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In this study, a number of 2-acetylphenol-rivastigmine hybrids were rationally designed as drugs for the treatment of behavioral disorders,

especially depression. A series of 2-acetylphenol-rivastigmine hybrids against monoamine oxidase A (MAO-A) inhibitors were identified using

in-silico virtual screening studies, such as three-dimensional (3D) QSAR, molecular docking, and pharmacokinetic properties (absorption,

distribution, metabolism, excretion, and toxicity (ADMET)). This was done to obtain new ligands with high inhibitory activities. The best 3D-

QSAR model was developed using the partial least squares approach and comparative molecular similarity index analysis (CoMSIA). The

developed model demonstrated strong correlative and predictive capabilities (1> = 0.904, q> = 0.699, and SEE = 0.094). The changes in the

biological activity of four main components were significantly influenced by the steric, electrostatic, hydrophobic, and H-bond acceptor sites.

The results were used to analyze the newly developed molecules using in-silico drug-likeness, ADMET, and molecular docking.
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INTRODUCTION

The mitochondria-related enzyme monoamine oxidase
(MAO) is highly expressed in intestinal and neural tissues.
MAO-A and MAO-B are the two isoforms of the enzyme.
Despite their high sequence similarity, the substrate-inhibitor
recognition and tissue distribution of these isoforms vary.
Although the sequence similarity between the two isoforms
of MAO-A and MAO-B is 73%, they differ primarily in
their inhibitor selectivity, substrate specificity, and tissue
distribution [1-3]. The unique substrate properties of MAO-
A include a greater number of endogenous amines, such as
norepinephrine, serotonin, and epinephrine. In addition, the
functional polymorphism of the MAO-A gene and the
somatostatin signaling pathway were found to be associated
with depression [4-5].

Some recent studies have attempted to synthesize new
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compounds as inhibitors of the MAO-A enzyme. Shalaby
et al. studied chalcone derivatives using Claisen-Schmidt
condensation and their inhibitory effects on human MAO-A
[6]. Kumar et al. synthesized novel 4,6-diphenylpyrimidine
derivatives and evaluated MAO-A [7]. Furthermore, Turan-
Zitouni et al. designed and synthesized a series of new
N-pyridylhydrazone derivatives and evaluated them for their
inhibitory activity against both MAO isoforms [8]. In another
study, using recombinant human MAO-A, Larit et al
extracted the pure chemicals myricetin, quercetin, and
genistein from the plants Cytisus villosus and Hypericum
afrum, respectively [9]. Lee et al isolated alternariol
monomethyl ether (AME), a dibenzopyrone derivative, and
altertoxin II from Alternaria brassicac. AME has been
reported to be a very potent and selective inhibitor of human
MAO-A [10]. Other studies have been carried out on hybrids
using a combination of molecules and acetylphenol as well
as rivastigmine with the aim of developing drugs for patients
with Alzheimer’s disease [11-16].

In recent years, developed bioinformatic methods,



Naanaai ef al./Phys. Chem. Res., Vol. 12, No. 1, 249-262, March 2024.

particularly in molecular modeling, have become an integral
part of a large number of techniques, including in-silico
(3D) QSAR,
absorption, distribution, metabolism, excretion, and toxicity
(ADMET), and molecular docking [17-23], used in the
search for new molecules for therapeutic purposes [17]. The

screening, two- and three-dimensional

3D-QSAR relies on the relationship between biological
activity and molecular descriptors. In addition, comparative
molecular similarity analysis (CoMSIA) has been used
extensively to find the correlation between the biological
activity of molecules and their 3D structures. Molecular
docking is an effective way to both predict an optimized
ligand structure at a receptor binding site and study the
interaction between the receptor and the ligand [24]. Thus, a
combination of 3D-QSAR and molecular docking may
provide us with specific inhibitors and receptors.

