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ABSTRACT ARTICLE HISTORY

This report aims to study the chemical properties of a benzamide deriva- Received 11 September 2021
tive, N-methyl-2-[[3-[©-2-pyridin-2-ylethenyl]-1H-indazol-6-yl]sulfanyllbenza- Accepted 28 January 2022
mide (MPSB), having antitumor activities with the help of electronic
structure methods. The conformational analysis predicted the lowest energy
conformer for the dihedral angle of C16-C14-S1-C11 (45.0°) of MPSB. UV
absorptions in different solvents and air give nearly the same values. The
highest delocalization regions are around N5-C21=0,, C14-S1-C11 and
C7 =(C8-N3. The reactivity descriptors were discussed in detail to find bio-
logical effects. Wavefunction-dependent properties like LOL, ELF, etc. stud-
ies provide a lot of information regarding the electronic properties that are
ample for predicting bioactivity. Due to the antitumor activity of MPSB,
docking is done with different PDBs and 3AGC gives maximum binding
energy and the MD simulations of MPSB with 3AGC are analyzed in detail.
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Introduction

Due to their broad range of pharmaceutical uses, indazoles have gained considerable interest in
the past decades.' Indazole moiety is a component of numerous bio-molecules, generating a lot
of interest in the new discovery.” Many indazole compounds have been well-known for their bio-
logical properties for a long time.” Indazole scaffolds exhibit fascinating biological characteristics
and have gained popularity as a major component in dyes and fluorescent materials.*® All bio-
logical molecules have amide functional groups as one of their common properties.””® According
to a review of literature, molecules with amide linkages, such as benzamides, need special atten-
tion since they exhibit biological and pharmacological properties.””'! An indazole derivative syn-
thesis with structure studies is reported by Lu et al.'* Several benzamide derivatives are effective
activators and demonstrated excellent docking poses.'>™"”

Recently, synthesis, biological evaluation, docking and theoretical analysis of novel benzamide
derivatives are reported.'®*' Benzamide derivatives have been successfully designed by several
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2 J. S. AL-OTAIBI ET AL.

pharmaceutical companies.”*>* Molecular modeling of new benzamides with biological activity
studies has recently been reported.”>*® Some medicines, such as celecoxib, apixaban, ibrutinib,
crizotinib, axitinib and niraparib having various medicinal effects contain indazole rings.*’~>>
Axitinib is an orally active drug used to treat renal cell carcinoma.”® Axitinib is widely used in
conjunction with pembrolizumab or avelumab to treat patients with RCC.** Vasileiadis et al.’
predicted the crystal structures of axitinib. Sulfanyl has the ability to add to a multiple bond intra
molecularly and this method has been effectively used in the production of other bioactive
chemicals.”

The efficacy of a novel benzamide derivative as a chemotherapeutic drug in cancer cells is
reported by Narayanan et al.”” Theoretical methods are reported to understand analytical separa-
tions at the molecular level for a benzamide derivative.’® Zhang et al.’® reported the design, syn-
thesis and biological evaluation of benzamide derivatives as potential antitumor agents. Routholla
et al.*® reported a series of benzamide derivatives with promising anticancer activity recently.
Spectroscopic investigation of some sulfanyl derivatives are reported by the author’s group.*' *’

Metal-organic frameworks have piqued researchers’ interest due to their applications in differ-
ent fields.** The structural determination of the gold nanoclusters led to progress in understand-
ing the structure of the gold-ligand interface, the interactions and the methods that control their
electrical structure and optical responses.”” The study of the silver cluster’s NLO properties in
various solvents shows that they could be used in chemical and pharmaceutical fields.*® Coinage
metal nanoclusters have attracted interest in recent years due to the availability of atomic level
precision via combined experimental and theoretical methods.*”*® In the present study, the DFT,
docking and MD simulations of axitinib (MPSB) are reported due to its important biological
activities. We report the chemical reactivity descriptors and evaluation of the intra-molecular elec-
tron delocalization due to hyper conjugation and other quantum mechanical parameters also.

