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Vascular Endothelial Growth Factor (VEGF) has a greater impact on carcinogenesis, and it is the most significant
receptor in mediating the mutagenesis and permeability of endothelial cells. Here, we report the identification of
potential VEGFR-2 inhibitors as new putative anti-cancer agents. In this regard, a pharmacophore model was
generated, considering established potent VEGFR2 inhibitors. This model was further applied for the virtual
screening of the ZINC database and the feature-based design of another eight molecules (B1-B8). Examining

DET these molecules using sequential computational approaches including molecular docking, molecular dynamic

Drug Likelihood

simulation, and DFT analysis leads to the identification of compounds B3, B5, and B7 as potential inhibitors that

showed better binding affinity, stability, and interaction mechanisms concerning the reference control, Sor-
afenib. Further, the Lipinski rule filters and ADMET analysis support the selected compounds as drug candidates
subjected to experimental validation.

1. Introduction

One of the key indicators of cancer and solid tumors is angiogenesis.
Over the past ten years, the crucial significance of angiogenesis in cancer
therapy has been proven by studies (Zhou et al., 2022). Tumors require
enough nutrients, oxygen, and efficient methods of waste release to
continue growing. Angiogenesis is the process through which existing
endothelium-lined blood vessels within the tumor mass grow new blood
vessels (Eguchi et al., 2022; Wang et al., 2020). This procedure could
meet every requirement as the tumor grows. Tumor angiogenesis also

contributes to the pathophysiology, development, and metastasis of
cancer (Alanazi et al., 2021). The coordination of the angiogenesis
process depends on the balance between angiogenic and anti-angiogenic
elements (Liu et al., 2017; Sung et al., 2021). Angiogenesis happens
when stimulator activity outpaces inhibitor activity. Vascular endothe-
lial growth factor (VEGF) is the angiogenic factor with the greatest
impact (Prasad et al., 2022). In the development of human cancer, VEGF
is the main regulator of angiogenesis and metastasis. Angiogenesis is
slowed and tumor growth is inhibited by treatments that disrupt VEGF
signaling, as shown (Yakes et al., 2011; Ni et al., 2022). VEGFR1 and

Abbreviations: VEGFR, Vascular Endothelial Growth Factor Receptor; RCC, Renal Cell Carcinoma; HCC, Hepatocellularcarcinoma; PDGF, Platelet-derived growth
factor; FGF-2, Fibroblast growth factor 2; BFGS, Broyden-Fletcher-Goldfarb-Shanno; MD, Molecular Dynamics; FMO, Frontier Molecular Orbital; MEP, Molecular
Electrostatic Potential; DFT, Density Functional Theory; RMSD, Root Mean Square Deviation; ADMET, Absorption, Distribution, Metabolism, Excretion, Toxicity;
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VEGFR2 significantly control how VEGF acts on endothelial cells (Ma
et al., 2021). The two receptors mediate the mitogenesis and perme-
ability of endothelial cells, but VEGFR2 has a more significant impact
(Griillich, 2014). Among the downstream signaling molecules that are
phosphorylated as a result of VEGFR2 activation are mitogen-activated
protein kinases (MAPK), serine/threonine kinases (AKT), and signal
transducer and activator of transcription 3 (STAT3) (Adasme et al.,
2020). Roxy-ZV-5 J demonstrated strong inhibition against CDK4 and
VEGFR2 (Huang et al., 2019). Apatinib showed good anticancer activity
by inducing cell cycle collapse at the G1 phase. Cabozantinib effectively
inhibited the growth of hepatic cancer cells (Shang et al., 2021). Axiti-
nib, sunitinib, sorafenib, and pazopanib effectively inhibited the
VEGFR2 enzyme at nanomolar concentrations with ICsy values of 0.2
nM, 10 nM, 90 nM, and 30 nM, respectively (Sonpavde et al., 2008).
Dovitinib inhibited both FGFR3 and VEGFR2, with ICs values of 9 nM
and 13 nM, respectively. Sorafenib, a VEGFR2 inhibitor, was used in the
treatment of RCC and HCC (Sangande et al., 2020). The FDA recently
approved regorafenib as a second-line treatment for HCC (Bruix et al.,
2017; Personeni et al., 2018). Anlotinib prevented endothelial cells from
migrating and forming capillary-like tubes in response to VEGF, PDGF,
and FGF-2 (Yu et al., 2015). In this manuscript, we computationally
developed newer generation VEGFR2 inhibitors using pharmacophore
mapping, virtual screening, molecular docking, MD simulation, frontier
molecular orbital analysis, molecular electrostatic potential analysis,
and assessment of ADMET properties.