In the present study, 3D-QSAR and molecular docking
were used to perform a molecular modeling study on a set of
acetylphenol-rivastigmine hybrids. The ICso values of the

selected compounds, designated as selective inhibitors for the
enzyme MOA, varied from 5.7 to 42.1 pM. After
newcompounds with high biological activities were designed
the their
pharmacokinetic characteristics were examined using the in-
silico ADMET profile.

using developed mathematical model,

MATERIALS AND METHODS

Data Set

The data related to the 25 molecules used in this study
were obtained from the literature [25]. The information on
inhibitory activity is presented as an 1Cs value. ICso values
were converted to plCso using the following equation:
pICso = -logICso. In the CoMSIA model, the data set was
divided into a training set (20 molecules) and a test set
(5 molecules). The structures of the compounds and their
related inhibitory activities are shown in Table 1, where pICs
values for the 25 inhibitors range from 4.38 to 5.25.

Table 1. The 25 Designed Compounds and the Data Related to Their Observed Activities, Predicted Activities,

and Residual Values Generated by 3D-QSAR

Compound Structure I1Cso pICso pICso Residual
(Observed) (Predicted)
3a N\, 7.1 5.15 5.04 0.1
3b { 7.8 5.11 5 0.12
o{‘ N
3c* \;
c _ "N 7.3 5.14 5.03 0.11
3d ° oH 13.7 4.86 4.89 -0.02
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Table 1. Continued

3¢ N\ 5.7 5.25 5.1 0.15
3f \; — 113 495 5.05 -0.09
3g* < 9.6 5.02 5 0.02
o&’j N
3h \Nj 92 5.04 5.02 0.03
3 N\ 153 482 4.94 -0.12
3j < 17.9 475 49 -0.14
o_< \
3k Q 13.4 487 481 0.07
gfe %
@, °
3] 12.1 492 491 0.01
HO (o]

X
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Table 1. Continued

3m* on EO} 19.5 4.71 471 0.00
o N
O/KO

3n O\]/S 11.4 4.94 5 -0.06
NN

OH

4a%* it 30.1 4.52 4.67 -0.15

o (o]
\T/J\O \T/go

4b o 19.7 4.71 4.74 -0.02
O
>/.7N
e} [}
—
as

4c 36.2 4.44 4.56 -0.12
4d 39.7 4.4 4.44 -0.04
4e* 334 4.48 4.45 0.03
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Table 1. Continued

4f

4g 29.7 4.53
JOUVE

o\l/o 32.6 4.49
/N
O

o E j 35.9 4.44

42.1 4.38

4h

4i

4 . ( 28.2 4.55

4k O\ /@ 208 4.68
N
1
A

4.37

4.56

4.41

4.46

4.51

4.63

0.02

-0.02

0.09

-0.01

0.04

0.05

Note. * = Test set molecules.
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Alignment of Database and Molecular Modeling

As shown in Fig. 1a, the compounds were aligned based
on the common substructure. The molecular modeling and
alignment of compounds, as illustrated in Fig. 1b, were
carried out using SYBYL-x 2.0 Tripos software [26]. The 3D
molecular structures were sketched using the Chem3D
software. The energy of each molecule was minimized using
the Tripos force field in SYBYL and Gasteiger-Hiickel
charges [27]. For the energy minimization, the maximum
number of interactions was set to 2000. Energy minimization
was achieved when the energy convergence criterion reached
0.05 kcal mol™.

CoMSIA Setup

A probe atom with a charge of +1.0, a radius of 1.0 A,
and hydrophobic and hydrogen bonding interactions was
used to calculate the following CoMISA descriptors: steric
field, electrostatic field, hydrophobic field, hydrogen-bond
acceptor, and hydrogen-bond donor [28]. At each grid
intersection evenly spaced apart with 1 space and extended
up to 4, the attenuation factor used had a default value of 0.3
[29].

