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ABSTRACT

Antihyperlipidemic activity refers to a compound’s ability to lower lipid levels, particularly
cholesterol and triglycerides, thereby reducing the risk of cardiovascular diseases such as
atherosclerosis and coronary artery disease. Benzoxazole derivatives are known for their wide-
ranging pharmacological and optoelectronic applications. Computational investigations were
performed using DFT and TD-DFT (B3LYP/6-311++G(d,p)) to study optimized geometry, FMO, DOS,
MEP, and NLO properties in gas and aqueous phases. Molecular docking (AutoDock Vina, PyRx)
was employed against the ACAT enzyme (PDB ID: 1DQ9) to assess bioactivity, with interactions
visualized in BIOVIA Discovery Studio. FMO and DOS analyses revealed a narrow HOMO-LUMO
gap (4.7185 eV in gas, 4.6643 eV in water), indicating enhanced charge transfer and electronic
delocalization in polar media. The MEP map identified active electrophilic and nucleophilic regions,
aligning with global reactivity descriptors. TD-DFT results showed n—n* transitions with slight
red shifts in aqueous phase, confirming solvent-induced stabilization. Notably, NMBA exhibited
an exceptional NLO response with a first-order hyperpolarizability (Btot = 20447.47x10-* e.s.u.),
about 61 times greater than urea, highlighting its strong optical activity. Molecular docking against
1DQ9 protein revealed a high binding affinity (-7.50 kcal/mol) via hydrogen bonding, n—alkyl,
and hydrophobic interactions, affirming NMBA'’s potential as an effective anti-cholesterol agent.
Theoretical and docking results highlight NMBA as a promising multifunctional molecule with
superior NLO properties and significant antihyperlipidemic potential, bridging optoelectronic and
pharmaceutical applications.

Keyword: DFT, TD-DFT, DOS, Benzoxazole, NLO, Molecular docking.

INTRODUCTION lowering the risk of atherosclerosis, coronary artery

disease, and stroke'2. Key therapeutic targets include

Antihyperlipidemic activity refers to  ACAT and HMG-CoA reductase, and recent efforts

the ability of a compound to reduce lipid levels, focus on developing novel synthetic and natural
particularly cholesterol and triglycerides, thereby inhibitors to overcome statin intolerance®. Notably,
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benzoxazole-based compounds have previously
shown promising ACAT inhibitory activity, supporting
their potential as antihyperlipidemic agents*®.

The benzoxazole nucleus, composed of a
fused benzene and oxazole ring, is a key heterocyclic
framework widely explored in medicinal and materials
chemistry™. Its strong n-electron delocalization
and planarity confer unique physicochemical and
biological properties''. Benzoxazole derivatives
display diverse pharmacological activities i.e.
antimicrobial, anticancer, anti-inflammatory, antiviral,
antioxidant, antitubercular, and antihyperlipidemic
attributed to their ability to form hydrogen bonds,
n—n stacking, and hydrophobic interactions with
biological targets'?4.

Benzoxazole derivatives continue to
represent a privileged scaffold in medicinal
chemistry due to their diverse pharmacological
activities and structural versatility. Fig. 1 illustrates
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a series of benzoxazole-based compounds (1-5)
exhibiting significant biological potential across
various therapeutic areas. Compound 1 acts as an
anti-HIV agent's, while compound 2 is identified as
an anti-inflammatory agent's. Compound 3 displays
promising anticancer activity through possible
apoptotic pathways'?, while compound 4 functions as
a selective COX-2 inhibitor'®. Moreover, compound
5 exhibits antibacterial properties™. The highlighted
structure in the dashed box represents a novel
benzoxazole analog designed in this work,
aimed at enhancing biological potency through
rational modification of the core scaffold. Beyond
medicinal applications, benzoxazole derivatives
hold great significance in materials science due
to their superior optoelectronic properties, such
as high thermal stability, strong fluorescence,
and efficient intramolecular charge transfer?°-22,
These features make them attractive candidates
for nonlinear optical (NLO) materials, OLEDs,
and photovoltaic devices.