2. Materials and methods

2.1. Pharmacophore modeling, virtual screening and design of newer
generation VEGFR2 inhibitors

Based on the structural diversity and potency, we selected 30
established VEGFR2 inhibitors from the PubChem database (Table S1),
followed by pharmacophore model generation using the PharmaGist
server (PharmaGist Webserver (tau.ac.il), accessed on November 25,
2023). The pharmacist server provides pharmacophores generated from
a set of known bioactive molecules. The advantages of pharmacist
pharmacophore are the flexibility of the aligned structures and their
tolerance to any outlier to several binding modes. Ligand representation,
pairwise alignment, multiple alignment, solution clustering, and output
are the stages of pharmacophore generation. Assignment of rotatable
bonds, hydrogen bond donor group, hydrogen bond acceptor group, and
aromatic group are the representation factors of ligand. In the pairwise
alignment section, one pivot and one flexible ligand are selected. Then
target rigid was superimposed on the pivot. The outcomes were
observed with a new pose on the pivot, followed by reassembling all the
poses into a new alignment. The scoring function is the culmination of
matched structures. If the type and distance between the pivot and
target match, then pairwise alignment is observed. Multiple alignments
were observed, with multiple pairwise alignments between pivot and
target ligand molecules. In the final step, alignment with the maximum
scoring value is selected as a pharmacophore. In the next step, phar-
macophore output was added to the Zinc Pharmer online portal, ZINC-
Pharmer (pitt.edu). Molecular weight less than 500, rotatable bonds less
than 5, and RMSD less than 2.0 \AA were considered filters (Saha et al.,
2023).

2.2. Molecular docking study

The virtually screened, designed molecules and standard sorafenib
were considered for molecular docking studies. The X-ray crystallo-
graphic structure of the VEGFR-2 receptor (PDB ID: 20H4) was obtained
from the Protein Data Bank (https://www.rcsb.org) and belongs to
Homo sapiens. As per the Ramachandran plot, 91.2 % of residues resided
in the most favorable region (Figure S1). Methyl (5-{4-[({[2-Fluoro-5-
(Trifluoromethyl)Phenyl]Amino}Carbonyl)Amino]Phenoxy}-1H-
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Benzimidazol-2-yl)Carbamate (GIG) was present as a complexed ligand.
The resolution of the receptor was 2.05 A. We considered Glide and
AutodockVina for molecular docking studies (Dror et al., 2009).

2.2.1. Molecular docking study using Glide

2.2.1.1. Preparation of protein structure via protein preparation wizard.
Schrodinger Suite 2018-4 was employed to address specific deficiencies
observed in the protein structure obtained through X-ray crystallog-
raphy, such as the absence of hydrogen atoms. The assignment of bond
ordering was conducted, and any potential hydrogen atoms that were
absent in the PBD structure were incorporated (Akash et al., 2023a).
Furthermore, disulfide bonds were formed by interacting with two sul-
fur atoms nearby, while the remaining choices were maintained at their
normal settings. In the last refinement stage, a comprehensive energy
optimization was conducted utilizing the OPLS 2005 force field, with the
criterion for the RMSD of heavy atoms set at 0.3 A. The investigational
compounds were imported into the Maestro molecular interface (version
11v5) of the Schrodinger suite. The authors built low-energy 3D con-
formers for each two-dimensional structure, ensuring that the bond
lengths and angles were sufficient. The potential ionization states for
each ligand structure were computed under a physiological pH of 7.2 +
0.2 (Saha et al., 2022).

2.2.1.2. Molecular docking study parameters. The ligand located at the
receptor active site was used to identify the grid box size at 32, 32, and
32, respectively, in X, y, and z coordinates (Akash et al., 2023b). Extra-
precision (XP) docking and scoring methods were chosen above the
conventional precision strategy. XP software aims to analyze ligand
poses shown to have high scores using SP docking. To provide accurate
predictions concerning the binding affinity between the newly created
inhibitors and the protein crystal, the induced-fit docking (IFD) tech-
nology was utilized. In the docking phase, a subset of the docked poses is
passed to the prime during refinement. The best receptor designs for
every ligand are then sent back to Glide for ligand re-docking after prime
side-chain minimization and prediction (Friesner et al., 2004).

2.2.2. Molecular docking study using AutoDock-Vina

2.2.2.1. Preparation of protein. The MGL Tools 1.5.6 package was used
to simulate the protein. Monte-Carlo sampling with the BFGS local
optimization method was applied in the AutoDock-Vina molecular
docking process (Pagadala et al., 2017). The co-crystal ligand, water
molecules, and heteroatoms were eliminated, followed by energy
minimization using the Swiss PDB viewer (Trott & Olson, 2010). Later,
partial gasteiger atomic charges were included along with the assign-
ment of bond ordering, polar, and missing hydrogens. The H'™" server
assigns protonation states and missing hydrogens (Gordon et al., 2005).