Model Validation and Regression Analysis

CoMSIA descriptors and pICsy appeared to be linearly
correlated under the partial least squares (PLS) approach. The
independent variables used were CoMSIA descriptors. In the
cross-validation procedure, the threshold column filtering
was set to 2.0 kcal mol™!. To perform the leave-one-out cross-
validation (LOO-CV), one molecule from the data set was
removed. Then, using a model developed from the remaining
data, the activity of the removed molecule was predicted. The
validity of the resulting model was tested using the LOO-CV,
and the optimal number of components (ONC) was
determined. The number of components that resulted in the
highest (r?) correlation coefficient (r?) following cross-
validation was chosen as the ONC. Finally, the CoMSIA
model was developed using the PLS approach without cross-
validation but with the ONC being determined by cross-
validation.

The predictive ability of the 3D-QSAR models was
validated by predicting the activities of a test set of 5
molecules that were not included in the training set. These
compounds were aligned to the model, and their pIC50 values
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Fig. 1. (a) Common substructure (b) Molecular alignment of
all molecules in the data set.

were predicted by the model developed using the training set.

Lipinski’s Rule and ADMET Prediction

Lipinski’s Rule and ADMET properties for different
physicochemical descriptors and pharmaceutically relevant
compounds were performed using the pkCSM web server
[30]. This approach has been widely used as a screening
method for molecules that are likely to be developed in drug
design studies. The use of ADMET descriptors allowed us to
remove molecules with unfavorable ADMET profiles to
avoid costly reformulation in the future. Furthermore, some
structural modifications proposed to optimize ADMET
parameters were considered before investing resources in
synthesis.

Molecular Docking

In this study, molecular docking was used to perform a
molecular modeling study on a set of acetylsphenol-
rivastigmine hybrids to determine the type of interactions
between the receptor (PDB code: 2bxr) and the ligand. First,
the X-ray crystal structure of the receptor was downloaded
from the RCSB protein data bank (http://www.rcsb.or/pdb/).
After water molecules were removed, polar hydrogens were
added to the receptor. A coordinate grid (X = 32297, Y =
4814, and Z = 7434) was plotted at the catalytic site of the
MAO-A enzyme, and AutoDock tools were used to perform
molecular docking. The binding pocket was validated by the
redocking protocol, and the details are presented under the
“Materials and Methods Section”: molecular docking with
the root-mean-square deviation = 0.3 A (Fig. 2). Finally, the
molecules in the prepared dataset were docked to the active
site of the 2bxr using AutoDock Tools and AutoDock Vina
[31], and the 3D structures were visualized using PyMol and
Discovery Studio 2020.
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Fig. 2. The superposition of the co-crystallized ligand (red)
and the redocked ligand (blue).

RESULTS AND DISCUSSION

CoMSIA Model

The CoMSIA model was used to construct a 3D-QSAR
model for novel 2-acetylphenol-rivastigmine hybrids as
MOA inhibitors for the treatment of depression. The
principal model was obtained using a combination of four
descriptors: steric fields, electrostatic fields, hydrogen-bond
donor, and hydrophobicity. The CoMSIA model had a
positive effect on the inhibition efficiency, and a g? cross-
validation of 0.69 was calculated for the four optimal
components. PLS analysis without cross-validation yielded
the conventional r*> value of 0.9, F value of 33.57, and a
standard error of estimate of 0.09. The test 12 score of 0.9
calculated by the model was higher than 0.5, indicating that
the CoMSIA model could make accurate predictions. The
contribution of steric fields, electrostatic fields, hydrogen-
bond donor, and hydrophobicity were 13%, 27%, 42%, and
18%, respectively. Thus, these results indicate that the
predominant descriptor in the CoMSIA model was the
hydrogen-bond donor.

Table 1 shows the predicted pICso values and residual
values (the difference between predicted and experimental
values) for several molecules in the combined training and
test phases using the best COMSIA model. The results of the
CoMSIA model are presented in Table 2. Figure 3 shows the
correlation between the experimental activity of the training
(blue dots) and test (red dots) sets predicted using the PLS
approach.

