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ABSTRACT ARTICLE HISTORY
GluN2B-induced activation of NMDA receptors plays a key function in central nervous system (CNS) Received 29 March 2023
disorders, including Parkinson, Alzheimer, and stroke, as it is strongly involved in excitotoxicity, which Accepted 27 June 2023
makes selective NMDA receptor antagonists one of the potential therapeutic agents for the treatment
of neurodegenerative diseases, especially stroke. The present study aims to examine a structural family
of thirty brain-penetrating GIUN2B N-methyl-D-aspartate (NMDA) receptor antagonists, using virtual
computer-assisted drug design (CADD) to discover highly candidate drugs for ischemic strokes.
Initially, the physicochemical and ADMET pharmacokinetic properties confirmed that C13 and C22
compounds were predicted as non-toxic inhibitors of CYP2D6 and CYP3A4 cytochromes, with human
intestinal absorption (HIA) exceeding 90%, and designed to be as efficient central nervous system
(CNS) agents due to the highest probability to cross the blood-brain barrier (BBB). Compared to ifen-
prodil, a co-crystallized ligand complexed with the transport protein encoded as 3QEL.pdb, we have
noticed that C13 and C22 chemical compounds were defined by good ADME-Toxicity profiles, meeting
Lipinski, Veber, Egan, Ghose, and Muegge rules. The molecular docking results indicated that C22 and
C13 ligands react specifically with the amino acid residues of the NMDA receptor subunit GIuN1 and
GIuN2B. These intermolecular interactions produced between the candidate drugs and the targeted
protein in the B chain remain stable over 200 nanoseconds of molecular dynamics simulation time. In
conclusion, C22 and C13 ligands are highly recommended as anti-stroke therapeutic drugs due to their
safety and molecular stability towards NMDA receptors.
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1. Introduction techniques has gained great importance and has been
largely reported in the literature (El fadili, Er-rajy, et al., 2022;
El fadili, Er-Rajy, et al., 2022; Er-rajy, El fadili, Imtara, et al,,
2023; Er-rajy, Fadili, et al, 2023; Radan et al., 2022). In this
regard, we have examined GIuN2B NMDAR antagonists,
through the use of computer-assisted drug design (CADD)
technology, to detect and identify non-toxic, highly effective
CNS agents, intended to be the best anti-stroke therapeutic

According to the 2015 Global Burden of Disease (GBD)
report, strokes were classified as the second most common
cause of death and the third major cause of disability in the
world (Katan & Luft, 2018). Ischemic strokes make up about
87% of all strokes and include oxidative stress, energy failure,
apoptosis, brain edema, high-frequency amino acid neurotox-
ins, and intracellular calcium overload (Barthels & Das, 2020; drugs. During the first part of this work, we examined all
Reeves et al.,, 2008). The present study was performed using thirty NMDA receptor antagonists, using the BOILED-Egg as
a virtual screening of a set of thirty brain-penetrant GIUN2B 3 accurate predictive model, highly practical in
NMDAR antagonists, which were previously designed, and  medicinal chemistry to discover the candidate drugs (Daina
biologically evaluated as anti-stroke therapeutic agents, with & Zoete, 2016). Thereafter, we predicted the physicochemical
the help of pharmacophore-merging strategy, through the and pharmacokinetic properties of thirty compounds com-
combination of popular GIuN2B ligands and 3-n- pared to ifenprodil as a co-crystallized ligand complexed to
Butylphthalide (NBP) structures (Xu et al., 2022). Nowadays, amino-terminal domains of the NMDA receptor subunit
computer-assisted drug design (CADD) based on in-silico GIuN1 and GIuN2B, encoded as 3QEL.pdb (Bank, n.d.)
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(https://www.rcsb.org/structure/3QEL), and we assessed their
similarity to drugs with the assistance of bioavailability
radars, taking into account the evaluation of six important
parameters for the design of orally administered drugs, like
lipophilicity, polarity, size, solubility, saturation, and flexibility
(Daina et al., 2017; Ritchie et al, 2011). In the second part,
the molecular docking simulation was performed to explore
the intermolecular interactions produced between the trans-
port protein of 3QEL.pdb code, and the most active com-
pounds scored as C13, (€22, and (23 which were
experimentally defined by the highest level of neuroprotec-
tive activity (survival rate of 81.91%, 89.80%, and 88.35%,
respectively), meeting the five rules of Lipinski, and the bio-
availability conditions of Veber, Egan, Muegge, and Ghose,
with a good ADME-Tox profile (El fadili et al, 2023).
Thereafter, the molecular mechanics with generalized born
and surface area (MMGBSA) solvation was conducted to cal-
culate the binding free energies of three studied complexes
(Faisal et al., 2022; Ononamadu et al., 2021). Then, the con-
formational changes of each complex were examined during
200 nanoseconds of simulation time, with the help of the
molecular dynamics technique, a successful technology
widely applied to examine the stability of chemical interac-
tions obtained by molecular docking, studying the behavior
of proteins towards small molecules with atomic precision
and detailed temporal resolution (Hollingsworth & Dror,
2018; Hu et al, 2023). In the last step, the stability and
reactivity of candidate drugs was also examined using the
density functional theory (DFT) to discover the most power-
ful drug candidate for the treatment of ischemic stroke
(Alameen et al., 2022; Zothantluanga et al., 2023).