2.2.2.2. Ligand preparation. Avogadro software was used to produce the
2D structures of virtually screened, designed, and standard sorafenib.
The molecules were optimized using the molecular mechanics force
field. All the structures were optimized with polar hydrogen and charges
(Fatima et al., 2023a).

2.2.2.3. Molecular docking parameters. The optimal ligand binding site
inside each protein was found using the Lamarckian genetic algorithm
(Fatima et al., 2023b). Discovery Studio Visualizer 4.5 was used to
visualize and analyze the docking results (Akash et al., 2023c). The grid
box dimension of 20H4 was center x = 3.554, center_y = 35.43, and
center_ z = 19.878.

2.2.3. Validation of molecular docking
The active site was emptied by removing the co-crystallized-ligand
GIG of the protein (PDB: 20H4) and redocked within the active site of
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the protein (Al Mashud et al., 2023). The RMSD between the redocked
conformation and the unprocessed crystallographic conformation was
found to be < 1.5 A. This ensures the reliability of the docking method in
regenerating the experimentally observed binding mode for VEGFR2.

2.3. MD simulation

Schrodinger’s Desmond program (Schrodinger Release 2019-4:
Desmond) was used for MD simulation of atomic-level dynamics (Fatima
et al., 2023c). Missing loops and side chains were added to the pro-
tein-ligand complex, followed by deleting water molecules (Jabir et al.,
2021). The OPLS 2005 force field was applied for energy minimization
(Akash et al., 2023d). The TIP3 water model was used to solvate the
receptor-ligand complex in a cubic box of 10 A. The total number of
water molecules and the counterions used to neutralize the complex
(Table S2). 100 ns MD simulations for each complex were performed at
constant NPT (N = number of atoms, P = pressure, and T = tempera-
ture). The Martyna-Tobias-Klein barostat and Nose Hoover chain ther-
mostat methods were used to apply system pressure and temperature,
respectively (Akash et al., 2022). The bond length of 1 nm was preserved
by short-range electrostatic and Van Der Waals interactions. The particle
mesh Ewald (PME) summation process was used to calibrate the long-
range Coulomb electrostatic interactions. The leap-frog algorithm was
used to calculate the motion with a time step of 2 fs (Lokhande et al.,
2019). The conformational changes in the receptor Ca backbone atoms
after binding of ligand molecules were compared with the initial con-
formations of the crystal structure (PDB ID: 20H4) in terms of RMSD
(Akash et al., 2023e). Also, the amino acid fluctuations of the receptor
after interacting with the ligand molecules were calculated using RMSF
(Lokhande et al., 2022). Protein-ligand contacts, Rg, and SASA values
were also calculated (Bharadwaj et al., 2022).

2.4. DFT analysis

2.4.1. Frontier molecular orbital (FMO) analysis

FMO analysis is the electrical and optical property analysis of a
chemical structure using Beck’s (B) three-parameter hybrid model with
Lee, Yang, and Parr’s (LYP) correlation with the B3LYP/6-31 + G(d,p)
basis set. Sometimes atomic orbitals are distorted from their original
shape and polarized with the effect of surrounding functional groups; in
such a situation, a polarization factor is added, such as (d, p), where
polarization is added in both d and p orbitals. In the case of large mol-
ecules, the nucleus loses control of certain functional groups, and those
functional groups form a new orbital. To counter this factor, a diffuse
formation factor was added. Structures with a lone pair of electrons,
anions, or electronegative groups must require this diffusion factor (+)
to calculate the orbital energy. As the chemical structures consisted of
nitro, halogen, and other electronegative groups, we considered B3LYP/
6-31 + G(d,p) as a basis set in the DFT calculation. The molecules have
one multiplicity and zero charges. The highest molecular orbital
(HOMO) can donate electrons. The leading empty innermost orbital
lowest molecular orbital (LUMO), which is not fully occupied, acts as an
electron acceptor. GAMESS WxMacMolPIt (version 7.7.3) was used to
perform and visualize FMO analysis (Perri & Weber, 2014).

n(chemical hardness) = %; ¢ (chemical softness) = %7; p (electro-

negativity index) = —52; ¥ (electrophilicity index) = %, where A and I
are electron affinity and ionization potential. A= — Ejyypo and [ = —
Exomo.