CoMSIA Contour Maps
In Fig. 4, the green contours represent the steric field,
which indicates areas where the presence of non-bulky
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Fig. 3. The correlation between the training (blue dots) and
test (red dots) sets experimental activity predicted using the
PLS approach.

Table 2. The Statistical Factors of the CoOMSIA Model

Statistical factors CoMSIA
N 4
9’ Loo 0.69
2 0,90
SEE 0.09
Fvalue 33.57
Prest 0.85
Contributions -
Electrostatic 18%
Hydrophobic 27%
Donor 42%
Acceptor -
Steric 13%

Note. N = the optimal number of components; g = LOO-CV;
r?> = cross-validation coefficient; SEE = standard error of
estimate; r’.s = correlation coefficient; F = Fischer’s value.
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Steric favorable
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Fig. 4. The best contour map for the CoMSIA model using 3E as a template molecule.

groups is encouraged, which increases the inhibitory activity
of the molecules. Based on Fig. 4a, the presence of the green
contours at the R, R!, and R? positions suggests that a less
dense cluster in this area would be advantageous. When all
the compounds modified by R! and R? were checked while
keeping the position R (R = CHs) constant, it was found that
derivatives 3a, 3c, and 3b had the following order of
inhibitory activity: 3a (R!= CHs, R?= CH3) > 3¢ (R! = CH3,
R?= C,Hs) > 3b (R1 =C,Hs, R?= C,Hs).

When the compounds were modified by R! and R?, and
the R position (R = Ph) was kept constant, the 3f, 3g, and 3h
had the following order of inhibitory activity: 3f (R' = CHs,
R2= CHs3) > 3g (R1 = C,Hs, R?= CyHs) > 3h (RI = CHs, R?=
C,Hs). Compared to the target compounds 3a-3n with
monosubstituted carbamates, the target compounds 4a-4k
with bis-substituted carbamates indicated poor MAO-A

inhibitory activity, suggesting that the hydroxy group was
critical in MAO inhibition. Additionally, the carbamate
moiety was observed to have no clear effect on the MAO-A
inhibitory efficacy.

The blue and red contours in Fig. 4b represent the
electrostatic field, which shows areas where the electron
donor and acceptor groups would be advantageous,
respectively. In the electrostatic field, two blue contours
around the extremity of R and a red contour in the vicinity of
the substituents R!' and R? demonstrated that the electron-
attracting substituents in the vicinity of R1 and R? and
electron-donating substituents at the extremity of R were
crucial for the inhibitory activity of the compounds. The
strong electron-attracting carbamothioate group around the
electron-donating R' and R? groups (-CHj, -CyHs) led to
a significant increase in the inhibitory activity of these
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compounds.

It is possible to show which regions prefer hydrophobic
and hydrophilic properties by identifying the yellow and
white contours in hydrophobic fields. The yellow contour
around the chain in positions R1 and R? in Fig. 4c suggests
that a hydrophobic substituent would be advantageous for the
inhibitory activity whereas a large white contour toward the
extremity of R indicates that a hydrophile group may be
preferred.

The cyan outline represents a favorable group of
hydrogen-bond donors in the hydrogen bond site. The cyan
contour around the site of the group (OH) in Fig. 4d shows
that the groups with a hydrogen bond may be beneficial for
inhibitory activity. In fact, the (OH) group served as a
hydrogen-bond donor in this position.

Designing of New Molecules

Once the output of the 3D-QSAR model was interpreted,
and the descriptors that strongly influenced the inhibitory
activity were identified by the analysis of the maps, some
modifications were made to the active molecule 3E through
the substitution of R!, R?, and R. Using the most active
molecule (3E) as a template, the newly predicted ligands
were improved and aligned to the database. These potential
medications exhibited more biological activities than
molecule 3E. Table 3 represents the structure and activity of
each predicted molecule. Figure 5 captures the strategy
followed to design the new molecules.