Methods

DFT calculations have been used for the optimization of MPSB using Gaussian 16,* with
B3LYP/6-311++G(d,p) basis set (Figure 1).° GaussView, Version 6.1 is used for the preparation
and viewing of input/output files.”" The default settings were used for the convergence criteria
regarding SCF and optimization procedure. The same basis set is used for conformational ana-
lysis, FMOs, MEP and TD-DFT calculations. Reaction sites of MPSB were calculated using
Multiwavefunction software.”> The topological characteristics of ELF, LOL and atoms in mole-
cules (AIM) studies were done using the Multiwfn 3.6 program, which is a key component of
Bader’s AIM hypothesis. The complex was subjected to MD simulation by Gromacs-2019.4.>> The
system preparation was according to literature.”* Trajectory analysis for 100 ns was performed to
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Figure 1. Optimized geometry of MPSB.
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find various parameters.”> MM-PBSA approach was used to find binding free energy with the
help of GROMACS utility g mmpbsa for the last 20 ns in with dt 1000 frames.

The interaction of metal-metal dimer with biomolecule is carried out by Vienna Ab initio
Simulation Package ‘VASP’.°**” We used ab initio projector augmented wave method®® and a
plane wave basis set within the spin-polarized DFT and the generalized gradient approximation
for the exchange-correlation energy as implemented in VASP code. To reduce the interaction
between the system and its periodic images, all simulation cells were padded with a vacuum space
such that there was at least 10 A of vacuum in all directions between the surface atoms in a clus-
ter and its periodic images. The calculated geometric parameters represent a good approximation
and can provide a starting point to calculate other parameters, such as charge distribution using
Bader charge analysis, and density of states. The minimum energy structures of interaction of
MPSB with Ag-Ag and Au-Au is presented in Figure S1. The validation of optimized structure
as a local minimum on potential energy surface (PES) is done by frequency calculations. There is
no imaginary frequency.

Results and discussion
Conformational analysis

Conformations are the various spatial arrangements that a molecule can adopt as a result of rota-
tion about a particular bond.®® The rotation requires activation energy, which is plotted in the
PES. The PES is a graphical representation of the energy of a molecule and its geometry.®" The
molecule’s most stable conformer was determined using conformational analysis. The PES was
generated by finding the total energy with change in dihedral angles, C12-C7-C9-Cl5,
C16-C14-S1-C11, C9-C15-C18-C23 and C16-C21-N5-C26, selected at intervals of 10° by the
DFT method (Table 1, Figures S2 and S3). For the conformations, (1) and 7(3), only one global
minimum is observed at 0.0° with energies, —1525.548340 Hartree. 7(4) produces two minima at
0.0 and 157.0° in which the lowest conformation corresponds to 0.0. 7(2) produces three minima
at 45.0°, 0.0° and 141.0° in which the lowest conformation corresponds to 45.0°. According to
PES, conformer t(2) was the most stable of all with the lowest potential energy at an angle
of 45.0°.

Chemical and electronic properties

The frequency calculations revealed that no imaginary vibrational frequency existed for MPSB,
indicating a true minimum. The electronic and geometrical properties of MPSB were investigated
using dipole moment values. The FMOs (Figure 2) are undergone chemical reactions due to elec-
tron transfers from occupied to the unoccupied molecular orbitals. HOMO is delocalized over
phenyl rings while LUMO is over pyridine and indazole rings which are evident for the charge
transfer within the system. The different chemical descriptors are (eV): EHOMO = —7.4648,
ELUMO = —5.5290, energy gap = 1.8358, hardness = 0.9679, chemical potential = —6.4969 and
electrophilicity index = 21.80eV.%” The value of electronegativity and hardness are a measure of
the capacity of the molecule to attract electrons and the resistance of an atom to charge transfer.

Table 1. Relative energy for different conformations.

Dihedral angle Value (°) Energy (Hartree) Relative energy

(M C12-C7-C9-C15 0.0 —1525.548340 0.000558
(2) C16-C14-51-C11 45.0 —1525.548898 0.000000
(3) C9-C15-C18-C23 0.0 —1525.548340 0.000558
(4) C16-C21-N5-C26 —0.0 —1525.548340 0.000558

A a4 a9 A
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1.8358 eV

Figure 2. HOMO-LUMO plots of MPSB.
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Figure 3. (a) MEP and (b) ESP plots of MPSB.

