pL in each well.

Initially, 110 uL of the first test solution and 20 uL of
inhibitor solutions at varying concentrations were transferred
into the wells of 96-well plates using the Biotek Precision XS
(USA) robotic system. Inhibitor compounds were applied in
quadruplicate for each concentration. The prepared plates were
then placed in a BioTek-Synergy H1 (USA) microplate reader,
where they underwent a 5-minute mixing step followed by a 15-
minute incubation period at 25 °C.

At the end of the 15-minute incubation, 80 uL of the second
test solution, stored in the dispenser compartment of the
microplate reader, was added to each well. After the addition of
the second test solution, a 30-second mixing step was per-
formed. Subsequently, the first absorbance reading was

40908 | RSC Adv, 2025, 15, 40897-4091M

View Article Online

Paper

recorded at a wavelength of 412 nm. To allow the reaction to
proceed, an additional 5-minute mixing step was carried out,
followed by the second absorbance measurement.?”**

Blank, control and all concentrations of inhibitors were
analyzed in quadruplicate. The percentage of inhibition results
were displayed as the mean =+ standard deviation (SD). More-
over, the ICs, values were calculated with the help of GraphPad
‘PRISM’ software (version 5.0) by using a dose-response curve
achieved by plotting the percentage inhibition versus the log
concentration.

The percent inhibition values were calculated using the
differences between the two absorbance readings obtained
during the assay, as shown in equation:

% inhibition = [(4(C) — A(B)) — (A(I) — AB)J(A(C) — A(B)))
x 100

where: B (Blank): well containing neither inhibitor compound
nor substrate, C (Control): well containing only the enzyme
without inhibitor, A(B): absorbance difference of the blank well,
A(C): absorbance difference of the control well, A(I): absorbance
difference of the inhibitor-containing well.

Monoamine oxidase enzyme activity studies

The inhibitory activities of the synthesized compounds against
MAO A and MAO B enzymes were determined using a fluoro-
metric method. For the MAO enzyme inhibition assays, three
different solutions were freshly prepared on the day of the
experiment.

The first solution consisted of inhibitor solutions prepared
at various concentrations of the synthesized compounds and
reference drug compounds. The second solution included the
enzyme solutions. To prepare these, hMAO A (0.5 U mL ') and
recombinant hMAO B (0.64 U mL™ ') enzymes were dissolved in
phosphate buffer, and the total volume was adjusted to 10 mL.

Finally, the working solution was prepared by dissolving
horseradish peroxidase (200 U mL™!, 100 pL), tyramine
(100 mM, 200 pL), and Ampliflu™ Red (20 mM, 200 pL) in
phosphate buffer, and the final volume was adjusted to 10 mL.

Into each well of a black, flat-bottomed 96-well microplate,
20 pL of inhibitor solution and 100 pL of either of the enzyme
solutions were added. The plate was then incubated for 30
minutes at 37 °C. Following this incubation step, 100 uL of the
working solution was added to initiate the reaction. Subse-
quently, a second incubation was carried out for another 30
minutes at 37 °C, during which fluorescence measurements (E/
En = 535/587 nm) were taken every 5 minutes.

For the control experiment, 2% DMSO solution was used
instead of the inhibitor solution. To evaluate any inhibitory
effects of the compounds on horseradish peroxidase, a parallel
set of readings was taken in which 3% H,0, (20 mM) solution
was used instead of the enzyme solutions, allowing for the
monitoring of potential inhibition toward horseradish
peroxidase.*”*®

All measurements—including blanks, controls, and each
concentration of the inhibitors—were performed in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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quadruplicate. The percent inhibition values were calculated
using equation below:

% inhibition = [(FCt, — FCt,) — (Flt» — FIt;)J(FCty — FCty)
% 100

where: FCt,: fluorescence value of the control at time point ¢,
FCt;: fluorescence value of the control at time point ¢, FIt,:
fluorescence value of the inhibitor at time point ¢,, FI¢;: fluo-
rescence value of the inhibitor at time point ¢.

The ICs, values of the synthesized compounds were calcu-
lated using Microsoft Office Excel 2013. Nonlinear regression
analysis with a sigmoidal dose-response model was applied,
and inhibition curves were plotted to determine the ICs, values.
Blank, control and all concentrations of inhibitors were
analyzed in quadruplicate. The percentage of inhibition results
were displayed as the mean =+ standard deviation (SD). More-
over, the ICs, values were calculated with the help of GraphPad
‘PRISM’ software (version 5.0) by using a dose-response curve
achieved by plotting the percentage inhibition versus the log
concentration.