Lipinski’s Rule and ADMET Properties
The relevant Lipinski’s rule parameters, such as
molecular weight, number of hydrogen bonds (donor and
acceptor), number of rotational bonds, and logP, are
presented in Table 4. There were no deviations from
Lipinski’s rule of 5 for any of the compounds. The logP must
be greater than zero and less than three (0 <logP < 3) to have
a good oral biodisponibility. The medication had poor water
solubility due to an excessively high logP value. Moreover,
the medication had trouble penetrating the lipid bilayers of
cell membranes due to the very low logP values.
In this study, we focused primarily on the following three
properties:
- Human intestinal absorption properties (HIA) to estimate
the percentage of substances absorbed by the human small

257

Hydrophobic groups
s
‘R )‘L
\T 5

Rz

R |
/ Electron donating
groups

OH

Bulky groups

Fig. 5. The strategy followed for the design of new
molecules.

intestine. In fact, a molecule with an absorbance of less than
30% was considered poorly absorbed;

- The in vitro CaCO-2 cell permeability to estimate the
absorption of orally administered drugs. According to the
pkCSM prediction model, high CaCO-2 permeability
corresponds to predicted values above 0. 90;

- The in vivo penetration of the blood-brain barrier (BBB) to
confirm the ability of a substance to pass into the brain. A
substance is expected to cross the blood-brain barrier easily
if the logBB value is greater than 0.3 whereas substances with
logBB less than -1 are poorly distributed in the brain. Other
properties predicted included cytochrome P450 inhibition
and substrate, water solubility (logM), total clearance, and
toxicity.

Table 5 shows the results of the ADMET properties of the
predicted molecules. Based on the results, all of the chosen
Pred 1-7 compounds had a suitable pharmacological profile.
Furthermore, the blood-brain permeability values of all
substances were acceptable. This indicates that in order for a
medicine to enter the central nervous system and move
through the brain, the above-mentioned molecules appear to
be the most crucial factor. A negative Ames test revealed that
the studied derivatives (Pred 1-7) were not toxic. The
hepatotoxicity testing showed that none of the molecules
were toxic.

Molecular Docking

Molecular docking was primarily designed to predict the
structure of the complex that resulted from the interaction
between an active molecule and a protein (receptor). First,
the active site was determined by extracting the native ligand
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Table 3. Structures and Predicted pIC50 Activity (Pred)
Based on the 3D-QSAR Model of Predicted Compounds

N° Structure (pPIrCezf)
HO
2 /
Predl >‘ 5275
Pred2 HO_N 5.295
“1lOH
Pred3 E >¥ 5.308
Pred4 )\(j\ )L 7%< 5.337
Preds )_G% 5.385
Pred6 " N/ < 5.387
re . q .

)—@—oy \OH

0]
Pred7 5.404

HO. o
~n—
O/KS

from its PBD structure (PDB code: 2bxr). It was established
that the designed molecules (pred 1-7) had a minimum
binding energy between -7.90 and -9.70 kcal mol-!. When the
resultant complex was compared with the reference ligand
(-7.90 kcal mol™"), it was found that all complexes generated
by the proposed compounds and the MAO-A receptor were
more stable. Table 6 represents the binding energy of the
predicted compounds as well as their interactions with the
MAO-A enzyme.

Figure 6 shows that the proposed molecules interacted
with the monoamine oxidase A enzyme via multiple
interactions. The compounds (Pred 1-7) showed a similar
pattern of hydrogen interactions with the amino acid residues
Arg 33, Gly 32, and Met 395. In addition, some hydrophobic
interactions were observed with Arg 33, Ala 398, Tyr 359,
Trp 391, Tyr 394, Lys 268, Phe 309, Trp 351, and Cys 358.
This manifests the crucial role of these amino acids in
boosting activity. Thus, it can be stated that the presence of
these amino acids is necessary for the inhibition of MAO-A.
the predicted
compounds (Pred 1-7) can be effective in treating behavioral