2.4.2. Molecular electrostatic potential (MEP) investigation

The electrical charge distributions from protons, nuclei, and elec-
trons were taken into consideration by MEP, which took interaction
energy at a certain structural zone into account (Sumithra et al., 2023).
High negative and positive potential attract positively and negatively
charged species, respectively. The potentiality of the attacking zone
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decreases with the sequence of blue, green, yellow, orange, and red. The
maximum negative area is displayed in red, where electrophiles can
quickly attack, and the total positive area is indicated in blue, which is
suitable for nucleophilic attack. The green color shows zero potential
zones. MEP of B3, B5, and B7 was computed with the B3LYP-6-31 + G
(d, p) level (Alexeev et al., 2012) using GAMESS software (version R2,
released on September 30, 2023).

2.5. Calculation of drug likelihood

Drug likelihood and toxicity behaviors of the molecules were
calculated using SwissADME (https://www.swissadme.ch/index.php,
accessed on December 1, 2023) and Osiris version 2.9.1, respectively
(Daina et al., 2017; Ertl and Schuffenhauer, 2009).

3. Results

3.1. Pharmacophore mapping, virtual screening and designing of newer
generation VEGFR2 inhibitors

The pharmacophore mapping of the VEGFR2 inhibitors showed three
main features, including aromatic and two hydrogen bond acceptors
(Garcia-Gomez et al., 2013;Schneidman-Duhovny et al., 2008).

The pharmacophore model was then utilized to screen out around 21
million compounds from the ZINC database, and the top 10 compounds,
including ZINC21052778, ZINC33271702, ZINC6550301,
ZINC40139090, ZINC8873603, ZINC70466461, ZINC65320952,
ZINC94047399, ZINC87484001, and ZINC5847770, based on the RMSD
values, were chosen (Figure S2) (Koes and Camacho, 2012). Based on
the pharmacophoric features of the established molecules, eight mole-
cules (B1-B8) were designed. The pharmacophoric features of the
designed molecules were kept nearly equal to those of the established
molecules, such as one aromatic point and two hydrogen bond acceptors
(Fig. 1) (Kaserer et al., 2015; Irwin et al., 2020).

3.2. Molecular docking studies data

As per the molecular docking study data using Glide software, among
the virtually screened and designed molecules, B3, B5, and B7 showed
good docking scores of —10.274 kcal/mol, —10.539 kcal/mol, and
—9.515 kcal/mol, respectively. The docking score of standard sorafenib
was —10.791 kcal/mol (Akash et al., 2023f). B3 showed interactions
with GLU 883, CYS 917, and ASP 1044 using hydrogen bond in-
teractions. B5 interacted with receptors via GLU 883 and ASP 1044
using hydrogen bonds, and PHE 1045 using pi-pi stacking interactions.
B7 interacted with GLU 883, CYS 917, ASP 1044 by hydrogen bond
interaction, and LYS 866 by pi-pi stacking interaction. The standard
sorafenib interacted with GLU 883, CYS 917, and ASP 1044 using
hydrogen bond interactions (Fig. 2).

In the case of molecular docking interactions, AutoDockVina B3, B5,
and B7 showed good docking scores of —10.6 kcal/mol, —10.2 kcal/mol,
and —9.3 kcal/mol, respectively. Standard sorafenib showed a docking
score of —9.4 kcal/mol (Table S3) (Giordano et al., 2022). Compound
B3 showed proper interactions with LEU 887, VAL 897, VAL 846, LEU
838, ALA 864, and CYS 1043 via pi-pi interactions and a hydrogen bond
with ASP 1044. B5 formed hydrogen bonds with CYS 917, ASN 921, and
ARG 1049; pi-pi interactions with ALA 864; PHE 916; LEU 1033; and
LEU 838. Compound B7 is involved in hydrogen bonding interactions
with ASN 921, ARG 1030, ARG 1049, ASP 1062, and pi-pi interactions
with LEU 838, VAL 846, ALA 864, Lys 866, CYS 1043, and GLU 883
(Alamri et al., 2023). The standard sorafenib interacted with receptors
via hydrogen bonds with ASN 921, ARG 1030, and ARG 1049 and pi-pi
interactions with ALA 864, PHE 916, LEU 1033, and LEU 838 (Fig. 3)
(Akash et al., 2023g). The 3D interaction image of B3, B5, B7, and
sorafenib with VEGFR2 was added to Figure S3.
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Fig. 1. Pharmacophore of the established and designed VEGFR2 inhibitors.
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Fig. 2. Molecular docking interaction image of B3, B5, B7 and Sorafenib with VEGFR2 (Glide software).

3.3. MD simulation data ligand achieved a static value near 90 ns. Percent secondary structure

values reflected the presence of an alpha helix and beta sheet in the
In the case of B3, the ligand RMSD was within 2.0 °C. The protein structure and confirmed the structural integrity (Tripathi et al., 2023).
structure of RMSD lies within (2.5-3.3) \AA (Fig. 4A). Both protein and The maximum beta-strand and alpha-helices were stable during the



M.A. Alamri et al.