3 Anticancer

Fig. 1. Some examples of bioactive benzoxazole derivatives

However, despite extensive synthetic and
biological studies, derivatives like N-ethyl-N-(2-(2-
(5-methylbenzo[d]oxazol-2-yl)hydrazineyl)ethyl)
aniline (NMBA) remain theoretically underexplored.
A lack of computational investigation limits insight
into their electronic structure, reactivity, and stability.
Modern quantum chemical tools, especially Density
Functional Theory (DFT) and Time-Dependent DFT
(TD-DFT), provide powerful means to elucidate
these molecular characteristics and rationalize their
structure-property relationships®24,

Density Functional Theory (DFT)
calculations at the B3LYP/6-311++G(d,p) level
were performed to optimize the molecular structure
of NMBA and evaluate its electronic and optical
properties through FMO, DOS, MEP, and NLO
analyses. Solvent effects were modelled using
the PCM approach, while TD-DFT calculations
provided insights into excited-state transitions and
absorption spectra. Molecular docking using PyRx—
AutoDock Vina against receptor 1DQ9, validated via
Ramachandran analysis, revealed the compound’s
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strong binding affinity and stability. This integrated
DFT-TDDFT—docking study elucidates NMBA’s
electronic behaviour and bio interaction potential,
emphasizing its dual applicability in optoelectronic
and pharmaceutical fields.

Computational details
Density functional theory (DFT) calculations

All quantum chemical calculations were
carried out using the Gaussian 09W software
package?®. The molecular geometry of (NMBA)
was fully optimized in the gas phase without any
symmetry constraints using the B3LYP hybrid
functional in conjunction with the 6-311++G(d,p)
basis set?®®?’. Frequency calculations confirmed
that the optimized geometry corresponds to a
true minimum on the potential energy surface,
as no imaginary frequencies were observed. All
visualizations of optimized structures, FMOs, and
MEP surfaces were generated using GaussView
6.0% and ChemCraft 1.8% software.

Molecular docking studies

Molecular docking is a robust computational
technique used to predict the most favourable
orientation of ligands within protein active sites,
providing insight into interaction strength and binding
specificity®. In this study, docking analyses were
carried out to explore the antihyperlipidemic potential
of the benzoxazole derivative (NMBA) against the
ACAT enzyme (PDB ID: 1DQ9%"), a pivotal target
in cholesterol metabolism. Inhibition of ACAT and

HMG-CoA reductase (HMGR) is known to lower
cholesterol esterification and enhance LDL clearance,
thereby maintaining lipid homeostasis. Considering
the therapeutic limitations of conventional statins,
AutoDock Vina (PyRx) was employed to simulate
NMBA-ACAT interactions and predict its potential
mechanism of action. Protein preparation involved
the removal of crystallographic water molecules and
the addition of hydrogen atoms to optimize binding
site geometry. The obtained docking results provided
binding affinities and optimized ligand conformations,
which were further analysed using BIOVIA Discovery
Studio Visualizer 2025%. This analysis enabled
visualization of key hydrogen bonding, hydrophobic,
and n—rn stacking interactions, offering detailed
insights into the binding stability and interaction
mechanism of the NMBA-ACAT complex.

RESULTS AND DISCUSSION

Optimized geometry

The optimized molecular geometry of
NMBA was obtained at the B3LYP/6-311++G(d,p)
level of theory in both gas and aqueous phases.
The equilibrium geometrical parameters, including
selected bond lengths and bond angles, are
summarized in Tables 1 and 2, respectively. The
optimized structure (Fig. 2) reveals that NMBA
maintains a nearly planar conformation around
the benzoxazole and hydrazine linkage, whereas
the ethyl aniline fragment exhibits slight torsional
flexibility due to steric and electronic interactions.