Kinetic studies of AChE enzyme snhibition

The compound 4g, which was found to be the most effective
derivative in the series, was included in the enzyme kinetics
study to assign the type of inhibition. For this purpose, this
compound was prepared at different concentrations (ICsq, 2 X
ICso and ICs0/2). Moreover, a substrate (ATC) was used at
various concentrations (600, 300, 150, 75, 37.5, and 18.75 uM).
The enzyme kinetics assay was carried out as in our previous
publications.*** Lineweaver-Burk plots were formed using
Microsoft Office Excel 2013. The K; values of the compound were
easily calculated from the second plot with a common intercept
on the x-axis (corresponding to —K;).

Cytotoxicity assay

The reduction of the colorless 3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium salt to the purple-colored formazan
product provides the basis for the MTT test, which is used to
assess the metabolic activity of live cells. This color shift allows
for the spectroscopic determination of the cell viability rate. A
24-hour MTT assay was conducted with a healthy cell line
(NIH3T3). The NIH3T3 cells were seeded at a density of 1 x 10°
cells into the 96-well plates.’”*”*

Molecular docking

A structure-based in silico docking method was used to identify
potential interactions and binding sites between the 4g labeled
molecule which emerged as the most potent compound against
AChE, BChE, and MAO B enzymes in this investigation. In this
study, an investigation of protein-ligand interactions was con-
ducted using the crystal structure of PDB: 4EY7 (ref. 16) for the
AChE enzyme. Initially, the Schrodinger Suite 2015 Update 2
“Protein Preparation Wizard” contained the crystal structure.>
The crystal structure was prepared for docking investigations
following a specific protocol. The potential charges of the atoms

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on the charged amino acids under the given environmental
conditions were automatically calculated, and bond lengths
were adjusted using the OPLS 2005 force field. Compounds for
molecular docking studies were prepared using the LigPrep 3.8
module* The grid was generated with Glide 7.1 (ref. 52), which
was also used to conduct docking studies with single precision
(SP).

Molecular dynamics simulation

In this study, the compound 4g was subjected to molecular
dynamics (MD) simulations, which are regarded as a crucial
computational technique for assessing the time-dependent
stability of a ligand in an active site for a drug-receptor
complex.*® 100 ns of MD simulations were run to confirm the
stability of the complexes identified from the docking result.
The Desmond implementation® was used for dynamic
research. It started with a 3-point (TIP3P) water model and
proceeded to apply the standard force field of the Schrodinger
Suite (OPLS3e) with a transferable intermolecular potential and
complex energy minimization. By employing Na and Cl ions to
guarantee system neutralization and replicate the physiological
concentration of monovalent ions, it yields a final salt concen-
tration of 0.15 M.>® The ensemble used was constant number of
particles, pressure, and temperature (NPT), with a constant
temperature of 310.55 K and pressure of 1.01325 bar. The
equations of motion were integrated using the RESPA inte-
grator.>® The pressure was controlled using the MTK method*”
and the simulation temperature was maintained at a consistent
level using NH thermostats.*® The pmE approach was utilized to
calculate electrostatic interactions across long distances.* 9.0 A
was selected for van der Waals and short-range electrostatic
interactions. The standard technique offered by Desmond,
which includes a sequence of restricted minimization and
molecular dynamics simulations used to gradually relax the
system, was employed to achieve system equilibrium. Once the
system setup was completed, the MD simulation was executed
using the previously mentioned parameters. The Desmond
application was used to calculate the values of Rg (radius of
gyration), RMSF (root mean square fluctuation), and RMSD
(root mean square deviation).**

Molecular dynamics (MD) simulations were performed with
the Desmond package (Schrédinger, LLC). The protein-ligand
complex was embedded in an orthorhombic box solvated with
TIP3P water molecules, resulting in a system of 63 943 atoms
including 13 698 waters. Counter-ions (47 Na* and 38 Cl~) were
added to neutralize the system at 0.15 M ionic strength. Energy
minimization was followed by equilibration with positional
restraints on the protein heavy atoms. The production run was
performed for 100 ns at 310 K and 1 bar using the NPgT
ensemble. The integration time step was 2 fs. Long-range elec-
trostatic interactions were treated with the particle mesh Ewald
(PME) method with a 9 A cutoff.

Trajectory analyses, including root mean square deviation
(RMSD) and root mean square fluctuation (RMSF), were carried
out using the Simulation Event Analysis module in Maestro.
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Since only a single trajectory was performed due to computa-
tional limitations, error shading could not be provided.
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