LEU

3 VAL LEU
- VAL A:846 A:838
A:897 | CYS
A:1043
ASP LEU
A:1044 CYS V) ALA A:1033

/AL
A:1043 PHR:914
A:1045

A:864

GLY
GLU) §OIUy 3 PHE A:920
\LE Ag83 AB83 . A:916
A:886
LYS GLU ovs
A:866 A:915 A917
Interactions
D van der Waals [ Pi-suifur
- Conventional Hydrogen Bond |:| Pi-Akyl
[[] P+Donor Hydrogen Bond B3 [ covalentbond

ASP 6LU

L' 4 A'883
GLU
A:383
Lvs
A:866
5 Y
s : : 5
o) . F "
A:1043 AlAn 917 « LEU s o 3
ased 7 ST S ¥ s
. ot 2 )
. LEU "
77 1 PHE A'838 (GLY &
Aol @Azm A:920 ® @
GLY
A:839
Interactions
Bl von der Wads Bl PiPiTshaped
- Conventional Hydrogen Bond |:| Alkyl
Il Urfavorable Acceptor-Acceptor [ et
[ Pr-sufur B7 ] Covalentbond
- Pi-Pi Stacked

Journal of King Saud University - Science 36 (2024) 103285

GLU

CYS
A915 A:917

PHE

A914
ASP
A:1062
ALA
A:864
PHE LEU
A:1045 A:1033 VAL
GlY. LEU &
A920 A=R3R
Interactions
[ van der waals Bl PiPistaced
- Conventional Hydrogen Bond D Pi-Akyl
|:] Carbon Hydrogen Bond BS |:| Covalent bond
GLU
AC;'JST A915
THR Ty
A924 A920
A1043
@ A";IEE ~ A1033
A VAL
@ O A897
. .
e, :
e
H
B
X Gl
R A883
®
L4 LU GLU
A838 (VAL A883
s AB65 Ty
A1053 ) el A914
A1062 ws
AsP
A1050 &y Adoss
Interactions
[ van der waals Bl Piistacked
- Conventional Hydrogen Bond D Ayl
[ alogen (Fluorine) e Pi-Alkyl
Sorafenib

[ Pi-sufur

[ covalentbond

Fig. 3. Molecular docking interaction image of B3, B5, B7 and Sorafenib with VEGFR2 (AutoDock Vina).

simulation because there was no sign of overlapping. Some residues
exceeded 3.0 °C near the 100, 125, and 200 residue numbers in the
protein RMSF map. The green bars near residue numbers 25, 30, 50,
(70-80), 100, and (150-180) confirmed that at these points, protein
interacted with ligand (Fig. 4B). The ligand RMSF value was within
1.5 °C, which confirmed the stability (Fig. 4C). The terminal nitro group
fluctuated the most within the simulation (Kawsar et al., 2023). In
protein-ligand interaction during simulation, four types of interactions,
such as hydrogen bonding, hydrophobic interaction, ionic interaction,
and water bridges, were observed. LEU 838, VAL 846, ALA 864, ILE 886,
LEU 887, ILE890, VAL 897, VAL 914, PHE 916, LEU 1033, CYS 1043,
and PHE 1045 interacted with protein structure by hydrophobic in-
teractions; ALA 879 and SER 882 interacted with protein by water
bridges; GLU 883, CYS 917, and ASP 1044 interacted with protein by
hydrogen bonds and water bridges. GLU 883 and ASP 1044 showed
maximum contacts (Fig. 4D). The urea residue and NH group of N-
methyl pyridinamide interacted with GLU 883 and ASP 1044 by most
stable interactions (93-99 %) using charged negative interaction during
simulation (Fig. 4E). The terminal nitro group interacted with PHE 916
and CYS 917 through a less stable interaction using hydrophobic inter-
action during the simulation process (34-52 %), which confirmed that
the nitro group did not positively contribute to the protein-ligand
interaction. The radius of the gyration value attained a static value near
5.5 °C, which confirmed the protein stability during simulation
(Fig. 4F).