2. Materials and methods
2.1. Experimental database

The current study was carried out on thirty brain-penetrating
GIuN2B N-methyl-D-aspartate (NMDA) receptor antagonists,
which were experimentally synthesized through the pharma-
cophore-merging strategy. This experimental study which
was performed by Qinlong Xu et al. in China concluded that
about half of 3-ethylisobenzofuran-1(3H)-one derivatives
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Figure 1. Structural formula of 3-ethylisobenzofuran-1(3H)-one derivatives.

(Figure 1) presented a superior neuroprotective activity to 3-
n-butylphthalide (NBP) against NMDA-induced neurotoxicity
in hippocampal neurons at 10uM, as displayed in Table 1,
and also concluded that the chemical compound C22 merits
further functional evaluation as novel anti-stroke therapeutic
agent (Xu et al.,, 2022). For this reason, we have examined
this experimental database using machine learning techni-
ques, based on ADME and toxicity predictions, drug kinetics
assessments, molecular docking, molecular dynamics simula-
tions, and DFT studies to verify the toxicity, ADME pharmaco-
kinetics  properties, and stability of intermolecular
interactions produced towards the targeted protein.

2.2. In-silico pharmacokinetics, drug-likeliness, and
ADME-toxicity prediction

A certain number of conditions must be satisfied before a
drug can be approved for clinical trials. Initially, the BOILED-
Egg model based on the calculation of lipophilicity given by
the logarithm of the partition coefficient between n-octanol
and water (Log Pony) and polarity signaled by the topo-
logical polar surface area (TPSA) of small molecules was
applied to identify the potent central nervous system (CNS)
agents, with the highest probability to cross the blood-brain
barrier (BBB) (Daina et al, 2014; Daina & Zoete, 2016).
Secondly, the bioavailability radars were also evaluated on
this set of molecules to assess their similarity to drugs meet-
ing the oral bioavailability, considering six molecular descrip-
tors as: lipophilicity, polarity, size, solubility, saturation, and
flexibility (Daina et al., 2017; Kandsi et al, 2022; Martin,
2005). Moreover, the physicochemical properties of each
compound were studied in the basis of Lipinski (Lipinski
et al, 1997), Egan (Egan et al, 2000; Egan & Lauri, 2002),
Veber (Veber et al., 2002), Muegge (Muegge, 2003), and
Ghose (Yalcin, 2020) rules. Finally, the pharmacokinetic prop-
erties of absorption, distribution, metabolism, excretion, and
toxicity (ADME-Tox) were predicted and compared to the
ADME-Tox profile of ifenprodil as a selective NMDA receptor
antagonist, with the help of the online SwissADMET (http://
www.swissadme.ch/) and pkCSM (https://biosig.lab.ug.edu.
au/pkcsm/prediction) servers (Daina et al., 2017; PkCSM, n.d.).

2.3. Molecular docking

Molecular docking is an efficient and successful tool for drug
discovery (Bassani et al., 2022; El fadili et al., 2023). It's largely
applied in the literature to explore the binding affinity and
the type of intermolecular interactions produced between
the candidate drug and targeted protein (EI fadili, Er-rajy,
et al, 2022; El fadili, Er-Rajy, et al., 2022; Er-rajy, El fadili,
Mujwar, et al., 2023; Er-rajy et al., 2022; Er-Rajy et al., 2022).
For this purpose, we extracted the experimentally-deter-
mined 3D structure of the N-methyl-D-aspartate (NMDA)
receptor from the protein data bank (PDB) archive. The crys-
tal structure of this transport protein encoded as 3QEL.pdb
was discovered using the X-RAY diffraction method with a
resolution of 2.60A (Bank, n.d.) (https://www.rcsb.org/struc-
ture/3QEL). Then, we prepared our protein using the
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Table 1. Neuroprotection of thirty chemical compounds against NMDA-induced neurotoxicity in hippocampal neurons at 10 uM.