The electrophilicity index predicts the stabilization energy when its electrons are saturated and
can even be used to predict biological activity.

MEP is employed in biological recognition processes to predict target binding locations, elec-
tron donor and acceptor areas.’ Different colors on the MEP surface (Figure 3) were used to
depict the sensitivity of electrostatic potential; intense red and dark blue colors represent high
electronegative and electropositive potential. The polarity of the molecule increased as the con-
trast between red and blue color increased. Non-polarity was shown by the lightening of colors
or white shade. Oxygen atoms and the pyridine ring of MPSB were primarily responsible for the
red and yellow areas. Higher electronegative and electropositive regions were over O and N, H
atoms, indicating sites for nucleophilic and electrophilic attacks.®*

NBO study is of much interest as it explains the electron shift from bonding to anti-bonding
orbitals and in some cases, from anti-bonding to anti-bonding orbitals during chemical reactions.
Very strong hyper conjugative interactions are produced by lone pair atoms as®>: 02—N5-C21,
02—Cl16-C21, N3—N4-C9, N3—C7-C8, N5—02-C21 with energies, 22.84, 16.57, 28.85, 37.30,
57.42kcal/mol. Other interactions are given in Table S1. The high delocalization energies indicate
that the molecule is inherently stable due to hyper conjugative delocalization.

In the case of MPSB, the UV absorptions in different solvents and air (Figure S4) are
nearly the same (313, 270, 262nm). Studies using polarizability data is a useful tool to
explain the NLO properties of molecules. This helps to identify the suitability of the com-
pound in NLO materials for communication devices. The dipole moment, polarizability, first-
and second-order hyperpolarizabilities are 5.302 Debye, 4.654 x 1072%, 22.03310°° and
—42.652 x 107 esu, respectively. It can be concluded that the drug molecule can also act as
an NLO material.®®
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Charge transfer mechanism

The charge movement component assumes a significant part in bonding communication. In light
of the Bader charge examination,”” we get knowledge into the quantitative assessment of charge
move between MPSB and Ag-Ag or Au-Au dimer. As we probably are aware the Ag molecule
have 4d'%5s' electronic arrangement while Au particle have 5d'°6s" electronic design individually
and there are all out 11 valence electrons in both case. Here in the current computations, it tends
to be seen by Table 1, if Au-Au dimer collaborates with biomolecule, a smidgen around 0.22e
charge is moving from the biomolecule to the Au dimer for example Au molecule is in control
acquiring state and acting like charge acceptor species while MPSB acts like charge giver species.

Be that as it may, when the Ag-Ag dimer is communicating with biomolecule, there is no
charge move between Ag dimer and MPSB. As a rule, our outcomes demonstrate that MPSB will
in general, lose electrons on the opposite side, the Ag-Ag dimer incites a higher centralization of
electrons at the surface because of the Coulomb interaction region. Another region for inducing
charge is spin density, which is preferentially localized around the biomolecule system, not the
Ag-Ag and Au-Au dimer.

Density of states

The density of states analysis has also been carried out by using VASP***” for the studied struc-
ture. The TDOS plot, a population study per orbital predicts the composition of the molecular
orbital in a specific energy range as shown in Figure S5. In the inset, TDOS of MPSB was also
calculated by using GauSumm.®® As we can see, the TDOS plot of pure MPSB shows a larger
band gap around 3.80eV which become 1.12eV after interacting with Ag-Ag dimer and 2eV
with Au-Au dimer i.e. both the metal dimer making the biomolecule more interactive. A large
gap means the system is stable and not suitable for nucleophilic and electrophilic reactions. In
the above charge transfer mechanism, we found that Ag-Ag dimmers are gaining charge from
the biomolecule that means that the site has more negative charge and will act as the nucleophilic
site. The band between —1 to —5eV was formed by the hybridization of C 2p, N 2p, S 3p, O 2p,
H 1s and Ag 6s orbitals and also the symmetry between spin up and spin down channel is lost
near the Fermi level giving the magnetic signature. The DOS spectra of the Ag-Ag/
Au-Au + biomolecule composite near the Fermi level have unequivocal modification as a result
of the association of the Ag-Ag/Au-Au dimer. The DOS near the Fermi level is affected through
the communication of Ag-Ag/Au-Au on the outer layer of biomolecule and moves somewhere
around about 0.76eV contrasted and the unadulterated MPSB. It makes additional pinnacles
show up in the valence band which takes part in the limiting technique. This huge shift can be
credited to the lessening in great Coulomb potential on account of the charge move. On the other
hand in the case of Au-Au dimmer interaction with biomolecule spin up and spin down channel
got adjusted and there is no magnetic signature.