In the case of B5, the ligand RMSD lies below 2.0 °C. The protein
structure attained a stable form due to its RMSD lying within (2.0-3.8)
°C. Both protein and ligand achieved a static value near 70-100 ns and

intermingled near 10 ns and 30 ns. These RMSD values confirmed that
the protein-ligand complex was within the active site (Fig. 5A). Percent
secondary structure assessment of B5 showed that the maximum beta-
strand and alpha-helices were stable during simulation because there
was no sign of overlapping (Lokhande et al., 2021). In the case of protein
RMSF, some residues exceeded 3.0 °C, near 125 and 180 residue
numbers. The green bars near residue numbers 10, 20, 50, (70-80), 100,
and (150-180) confirmed that at these connections, protein interacted
with ligand (Fig. 5B). In ligand RMSF, the total molecule was stable
during simulation because the RMSF value was within 1.5 °C (Fig. 5C).
The terminal methoxy group fluctuated within the simulation. LEU 838,
VAL 846, ALA 864, ILE 886, LEU 887, ILE 890, VAL 914, ILE 1033, CYS
1043, and PHE 1045 interacted with protein structure by hydrophobic
interactions; LYS 866, GLU 883, GLU 915, CYS 917, and ASP 1044
interacted with protein by hydrogen bonds. GLU 883 and GLU 915
showed maximum stable contacts (Fig. 5D and 5E). The 3-hydroxy
group of terminal catechol interacted with GLU 915 by stable
hydrogen bond interaction (90 %), which confirmed that this interaction
did not change during the protein-ligand interaction. The radius of
gyration value attained a static value near 5.0 °C, which confirmed the
protein stability during simulation (Fig. 5F) (Barcellos et al., 2019).

In the case of B7, the ligand RMSD lies below 2.0 °C. The protein
structure attained a stable form due to its RMSD lying within (2.0-3.5)
\AA. Ligand attained a static value of 20 ns and intermingled near 10 ns,
20 ns, 30 ns, and 90 ns. The percent secondary structure assessment of
B7 showed that the maximum beta strand and alpha helices were stable
during simulation because there was no sign of overlapping (Fig. 6A). In
the case of protein RMSF, some residues exceeded 3.0 °C, nearing 125
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and 180 residue numbers (More-Adate et al., 2022). The green bars near
residue numbers 10, 20, 50, (70-80), 100, and (150-180) confirmed
that at these connections, protein interacted with ligand (Fig. 6B). In
ligand RMSF, the total molecule was stable during simulation because
the RMSF value was within 2.0 °C (Fig. 6C). The terminal ethylidene
imidazole-2,4-dione group was most fluctuating within the simulation.
LEU 838, VAL 846, ALA 864, LYS 866, ILE 886, LEU 887, ILE 890, VAL
896, VAL 897, VAL 914, HIS 1024, ILE 1033, and PHE 1045 interacted
with protein structure by hydrophobic interactions; GLU 883, GLU 915,
CYS 917, CYS 1043, and ASP 1044 interacted with protein by hydrogen
bond interactions. GLU 883 and ASP 1044 showed a maximum period of
stable contacts (Fig. 6D). The ketone of the -NHC = O group makes the
maximum stable interaction with ASP 1044 (68 %), which confirms that
this interaction has not changed frequently during the interaction
(Fig. 6E). The radius of gyration values of B3, B5, and B7 were within the
(5.5-6.6) range from (0-100) ns, below 5.0 °C from (0-100) ns, and
[(6.0-6.1) °C from (0-50) ns and near 5.4 °C from (51-100) ns],
respectively (Fig. 6F). The SASA values of B3, B5, and B7 fluctuated
within (75-90) \AAZ2, below 30 \AAZ2, and (50-75) \AAZ2, respectively
(Fig. 4F, 5F, 6F) (Méndez-Alvarez et al., 2023).

3.4. DFT analysis

3.4.1. FMO analysis data

In the investigation of FMO analysis, B3, B5, and B7 were chosen. B3,
B5, B7, and sorafenib have corresponding HOMO orbital energy (eV)
values of —5.95, —5.46, —6.34, and —6.39. For B3, B5, B7, and sor-
afenib, the corresponding LUMO orbital energy (eV) values were —1.57,
—0.73, —1.36, and —1.68. HOMO-LUMO orbitals energy gaps reveal the
molecule’s chemical strength and reactivity. B3, B5, B7, and sorafenib

showed 4.38 eV, 4.73 eV, 4.98 eV, and 4.71 eV orbital energy distances,
respectively (Table 1 and Figure S4) (Devereux et al., 2020). HOMO-
LUMO orbitals of B3 were focused on the (4-carbamamido[1,1-
biphenyl]-4-yl)(hydroxy)oxoammonium group. HOMO-LUMO orbitals
of B5 were focused on the 6-methoxy-2-(1,2-oxazolidin-2-yl)-1H-benz-
imidazole and 4-methylbenzene-1,2-diol groups, respectively. HOMO-
LUMO orbitals of B7 are focused on the 3-(4-bromobenzamido)phenyl-
formate group.