Compounds number R Survival rate (%) Compounds number Survival rate (%)
Q1 R 7345 C16 75.54
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Discovery Studio 2021 (BIOVIA) package software (BIOVIA
Discovery Studio 2021 Client. Get the software safely and
easily, n.d.), deleting the water molecules, ion sodium, ifen-
prodil, and all other co-crystallized ligands linked to protein.
Moreover, the Gasteiger charges were computed and the

polar hydrogens were added to improve the cavity perform-
ance. So, the prepared protein was docked to C13, C22, and
C23 compounds as three most active ligands, using
AutoDock 4.2.6/AutoDockTools 1.5.6 software (AutoDock
4.2.6/AutoDockTools 1.5.6—Suite of Automated Docking
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Tools—My Biosoftware—Bioinformatics Softwares Blog, n.d.; putting the sizes: (100, 100, 100) in the 3D structure of (can-
Norgan et al., 2011). With the help of AUTOGRID algorithm, didate ligand—3QEL.pdb protein) complex, and executing 10
we centralized the grid box on (81.43 A, 1525A, —21.157A), genetic algorithms of a maximum number of evals equal to

BBB

- HIA
o PGP+
o PGP

220
o
o © Ifenprodil
108 o °
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58° 28°° 230
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Figure 2. BOILED-Egg model of thirty inhibitors and ifenprodil as co-crystallized ligand.

Table 2. Physicochemical properties of ifenprodil and thirty GIuN2B N-methyl-D-aspartate (NMDA) receptor antagonists, based on Lipinski, Veber, Egan, and
Ghose violations.

Lipinski Veber Egan Ghose Muegge
Physico-chemical properties violations  violations  violations  violations  violations
Molecular Molar Rotatable Categorical (Yes/No)

N weight (g/mol) refractive index bonds Log P H-BA H-BD

Rule <500 40< MR <130 <10 <5 <10 <5 Yes/No Yes/No Yes/No Yes/No Yes/No
(@] 190.24 54.99 3 2.53 2 0 Yes Yes Yes Yes No
(@] 205.25 57.89 3 2.39 3 0 Yes Yes Yes Yes Yes
a 231.29 69.31 3 2.66 3 0 Yes Yes Yes Yes Yes
c4 299.39 87.02 3 2.95 3 3 Yes Yes Yes Yes Yes
5 219.28 62.70 4 2.64 3 0 Yes Yes Yes Yes Yes
c6 24532 74.11 4 2.82 3 0 Yes Yes Yes Yes Yes
Cc7 313.41 91.83 4 3.13 3 0 Yes Yes Yes Yes Yes
8 261.32 75.20 4 2.72 4 0 Yes Yes Yes Yes Yes
(@] 259.34 78.92 4 3.03 3 0 Yes Yes Yes Yes Yes
c10 27534 80.08 4 2.64 4 1 Yes Yes Yes Yes Yes
c1n 289.37 84.89 5 2.82 4 1 Yes Yes Yes Yes Yes
C12 349.47 108.21 6 3.80 3 0 Yes Yes Yes Yes Yes
C13 350.45 110.22 6 3.67 4 0 Yes Yes Yes Yes Yes
C14 351.44 108.01 6 3.42 5 0 Yes Yes Yes Yes Yes
Cc15 351.44 108.01 6 3.31 5 0 Yes Yes Yes Yes Yes
c16 351.44 108.01 6 3.36 5 0 Yes Yes Yes Yes Yes
17 401.50 125.52 6 3.98 5 0 Yes Yes Yes Yes Yes
C18 375.46 114.93 6 3.66 5 0 Yes Yes Yes Yes Yes
c19 384.90 115.23 6 3.98 4 0 Yes Yes Yes Yes Yes
C20 384.90 115.23 6 4.05 4 0 Yes Yes Yes Yes Yes
21 429.35 117.92 6 4.09 4 0 Yes Yes Yes Yes Yes
22 418.45 115.22 7 4.03 7 0 Yes Yes Yes Yes Yes
C23 395.45 119.04 7 345 6 0 Yes Yes Yes Yes Yes
4 395.45 119.04 7 3.46 6 0 Yes Yes Yes Yes Yes
C25 368.44 110.18 6 3.81 5 0 Yes Yes Yes Yes Yes
26 364.48 115.18 6 3.66 4 0 Yes Yes Yes Yes Yes
27 364.48 115.18 6 3.65 4 0 Yes Yes Yes Yes Yes
28 410.51 123.20 8 4.10 6 0 Yes Yes Yes Yes Yes
C29 428.54 123.31 7 3.35 6 0 Yes Yes Yes Yes Yes
30 386.43 110.13 6 3.89 6 0 Yes Yes Yes Yes Yes
Ifenprodil 32343 101.49 5 3.47 3 1 Yes Yes Yes Yes Yes




25000000 for each complex. Lastly, the intermolecular inter-
actions resulting from the strongest complexes with the low-
est binding energies in Kcal/mol were visualized using
Discovery Studio 2021 software (El fadili, Er-rajy, et al., 2022).