Based on the molecular docking results,

problems, especially depression.
CONCLUSIONS

In this study, virtual screening studies, including 3D-
QSAR, ADMET properties, and molecular docking, were
applied to a number of 2-acetylphenol-rivastigmin hybrids as
MAO-A inhibitors. PLS approach and CoMSIA revealed
strong correlative and predictive abilities (r> = 0.904, q> =
0.699, and SEE = 0.094) using the following descriptors:

Table 4. Lipinski’s Rule of 5 of New Compounds and the Template in the Data Set

Property

Mol Molecular weight logP Rotatable bonds H-bond acceptor  H-bond donor
Rule <500 <5 <10 <10 <5
3E 239.29 1.820 2 4 1
Predl 224.21 0.551 2 4 2
Pred2 241.20 0.40 3 6 4
Pred3 256.21 0.019 3 6 4
Pred4 342.41 2.602 4 6 3
Pred5 326.41 2.814 7 5 3
Pred6 300.33 1.576 3 6 3
Pred7 314.36 1.967 7 6 3
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Table 5. ADMET Prediction of New Molecules and the Template 3E in the Data Set

Comp Absorption Distribution Metabolism Excretion Toxicity
water CaCO2 intestinal blood-brain CYP total AMES carcino- Hepato-
solubility permeability absorptio barrier clearance toxicity mouse Toxicity
n human

2D6 3A4 2C19 2C9 2D6 3A

4
Substrate Inhibitor
Numeric Numeric Numeric Categorical (yes/no) Numeric categorical (yes/no)
(logM) (log Papp in (logBB) (log
10-6 cms™) ml/min/kg)
3E -2.635 22.89 96.75 0.027 No No No No No No 0.208 No No No
Pred 1 -1.99 21.1 81.92 0.365 No No No No No No 0.691 No No No
Pred 2 -1.75 20.12 58.899 0.028 No No No No No No 0.267 No No No
Pred 3 -1.89 20.06 55.86 0.03 No No No No No No 0.621 No No No
Pred 4 -2.788 21.03 87.42 0.078 No No No No No No -0.08 No No No
Pred 5 -2.524 21 90.09 0.151 No No No No No No 0.174 No No No
Pred 6 -2.16 20.93 83.28 0.032 No No No No No No -0.149 No No No
Pred 7 -2.479 20.6 84.93 0.062 No No No No No No 0.122 No No No

Table 6. A Comparison of Pred1-7 Designed Molecules and the Reference Drug Based on Their Molecular Docking Values and
Binding Interactions with the MAO-A

Compounds  Binding affinity Number of hydrogen interactions Other interactions
(kcal mol™)
3E -7,9 3 2
Arg33, Met395, gly32 Arg33, Ala398
Predl -79 3 2
Arg33, Met395, Tyr359 Arg33, Ala398
Pred2 -8,1 7 -
Arg33, Arg28, Glu26, Gly7, 1le8, Gly32, Ser9
Pred3 -8,4 4 -
Arg28, Glu26, Ile8, Ser9
Pred4 -9,7 2 3
Arg33, gly32 Arg33, Ala398, Tyr359
Pred5 -7,9 4 4
Tyr50, Asnl55, Tyr394, Met395 Tyr359, Trp391, Tyr394
Pred6 -8,7 2 4
Arg33, gly32, Thr34 Arg33, Ala398, Tyr359, tyr394
Pred7 -8.,6 3 7
Arg33, Met395, gly32 Arg33, Ala398, Lys268, Phe309, Trp351, Tyr359
Cys358
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steric field, electrostatic field, hydrophobic field, and
field. The
characteristics of the designed compounds (Predl-Pred7)

hydrogen-bond acceptor pharmacokinetic
were also studied using drug similarity and ADMET
prediction. Molecular docking was performed to study the
interactions between the ligands and the MAO-A receptor at
the active site of the receptor. Finally, the interactions
between the MAO and the predicted compounds showed that
the designed compounds had the potential to be promising

candidates for the treatment of depression.
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