Topology analyses

The atom in molecules theory is a powerful tool for investigating chemical processes on a broad
scale and it relies solely on information contained in the electron density and this theory gener-
ally provides a way for identifying bonds between atoms in compounds. According to AIM, each
pair of atoms that are connected has one bond critical point (BCP) and chemical bonding inter-
actions can be identified and categorized based on the features of the electrons on the critical
points and energy densities at these BCPS, also its state that the nature of interaction across the
complete reaction route. In general, there are four types of critical points: (3, —3) local maxima
or peaks, in which second derivatives must be negative; (3, —1) saddle points or passes (BCPs), at
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Figure 4. Graphical representation of (a) localized orbit locator (LOL) and (b) Electron localization function (ELF).

which two eigenvectors are negative and the other is one positive; (3, +1) ring critical points or
pales, if one is negative and other two are positive; and (3, +3) local minima or pits, in which
one is negative and two are positive (cage critical points).®>”°

In this analysis, only the molecule BCPs were taken into account, the electron density p(r)
and the second derivative of V?p(r) Laplacian electron density was used to quantify the atomic
strength properties and molecular interactions at BCPs respectively. The value of p(r) > 0.14 a.u.
and V2p(r) < 0, indicates that the shared interactions of covalent bond while the pb(r) <
0.05a.u., and V?p(r) > 0 shows the presence of the closed-shell interactions of ionic, Van der
Waals, hydrogen bond etc., at BCPs.”" Figure 4 shows the AIM molecular graph of MPSB, with
bond paths as black lines, critical points as green small spheres), ring path (ash color solid lines),
ring critical points RCP’s as small red sphere and non-covalent weak interactions (black dot-
ted lines).

The BCP, where the localized attractor of the electron density distributions, was used to deter-
mine the topological parameters, and the values are provided in Table S2. From this table the
positive value of V2p(r) are 0.0560 and 0.0469 a.u. at S1-O2 and C11-H34 shows that the closed
shell weak interactions of electrostatic nature and other negative values of V2p(r) and the range
0.0146 to 0.3259 a.u. of p(r) represents a strong covalent bond interaction. The bond ellipticity
€, is anisotropy of electron density curvature and measures the 7-bond nature, was examined.
The strong the m-delocalization and asymmetry of electron density distributions were identified
by the greatest value of £.7>7% In the present case, the highest € value was noted at C11-H34,
which exhibits the greater asymmetry of electron density distribution and n-bond nature of the
title compound.

The LOL and ELF were frequently employed to show the relationship between the electronic
and geometry structure of the compound. Schmider and Becke’s early reported, LOL functions
are widely utilized to explain chemical properties such as chemical shell structure, molecular
bonding and lone pair electrons and also based on the kinetic energy density, LOL and ELF have
a similar interpretation of chemical properties.”*”> Figures 5 and 6, show a quantitative and col-
ored graphical representation of both ELF and LOL analyses respectively. In these figures, the
color red denotes high ELF and LOL values, while the color blue denotes the location with the
lowest ELF and LOL value and also these colors (red and blue) are represented localization and
delocalization of electrons respectively. As shown from Figure 5(a) and (b), in the present investi-
gation the red region around H43, H34, H33, H40, H45 are projected to be bonding and non-
bonding localized electrons because they show the highest LOL and ELF values. The blue color
regions at C26, C21, Cl16, C14, C17, N3, C7, C15, C23, O2 which indicate that delocalization of
electrons around the nucleus and also specific blue circles are found at C21, C14 and C7, give
high electron delocalization around the nucleus. Since these highest delocalization regions
N5-C21 =02, C14-S1-C11 and C7 = C8-N3 were also presented graphically in Figure 6.