2.4. Molecular dynamics

To assess the level of molecular recognition of the candidate
drug, we evaluated its molecular behavior towards the pro-
tein target, using the molecular dynamics technique per-
formed by the use of Desmond software, a package from
Schrodinger LLC (Drug Discovery | Schrodinger, n.d.). For this
goal, the output files of molecular docking were selected as
input files of molecular dynamics, to verify the stability of
the (C13, C22, C23 ligands—3QEL.pdb protein) complexes,
during 200 nanoseconds of molecular dynamics (MD) simula-
tion time. Initially, the studied complexes were prepared
using Protein Preparation Maestro and further optimized in
the System Builder tool utilizing of the transferable inter-
action potential 3-point (TIP3P) solvent model, with an OPLS-
type force field (Kaminski et al., 2001). Subsequently, the
adopted models were neutralized by the addition of the
counter ions and water molecules to reproduce the physio-
logical environment of 0.15M salt (Na+, Cl-), with a pressure
of 1atm and a temperature of 300K. Finally, the conform-
ational changes of root mean square fluctuation (RMSF), root
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mean square deviation (RMSD), polar surface area (PSA), solv-
ent accessible surface area (SASA), radius of gyration (Rg),
and molecular surface area (MolSA) were all registered at
200 nanoseconds of molecular dynamics simulation time
(Abdalla & Rabie, 2023; Eltayb et al., 2023).

3. Results and discussion

3.1. Drug kinetics assessment, drug-likeliness, and
ADME-toxicity profile analysis

The BOILED-Egg model has been applied on thirty antago-
nists of GIuN2B N-methyl-D-aspartate receptor (NMDAR),
which have been compared to ifenprodil, as a noncompeti-
tive antagonist of this receptors type, known earlier thanks
to its neuroprotective activity against hypertension (Karakas
et al, 2011). The results presented in Figure 2, indicate that
all the studied compounds are part of the yellow Egan eggs,
except compound 23 which is part of the white eggs. Thus,
compound 23 belonging to the white region of the egg, has
the highest probability of being absorbed from the gastro-
intestinal tract, and all other compounds have the highest
probability to cross the blood-brain barrier (BBB). The chem-
ical compounds C1, C2, C5, C28, and ifenprodil ligand are
marked in red, showing that they are predicted not to be
effluated from the central nervous system (CNS) by the

Table 3. ADMET in-silico pharmacokinetic properties of ifenprodil and thirty GIuUN2B N-methyl-D-aspartate (NMDA) receptor antagonists.

. Distribution Metabolism . Toxicity
Absorption Excretion
Substrate Inhibitor

Intestinal Cytochromes AMES Skin

Absorption BBB CNS D6 3A4 1A2 2019 209 2D6  3A4 toxicity Hepatotoxicity Sensitization