3.4.2. Molecular electrostatic potential (MEP) data

In the case of B3, the nitrogen of the terminal acetamide’s O = C-NH
group, the urea group, the biphenyl group, and the HO-N = O group are
all vulnerable to nucleophilic and electrophilic assault, respectively.
Regarding B5, the methoxy group and imidazole group are accountable
for the nucleophilic assault and the electrophilic attack, respectively.
For B7, the overall molecular composition strikes a balance between the
nucleophilic and electrophilic attack sites. The 4-{4-[(4-chlorophenyl)
carbamamido]phenoxy}-N-methylpyridine-2-carboxamide group is
responsible for both nucleophilic and electrophilic assault in the
instance of sorafenib (Fig. 7) (Al-Sanea et al., 2021; Xiao-Hong et al.,
2015). A structure’s chemical reactivity is increased when urea, meth-
animidamide, nitro, methoxy, and imidazolone groups are added to the
parent structure.

3.5. Drug likelihood data

The drug likelihood calculations of the designed molecules showed
that all the molecules, including sorafenib, passed the Lipinski rule with
an oral bioavailability score of 0.55. The bioavailability score (Abbott
Bioavailability Score) was designated based on Caco-2 cell permeability
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and polar surface area. A bioavailability score of 0.11 for anions means a
polar surface area greater than 150 A% a bioavailability score of 0.56
observed with a polar surface area between 75 and 150 A2 and a
bioavailability score of 0.85 observed with a polar surface area less than
75 A2, A bioavailability score of 0.55 was observed with molecules that
passed the Lipinski rule of five, and if any molecules violated the Lip-
inski rule of five, the bioavailability score was 0.17 (Martin, 2005).
Except for B2 and sorafenib, the rest of the molecules showed good
absorption through the gastrointestinal tract. Swiss ADME data and the
boiled egg diagram confirmed that only ZINC87484001 and B1 showed
probable penetration of the blood-brain barrier. Most of the molecules
were moderate to highly soluble in nature. The synthetic accessibility of
ZINC21052778, ZINC33271702, ZINC6550301, ZINC40139090,
ZINC8873603, ZINC70466461, ZINC65320952, ZINC94047399,
ZINC87484001, ZINC5847770, B1, B2, B3, B4, B5, B6, B7, B8, and
Sorafenib were 3.59, 4.22, 3.06, 2.86, 3.11, 2.88, 3.78, 2.97, 2.60, 2.47,
2.86, 3.94, 2.93, 3.47, 4.96, 4.41, 2.59, 3.30, and 2.87 (Table S4). Osiris
toxicity prediction data of all the molecules showed that except B3,
ZINC8873603, and ZINC70466461, the rest of the molecules were non-
mutagenic in nature; except ZINC6550301, ZINC70466461,
ZINC87484001, ZINC5847770, and B3 were non-tumorigenic in nature.
Sorafenib showed non-mutagenic, non-tumorigenic, non-irritant, and
non-reproductive toxicant properties (Table S5) (Jeyavijayan, 2015).

4. Discussion

Pharmacophore mapping and synthetic feasibility were among the
top critical parameters considered during the design. The synthetic
accessibility score of all the designed compounds was thoroughly
monitored before fixing each one of them as an eligible candidate for an
in silico study. The synthetic accessibility scores of B5S and B6 showed the
highest score due to 1-(1H-benzo[d]imidazol-2-yl)hexahydroisoxazolo
[3,4-b] pyridin-6(1H)-one and 7-benzoylimidazo[1,5-a]pyridin-4-ium-
8a-ide nucleus (Fasiuddin et al., 2022). The higher synthetic accessi-
bility score is based on structural complexity and structural fragments.
Though computational chemistry helps to design the newer generation
of VEGFR2 inhibitors with statistical evidence from a huge data library,
it requires biological experiments to establish the design molecules
(Lagorce et al., 2017; Elkaeed et al., 2022). Among the designed VEGFR2
inhibitors, B3, B5, and B7 showed good docking interactions. The dis-
tance between docking scores performed by Glide and AutoDock Vina
for B3, B5, and B7 was 0.326, 0.339, and 0.215, respectively. The
complexed ligand of the 20H4 receptor connected GLU 883, CYS 917,
and ASP 1044 by hydrogen bonding interactions; PHE 916 by pi-pi
interaction; and LEU 838, VAL 846, ALA 864, LYS 866, LEU 887, and
VAL 914 by pi-alkyl interactions (Figure S5). The similar interacting
residues ASP 1044, GLU 883, and CYS 917 confirmed that all ligand
molecules effectively docked within the receptor active site (Saha et al.,
2022; Kumar et al., 2023). All protein-ligand interactions reached a



M.A. Alamri et al.