The RDG graph is being used to detect weak inter and intra molecular interactions among the
atoms of the molecule and this graph was plotted RDG versus sign (4,)p gives a visualization of
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Figure 5. 2D Plot of Electron localization function (ELF) for important delocalization regions (a) C14-S1-C11, (b) N5-C21 =02.

weak interactions in a small range. Weak interactions in the molecule with its surroundings are
observed using non-covalent interactions (NCI) and a continuation of AIM analysis. The energy
equation, can be used to determine the RDG values for the scatter plot,/° RDG® =
1/2(372) v p(r)‘ /p (r)4/ >, where p(r) is the electron density. According to this hypothesis,
the materials’ attractive, repulsive and neutral interactions are represented by the tiny range
between negative and positive values of sign (4,)p. In the RDG map, if the sign (4;)p value
greater than zero ((/2)p > 0), nearly zero ((42)p =~ 0) and less than zero ((42)p < 0) are indi-
cating that the repulsive steric effect, Van der Waals (vdW) interactions and the attractive hydro-
gen bond interaction, respectively, and their corresponding colors of red, green and blue were
also used to identify them. In the present study, from Figure 7, the sign (4,)p region (—0.01 to
—0.018 a.u) of dark green with slightly blue color spikes implies that Van der Walls interactions
at C14-S1...02 and the intra molecular hydrogen bond at C13-Cl1... H34, respectively. The
region above 0.0la.u (0.01 to 0.02 a.u & = 0.05 a.u) of red color spikes represents strong steric
repulsive effect.

Molecular docking and simulations

Due to the antitumor activity of MPSB, docking is done with the PDBs, 3AGC, 7BT5, 1NCO,
5UAB, 6FF] and 60SH with AutoDock software.””””® The PDBs have crystal structures having
resolutions 1.12-2.49 A and are antitumor protein complexes.”” ®> 6FFJ is a 2.20 A crystal struc-
ture of anti-tumor 14F7 derived single-chain Fvs.*> 60SH is a 1.12A crystal structure of an
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Figure 6. AIM Molecular graph of MPSB: green small spheres (BCPs), small red sphere (RCBs), black lines (bond paths), ash color
solid lines (RCP to BCP ring path) and block dotted lines (non-covalent weak interactions).
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Figure 7. RDG Plots versus the electron density p multiplied by the sign of A2 for MPSB.

antitumor antibody complex with tyrosine-protein kinase trans-membrane receptor ROR2.** The
binding energies are respectively, —10.9, —9.9, —8.8, —8.5, —8.2 and —8.1 kcal/mol for the MPSB
complex with 3AGC, 7BT5, INCO, 5UAB, 6FF] and 60SH and results in suitable inhibitory
activity against the receptors and hence the title compound can be developed as a multidrug. The
2D interaction plots (Figure S6) with the amino acids of the PDBs are generated by using
BIOVIA Discovery Studio software (http://accelrys.com/products/collaborative-science/biovia-dis-
covery-studio/).

Interactions of 3AGC with MPSB: The active amino acid Arg215 forms conventional H-
bond and carbon-hydrogen bond with same carbonyl group having 2.73, 2.54 A. Arg215 also
forms hydrophobic amide n-stacked interaction with 1,2-disubstiuted phenyl ring and hydro-
phobic 7-alkyl interaction with five member ring showing the distances 3.87, 3.70, respectively.
Arg279 shows an electrostatic m-cation interaction and His 171 shows a hydrophobic n-m T-
shaped interaction with pyridine are at the distances of 4.59, 4.56 A. Pro220 displays two
hydrophobic 7-alkyl interactions with the phenyl rings at distances of 4.87, 5.42 A. Val 208
formulate hydrophobic n-alkyl interaction with 1,2-disubstitued phenyl ring at the distance
of 5.15A.