(Human) permeability Permeability Total Clearance

Numeric Numeric Numeric Numeric
N (% Absorbed)  (Log BB) (LogPS) Categorical (Yes/No) (Log mlI/min/kg) Categorical (Yes/No)
C1 95.198 0.237 —-1.911 No No Yes No No No No 0.808 No Yes Yes
2 95.246 0.226 —-1.93 No No No No No No No 0.992 No No Yes
(€] 94.194 0.241 —2.16 No Yes No No No Yes No 1.202 No Yes Yes
(e 91.909 0.298 —1.208 No Yes No No No Yes No —1.208 Yes No No
(&) 94.646 0.3 —1.886 No Yes Yes No No Yes No 0.996 No Yes Yes
6 93.66 0.27 —2.106 No Yes No No No Yes No 1.25 No Yes Yes
Cc7 91.335 0.327 —1.268 No Yes No No No Yes No 1.461 No No No
8 94.975 0.13 —2.201 No Yes No No No No No 1.248 No Yes Yes
(@) 93.271 0.257 —2.152 No Yes No No No Yes No 1.205 No Yes Yes
c10 92.782 0.088 —2.499 No Yes No No No No No 1.188 No No No
c1 92.312 0.056 —2.53 No Yes No No No Yes No 1.082 No No No
C12 93.056 0.464 —1.195 Yes Yes No No No Yes No 1.133 No Yes No
c13 92.838 0.266 —1.145 Yes Yes No No No Yes No 1.142 No Yes No
C14 94.803 0.127 —1.995 No Yes No No No Yes  Yes 1.159 No Yes No
C15 95.02 0.135 —1.832 No Yes No No No Yes No 1.129 No Yes No
c16 95.048 0.135 —1.832 No Yes No No No Yes No 1.162 No Yes No
c17 92.643 0.25 —-1.419 Yes Yes Yes No No Yes No 1.162 No Yes No
C18 93.001 0.013 —2.164 Yes Yes No No No Yes No 1.16 No Yes No
C19 91.984 0.268 —1.309 Yes Yes No No No Yes No 1.022 No Yes No
C20 91.492 0.316 —1.392 Yes Yes No No No Yes  Yes 1.065 No Yes No
21 91.425 0314 —1.392 Yes Yes No No No Yes  Yes 1.045 No Yes No
22 90.338 0.283 —1.36 Yes Yes No No No Yes  Yes 0917 No Yes No
C23 92.104 —0.345 —2.383 Yes Yes No No No Yes No 0.83 Yes Yes No
24 92.137 —0.293 —2.378 Yes Yes No No No No Yes 0.824 Yes Yes No
C25 92.394 0.309 —1.418 Yes Yes No No No Yes  Yes 1.026 No Yes No
C26 92.95 0.329 —1.392 Yes Yes No No No Yes Yes 1.078 No Yes No
27 93.442 0.281 —1.309 Yes Yes No No No Yes No 1.051 No Yes No
28 93.179 0.223 —2.52 Yes Yes No No No Yes  Yes 1.117 No Yes No
29 94.23 0.021 —2.624 No Yes No No No No No 0.944 No Yes No
30 91.635 0.301 —1.43 Yes Yes No No No Yes Yes 1.002 No Yes No
Ifenprodil 92417 0.046 —1.079 Yes Yes Yes No No Yes No 0.993 No No No
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P-glycoprotein. Inversely, all other compounds colored in
bleu, are predicted to be successfully evacuated from the
CNS by the P-glycoprotein except molecule 23, because it is
most likely to be passively absorbed by the gastrointestinal
tract (Daina & Zoete, 2016).

Moreover, the predicted physicochemical properties of
thirty GIUN2B N-methyl-D-aspartate (NMDA) receptor antago-
nists, were compared to ifenprodil, based on five rules of
Lipinski, and the violations number of Veber, Egan, Ghose,

and Muegge. The results presented in Table 2, demonstrate
that GIuN2B NMDA receptor antagonists satisfy all five rules
of Lipinski, where: molecular weight (MW) < 500, 40 < molar
refractivity (MR) < 130, Log P (octanol/water) <5, hydrogen
bond acceptor (HBA) < 10, and hydrogen bond donor (HBD)
<5. Then, the bioavailability number of Veber, Egan, Ghose,
and Muegge is successfully verified, except for compound
C1, which didn’t satisfy the Muegge rule, because it's defined
by a molecular weight inferior to 200 g/mol.
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Figure 3. Bioavailability radars of ifenprodil and thirty compounds, taking into account six physicochemical properties ideal for oral bioavailability, namely lipophi-
licity (LIPO), polarity (POLAR), size (SIZE), solubility (INSOLU), saturation (INSATU), and flexibility (FLEX).



The pharmacokinetic properties of absorption, distribu-
tion, metabolism, excretion, and toxicity (ADME-Tox) of thirty
molecules, were also compared to the ADMET profile of ifen-
prodil, as resulted in Table 3. We have recorded that all thirty
GIuN2B NMDA receptor antagonists and a noncompetitive
antagonist of NMDA receptors (ifenprodil) are characterized
by very good human intestinal absorption (HIA superior to
90%), and defined by blood-brain barrier (BBB) permeabilities
superior to —1 Log BB, and central nervous system (CNS)
permeabilities included between —1 and —3 Log PS. In
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addition, they are predicted as inhibitors of CYP1A2, CYP2D6,
and CYP3A4 cytochromes, but they have any effect on
CYP2C9 and CYP2C19 cytochromes. All chemical compounds
are predicted by similar excretion, which is defined by a total
clearance that does not decrease by 0.8 log ml/min/kg,
except for C4 compound (total clearance of —1.208 log
ml/min/kg). The AMES toxicity test indicates that all GIuUN2B
NMDA receptor antagonists are predicted as not toxic inhibi-
tors, except C4, C23, and C24 compounds. Most of these
compounds do not cause skin sensitization, but they are
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predicted to have significant hepatotoxicity in the human
organism, as an adverse side effect like any other
medications.

As a result, C4, C23, and C24 compounds were predicted
as toxic products, according to the AMES toxicity test. C23
compound was predicted to be absorbed by the gastrointes-
tinal tract, because it's part of white Egan Egg. C1, C2, C5,
and C28 ligands are predicted not to be evacuated from the
central nervous system (CNS) by the P-glycoprotein. While
the majority of the remaining compounds do not cause skin
sensitization, but they present marked hepatotoxicity in the
human organism. C22 ligand was successfully examined with
a good ADMET profile, respecting Lipinski, Veber, Egan,
Muegge, and Rhose rules.