>

>
o

>

°

o

Protein RMSD (A)
(B) QSHY-PuRh :

0.5 1

o
n

20

0
Protein-Ligand RMSD

40 60

Time (nsec)

o g fit Prot'

80 10

s

5
~204{ C 2
° o
sl s
w w
U 10 2
505< .g
o
B T ©
HNMTNONDOO O ANMTINON DO ANMTINO N ® 1]
SH82nsN23RANRILERR g
it Ligand on Proteinl £
Ligand RMSF

\

\

© .

s 3
\ 6.3
E " 260
LY ° £
557
'9, 2% e
ol 100
N

o H 75

© T
by SR

Ligand-Protein Contact

8%

0‘

0.8

06 4

044

0.2 4

0.0 -

Journal of King Saud University - Science 36 (2024) 103285

150 200

0 Sb
Protein-Ligand RMSF  Residue Index

=)

100

> o &
& & f &

O o N DD A
& o 8 & ?‘» ?Q ¢ & o¥ o
WP P

o A
> G o
Totad s

O O
S SO

(mw H-bonds m Hydrophobic Ellonic B Water bridges]

Time (nsec)
Radius of gyration and SASA

Fig. 6. Molecular dynamics simulation analysis of B7 with VEGFR2. (A) Protein-Ligand RMSD. (B) Protein RMSF (C) Ligand RMSF. (D) Histogram represents the

Protein-Ligand interactions. (E) Ligand Contacts. (F) Rg and SASA values.

Table 1

FMO analysis data of B3, B5, B7 and Sorafenib.
Sr. No. Molecules Enomo Erumo AE gap (eV) I A 1 ¢ n ¥

(eV) (eV)

1. B3 —5.95 -1.57 4.38 5.95 1.57 2.19 0.22 3.57 2.90
2. BS —5.46 -0.73 4.73 5.46 0.73 2.37 0.21 3.09 2.01
3. B7 —6.34 -1.36 4.98 6.34 1.36 2.49 0.20 3.85 297
4. Sorafenib —6.39 —1.68 4.71 6.39 1.68 2.35 0.21 4.03 3.44

static value in the RMSD, which confirmed that all ligands were well
fitted into the receptor-active region. The structural integrity was not
significantly hampered by RMS changes (Vishvakarma et al., 2022).
There is a clear correlation between structural stability and the radius of
gyration value. Less stability is indicated by high values, and vice versa.
Greater stability is indicated by gyration radius values in the lower
range. SASA values had a favorable impact on the binding energy, as
demonstrated by the nearly consistent SASA values throughout the
analysis. Here, the complexes with lower SASA values demonstrated
greater stability. Overall outcomes stated that ligand molecules make a
stable complex with receptors throughout the simulation process. Rg
analysis confirmed that all atoms were well distributed from the center
of mass, which confirmed the structural integrity of the protein-ligand

complex. Finally, we confirmed that all the protein-ligand complexes
were thermodynamically stable during simulation (Lokhande et al.,
2023). The FMO study indicated that the molecules were stable and
reactive in the order B3 > B5 > B7 (Srivastava, 2021). Because of its
narrower energy gap, B3 was the softest molecule. B7 and B3 showed the
highest levels of electronegativity and electrophilicity, respectively.
Thus, among the designed molecules, B7 and B3 were observed as the
most reactive molecules (Pradiba et al., 2018). MEP data displayed the
electrophilic and nucleophilic attack sites of the molecules. One crucial
factor in the systemic absorption of a drug molecule is its water solu-
bility (Harder et al., 2016). Except B2, B5, ZINC6550301,
ZINC40139090, ZINC8873603, ZINC65320952, ZINC94047399,
ZINC87484001, and sorafenib, the rest of the molecules showed good
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aqueous solubility due to their Log S value ranges between —4 and 0.5
log mol/L. When a drug molecule has the right distribution coefficient, it
can pass across biological membranes. The log P value of (0-3) log mol/
L has the best value. Except for B1, B5, ZINC6550301, ZINC40139090,
ZINC65320952, ZINC94047399, ZINC87484001, and sorafenib, the rest
exhibited favorable distribution behavior. Only ZINC87484001 and B1
showed a potential propensity towards blood-brain barrier penetration.
All the molecules showed good oral bioavailability with zero violation of
the Lipinski rule and non-toxic properties (Kushwaha et al., 2021).

5. Conclusion

After performing all the major computational studies, B3, B5, and B7
showed the maximum probability of becoming next-generation VEGFR2
inhibitors. The next big challenge is to establish these molecules by in
vitro-in vivo experiments as potential VEGFR2 inhibitors, which opens a
new endeavor for targeting angiogenesis and cancer proliferation.
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