In our study, the crystal structure of F218V mutant of the substrate-bound red chlorophyll
catabolite reductase apo and complex with selected ligands from docking LIG was subjected to
molecular dynamics simulation analysis due to the high docking energy of —10.9 kcal/mol. MD
simulation for 100 ns was conducted to understand the stability of the above-mentioned protein-
ligand complexes root mean square deviation (RMSD), root mean square fluctuations (RMSF),
RG, H-bonds (Hydrogen bonds) and MMPSA calculations were made.

Root mean square deviation is an important parameter for the determination of the differences
between the two confirmations. The higher the RMSD value, the more is the deviation. The
RMSD values are calculated against the simulation timescale of 20-100ns. The average RMSDs
from 0 to 100ns for apo and ligand-protein were 0.35 and 0.37 nm which gives relative stability
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Figure 8. (a) RMSD of backbone atoms of apo and its complex with ligand complex, (b) ligand RMSD of backbond atoms of lig-
and complex, (c) RMSF of c-alpha atoms of apo and its complex with ligand with chain A, (d) RMSF of c-alpha atoms of apo and
its complex with ligand with chain B.

of apo and ligand complex.*® RMSD results for APO and its complex with the ligand are depicted
in Figure 8. During the 100 ns simulation, it was observed that the APO and complexes are equi-
librated after 20 ns of time. The mean RMSD of apo and complexes were calculated from 20 ns to
100 ns. The amino acids involved in bringing the overall structural deviation are explored in the
RMSF plots.

Ligand RMSD is an important parameter for the determination of the differences between the
two confirmations. The Ligand RMSD values are calculated against the simulation timescale of 0
to 100 ns. The average ligand RMSDs from 0 to 100 ns for inhibitors ligand was 0.17 nm, giving a
good stability.>

RMSF analysis determines which amino acids of the protein make more vibrations, resulting
in the destabilization of protein in the presence and absence of the ligands. The RMSF values are
calculated against the simulation timescale of 0-100ns. The RMSF results for APO and its com-
plex with ligand, chain A and chain B are depicted in Figure 8. The average RMSF-A chain and
B chain from 0 to 100 ns for apo and ligand complex were 0.3 nm, respectively.

The compactness of the protein can be determined by the radius of gyration. Folding and
unfolding of the protein was analyzed by the RG values against the simulation timescale of 0 to
10,000ps for APO and its complex with ligand. The average RG from 0 to 100 ns for apo and lig-
and complexes were 2.59 and 2.62nm. The RG result of the APO and its complex with ligand is
depicted in Figure 9.

To understand the modulation of inhibitors on the protein, SASA changes the compactness of
protein. In all of the complexes, the changes in SASA values were relatively small. SASA values
range from 0 to 100 represented in Figure 9 with an average from 0 to 100 ns for apo and inhibi-
tors ligand were 262 and 269, respectively.®” Protein-ligand complexes are stabilized by the for-
mation of hydrogen bonds. In our research, the hydrogen bonds formed in the molecular
docking analysis are confirmed by the simulation analysis. The H-bond result of the complex
with ligand (Figure 9). How much energy is required for the ligands to bind to protein is deter-
mined by MMPBSA. The binding energy of ligand is —115.757 +14.212kJ/mol and MMPSA of
the complex with the ligand of last 20 ns simulation
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Figure 9. (a) RG of backbone atoms of apo and its complex with ligand, (b) SASA of backbone atoms of apo and its complex
with ligand, (c) H-bond of complex with ligand.

Conclusion

The quantum mechanical properties of the drug molecule, MPSB with the intention to illustrate
its various physicochemical properties, are reported in the present work. The FMOs together with
MEP analysis helped to study the relative stability and activity of the compound. The positive
value of Laplacian electron density are 0.0560 and 0.0469 a.u. at S1-O2 and C11-H34 which
shows that the closed-shell weak interactions of electrostatic nature and other negative values of
density represents a strong covalent bond interaction.

The highest bond ellipticity value was noted at C11-H34, which exhibits the greater asym-
metry of electron density distribution and =m-bond nature of the title compound. The mean
RMSD, RMSF and RG values of apo and complexes were calculated from 20 to 100 ns and the
amino acids involved in bringing the overall structural deviation are explored in the RMSF plots.
The binding energy of the ligand was —115.757 + 14.212 kJ/mol.
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