Recently, increasing attention has been directed to the
necessity of assessing the bioavailability problems of poten-
tial drugs. This need was particularly marked for drug discov-
ery projects (Martin, 2005). For this reason, we have
examined the bioavailability of ifenprodil and GIuN2B N-
methyl-D-aspartate receptor antagonists, based on bioavail-
ability radars technology, considering six physicochemical

LIPO

properties ideally adapted for oral bioavailability, namely lip-
ophilicity, polarity, size, solubility, saturation, and flexibility.
Where, lipophilicity (LIPO): —0.7 <XLOGP3 < +5, SIZE:
150 < MV < 500 g/mol, polarity (POLAR): 20 A2 < TPSA < 130
A2, insolubility (INSOLU): —6<LOG S<O0, insaturation
(INSATU): 0.25 < Fraction Csp3 <1, and flexibility (FLEX):
0 < Number of rotatable bonds <9. The pink-colored area is
the suitable physicochemical space for oral bioavailability, in
which the graph of each molecule must be fully adjusted to
be declared as drug-like (Kandsi et al, 2022). The present
study shows that all compounds adhere to the suitable
space for oral bioavailability because they are part of the
pink zone of bioavailability radars without exception, as dis-
played in Figure 3.

3.2. Molecular docking simulation

2D and 3D visualizations of molecular docking resulted in
Figure 4, show that the C22 compound reacts specifically
with GIn 152, Lys 382, Trp 379, Tyr 282, and Lys 361 amino
acid residues of 3QEL.pdb protein with a binding energy of
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—7.27 kcal/mol, creating five conventional hydrogen bonds,
with nuclear distances of 2.29A, 2.67A, 2.20A, 2.03A, and
2.82A, respectively. Three first conventionnel hydrogen
bonds were produced with fluorine atoms, and last two
were created with oxygen atom of ketonic function. This
type of intermolecular interaction makes the C22 ligand so
stable toward the targeted protein. In addition, one carbon

GLN
B:ﬁ‘b BAfﬁg \ .2\

434

530 4.36
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hydrogen bond was produced with Pro 360 amino acid resi-
due, and two Pi-alkyl bonds were formed with Arg 347, and
Leu 349 amino acid residues. While, the C13 compound was
docked to the targeted protein with a binding energy of
—7.89kcal/mol, producing two hydrogen bonds towards
Thr 174 and Thr 233 amino acid residues, with nuclear dis-
tances of 3.01A, and 3.11A, respectively. Then, one Alkyl

\ TYR282

\ ~GLN152

ASN336

Interactions

van der Waals

- Conventional Hydrogen Bond

Carbon Hydrogen Bond

Pi-Lone Pair l
- Pi-Anion

Alkyl

Pi-Alkyl Acceptor .

Figure 4. 2D and 3D visualizations of intermolecular interactions established between 3QEL.pdb protein and C22, C13, and (23 ligands, with binding energy of

-7.27 kcal/mol, -7.89 kcal/mol, and -9.17 kcal/mol, respectively.
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bond was formed with Pro 177 amino acid residue at
5.24 A, one Pi-Alkyl bond was created with Met 207 amino
acid residue at 4.90A, and one other Pi-Anion bond was
created to Glu 236 amino acid residue at 4.84A, and
Carbon Hydrogen bond was formed with Glu 106 amino
acid residue at 3.08 A. Concerning the C23 compound, it
was docked to the protein target with a binding energy of
—9.17 kcal/mol, forming two Hydrogen bonds towards Glu
151, and lle 150 amino acid residues, with nuclear distances
of 2.75A, and 2.82 A, respectively. Moreover, two Pi-Anion
bonds were created with Asp 181 and Asp 354 at 3.31A
and 3.14 A, respectively. One Pi-Alkyl bond was produced

with Ala 135 amino acid residue at 5.18 A, and one Pi-Lone
Pair bond was formed Glu 353 amino acid residue at 2.82 A.
In addition, four Carbon Hydrogen bonds were produced
with Ser 149, Asp 136, Lys 137, and Asn 336 amino acid res-
idues, at 3.23A, 3.11A, 298A, and 3.72A, respectively.
These chemical bonds include intermolecular interactions
similar to those detected towards the Glu 236, Pro 177, Met
207, and Glu 106 amino acid residues, which have been
found by candidate selective antagonists of the N-Methyl-
D-Aspartate (NMDA) receptor subunit 2B, which were
designed to treat neuropathic pain, in particular
Parkinson’s, Huntington'’s, and Alzheimer’s diseases (El fadili,

Table 4. Binding energies in kcal/mol of the studied complexes using MMGBSA approach.

Studied MMGBSA MMGBSA dG MMGBSA dG MMGBSA dG MMGBSA dG MMGBSA dG MMGBSA dG MMGBSA dG
complex dG Bind Bind Coulomb Bind Covalent Bind Hbond Bind Lipo Bind packing Bind Solv GB Bind vdW
C22 - protein —68.4791617 —89.4000894 3.587672457 —0.80935759 —24.58127916 —2.529968808 97.4565515 —52.2026907
C13 - protein —52.2744679 —83.1266545 3.849614219 —0.54666909 —21.03976226 —2.218290244 92.2753436 —41.4680496
C23 - protein —47.7334229 —113.000573 2.859691276 —1.27631036 —14.30883244 —0.869315669 132.261756 132.261756
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Figure 5. Changes in root mean square deviation (RMSD) and root mean square fluctuation (RMSF) during 200 nanoseconds of molecular dynamics (MD) simula-

tion time for C22, C13, and C23 ligands complexed to 3QEL.pdb protein.
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Figure 6. Variations of root mean square deviation (RMSD), radius of gyration (r Gyr), molecular surface area (MolSA), solvent accessible surface area (SASA) and
polar surface area (PSA) during 200 ns of MD simulation time for C22, C13, and C23 ligands complexed to 3QEL.pdb protein.

Er-rajy, et al., 2022). The key amino acid residues, namely
Glu 236, and Pro 177 from GIuN2B subtypes of NMDA
receptor were also detected for the most active indoles in
complex with the same targeted protein encoded as
3QEL.pdb. As well as, the key residue Glu 236, was equally
detected in the same way as the GIn 110 residue for ifen-
prodil, and Ro 25-6981 as selective and competitive antago-
nists of NMDA receptors subunit 2B, providing
pharmacological therapies for chronic neurodegenerative
diseases, in particular Alzheimer, Parkinson, depression,
schizophrenia, and neuronal loss after stroke (Buemi et al.,
2016; Temme et al., 2018). Therefore, we conclude that the
most active ligands labelled C13, C22, and C23 reacted simi-
larly to N-Methyl-D-Aspartate receptors (NMDARs) subunit
2B (3QEL.pdb), producing almost the same intermolecular
interactions towards the active sites of the targeted protein.
As a result, they could be potential treatments for neurode-
generative disorders, acting in the same way as well-known
drugs such as ifenprodil, Ro 25-6981, Tacrine, memantine,
and MK-801 (Alhumaydhi et al., 2021; Crismon, 1994; Liu
et al., 2020; Sonkusare et al., 2005; Thakral et al., 2023).

3.3. Molecular dynamics simulation

To verify the stability of intermolecular interactions pro-
duced between the transport protein encoded as

3QEL.pdb and C22, C13, and C23 compounds, we have
performed the molecular dynamics (MD) technique on
(targeted protein-candidate drug) complexes during 200
nanoseconds of MD simulation time. The Molecular
Mechanics with Generalized Born and Surface Area
(MMGBSA) solvation was conducted to calculate the bind-
ing free energies of the studied complexes, as resulted in
Table 4 (Faisal et al.,, 2022; Ononamadu et al., 2021). The
MMGBSA approach shows that the binding energies are
negatively very large, indicating that the candidate
ligands have reacted with the protein target with low
energies (minimal AG Bind scores), which makes the com-
plexes stable with optimal energies during the molecular
dynamic’s simulation time.

Additionally, the results of conformational changes pre-
sented in Figure 5, indicate that root mean square deviation
(RMSD) values of C22 compound as pictured in red, were
predicted with a good level of molecular stability.
Furthermore, the candidate drug does not diffuse further
from the targeted protein, as marked in blue, because the
ligand still linked to the responsible protein throughout
200 ns of MD simulation time, which mean that the previ-
ous interactions produced by molecular docking, render the
complex so stable. Additionally, the protein root mean
square fluctuation (RMSF) variation shows only two remark-
able fluctuations for some protein residue indexes, so all
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other fluctuations were estimated to be negligible as they
oscillate around the mean fluctuation. Furthermore, the
conformational changes corresponding to the C13 and C23
ligands appear almost identical, as the RMSD values oscil-
lated parallel to the protein target during the first fifty
nanoseconds, but deviate slightly during the last 50 nano-
seconds until the end of the simulation time. Moreover, the
RMSF values of the protein target in blue were detected in
a small range from 1A to 9A with negligible fluctuations
after being bound to C13 and (23 ligands, similar to
C22 compound.

The same observations were reported regarding the con-
formational changes in the ligands properties as the radius
of gyration (r Gyr), molecular surface area (MolSA), solvent
accessible surface area (SASA), and polar surface area (PSA),
where they seem unstable during some nanoseconds, while
they become more stable during the remaining time of the

Table 5. DFT Calculations for the candidate drugs.

simulation time, as displayed in Figure 6, which demon-
strates that C22, C13, and C23 ligands were very flexible after
being bound to 3QEL.pdb protein, with few negligible
changes in ligand compactness, due to the contribution of
polar atoms such as nitrogen, oxygen, and fluorine elements,
which confirms the highest level of molecular stability
attained by the (ligand-protein) complexes. Consequently,
the stability of intermolecular interactions produced between
the candidate drugs and protein target was successfully
examined by molecular dynamics technique during 200
nanoseconds of MD simulation time.

3.4. Chemical reactivity using DFT calculations

To examine the stability and chemical reactivity of the most
active compounds (C22, C13, and C23), the calculations of
Density Functional Theory (DFT) were applied on B3LYP,

E. LUMO (eV) E. HOMO (eV) AE (eV) % Pauling N (eV) u (eV) S o (eV)
€22 —0.052845041 —0.2124489 0.159603816 —0.13265 0.079802 0.132647 6.265514 0.110243
C13 —0.051013771 —0.200711 0.149697224 —0.12586 0.074849 0.125862 6.680151 0.105823
23 —0.081295983 —0.2015935 0.120297517 —0.14144 0.060149 0.141445 8.312724 0.166309

LUMO

eV =-0.0813

eV=-0.2124 "

eV =-0.2016

Figure 7. Frontier molecular orbitals (FMO) of the most active compounds C22 (A), C13 (B), and €23 (C).



6-314+G (d, p) basis. The results of DFT calculations pre-
sented in Table 5, summarize all energetic values obtained
for the electrostatic descriptors involved in the chemical
reactivity of the candidate drugs, as the difference in binding
energy [AE=E. HOMO - E. LUMO], where the chemical com-
pound defined by a lower energy gap corresponds to a
higher stability and probably exhibits a high level of reactiv-
ity towards the protein target. Moreover, the negative values
of Pauling electronegativity (), indicate favorable interaction
behavior towards the protein target, and positive values of
chemical electron potential (1) display spontaneous chemical
reactivity for the candidate molecules. Similarly, the positive
values for chemical softness (S) and chemical hardness (1)
again confirm the molecular interactions of the candidate
drugs. In addition, one other molecular property like electro-
philicity index (®) which explains the ability to accept an
electron from the outside environment, especially when
expressed positively.

The transfer of electrons that largely contributes to the
binding of the candidate compounds with the protein tar-
get was presented by the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). For this reason, we focused on the Frontier
Molecular Orbitals (FMO) analysis, which was done to iden-
tify the most likely reactive sites of the C22, C13, and C23
compounds, as resulted in Figure 7. Where, the red areas
represent the attractive potential, while the blue areas
represent the repulsive potential, which play an essential
role in the chemical reactivity. In addition, the negative
values of frontier orbitals confirm the stability of the com-
pound, and the minimal value of gap energies (AE) values
equal to 0.159603816, 0.149697224, and 0.120297517 for
C22, C13, and C23 respectively, which confirm again that
most active molecules are so flexible to react with tar-
geted protein, and the reactive sites are in good agree-
ment with the intermolecular interactions resulted in
molecular docking simulation (Alameen et al, 2022;
Zothantluanga et al., 2023). Therefore, all three molecules
could exhibit a stable behavior during their interactions
with the targeted protein.

4. Conclusion

The virtual screening adopted in the current study suc-
ceeded to predict the toxicity of three molecules marked as
C4, C23, and C24 according to the AMES toxicity test, that
we do not recommend as therapeutic agents for stroke. In
contrast, most of the remaining compounds do not cause
skin sensitization, but they present significant hepatotoxicity
for the human body. In addition, the C22 and C13 com-
pounds were successfully tested as a non-toxic inhibitor of
CYP2D6 and CYP3A4 cytochromes, with a good ADMET pro-
file, and designed to be an efficient central nervous system
(CNS) agent due to the highest probability to cross the
blood-brain barrier (BBB), meeting the violations number of
Egan, Veber, Rhose, and Muegge, and complies with all five
Lipinski rules, forming stable intermolecular interactions with
the amino acid residues of the transport protein coded as

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 13

3QEL.pdb over 200 ns of molecular dynamic (MD) simulation
time. Therefore, we strongly recommend the chemical com-
pounds called C22 and C13 as powerful anti-stroke drugs.
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