Fig. 2. Optimized molecular structure of title compound in gas and water phase

The optimized geometrical parameters
reveal minimal differences between the gas and
solvent phases, indicating the structural rigidity of the
NMBA framework. The C-C bond lengths within the
benzoxazole ring (1.378-1.416 A) are characteristic
of aromatic conjugation, while slight elongation of
bonds such as R(3-4), R(4-5), R(5-6), and R(6-7) in

the aqueous phase is attributed to solvent-induced
polarization and partial t-electron delocalization. The
C-N bonds linking the benzoxazole and hydrazine
moieties (e.g., R(3-10) = 1.4543 A in gas, 1.4572 A
in water) are marginally longer than typical C-N single
bonds, suggesting partial double-bond character due
to conjugation between the benzoxazole nitrogen
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and the hydrazine lone pair. The N-N linkage within
the hydrazine bridge further supports resonance
delocalization across the donor-acceptor framework,
promoting efficient n-electron flow. Meanwhile, C-H
and N-H bonds (e.g., R(1-26), R(1-27), R(2-28))
exhibit negligible changes (<0.01 A) upon solvation,
reflecting minimal solvent influence on peripheral
hydrogens. Overall, solvation produces only minor
geometric adjustments while enhancing dipolar
stabilization through dielectric screening, with slight
C-N and C-O bond contraction in water suggesting
additional stabilization via hydrogen bonding and
dipole—dipole interactions with the solvent continuum.

186

The calculated bond angles of NMBA
exhibit remarkable consistency between gas and
solvent phases, confirming its structural stability.
Angles within the benzoxazole core (e.g., A(3-4-5) ~
121°) align with typical sp2 hybridization, supporting
its aromatic nature. The N-C-N and C-N-C angles in
the hydrazine linkage show slight pyramidalization
due to lone-pair interactions and partial conjugation.
Minimal deviations in the ethyl aniline unit upon
solvation indicate negligible solvent influence on
local geometry. Minor angle expansions at donor
sites reflect subtle structural relaxation in polar media
from enhanced charge delocalization.

Table 1: Bond lengths of title compound

Atoms Gas Water Atoms Gas Water Atoms Gas Water
R(1-2) 1.5349 1.5341 R(7-33) 1.0832 1.0834 R(15-16) 1.3892 1.3888
R(1-3) 1.4614 1.4651 R(8-9) 1.3909 1.3918 R(16-17) 1.3974 1.3974
R(1-26) 1.0951 1.0944 R(8-34) 1.0849 1.0851 R(16-21) 1.378 1.3781
R(1-27) 1.0926 1.0916 R(9-35) 1.081 1.0809 R(17-18) 1.3927 1.3936
R(2-28) 1.0919 1.0923 R(10-11) 1.5373 1.5373 R(17-23) 1.3976 1.3987
R(2-29) 1.0927 1a.0925 R(10-36) 1.0959 1.0946 R(18-19) 1.4003 1.4021
R(2-30) 1.0945 1.0941 R(10-37) 1.0926 1.0918 R(18-40) 1.0839 1.0843
R(3-4) 1.3927 1.3877 R(11-12) 1.4704 1.4717 R(19-20) 1.4067 1.4071
R(3-10) 1.4543 1.4572 R(11-38) 1.0917 1.0914 R(19-22) 1.5119 1.512
R(4-5) 1.4133 1.4163 R(11-39) 1.0964 1.0966 R(20-21) 1.3989 1.4004
R(4-9) 1.4131 1.4161 R(12-13) 1.408 1.4074 R(20-41) 1.0845 1.0844
R(5-6) 1.3907 1.3916 R(12-25) 1.0173 1.0172 R(21-42) 1.0827 1.0827
R(5-31) 1.0808 1.0807 R(13-14) 1.3663 1.3586 R(22-43) 1.0955 1.0954
R(6-7) 1.393 1.3949 R(13-24) 1.01 1.0102 R(22-44) 1.0926 1.0922
R(6-32) 1.0849 1.0851 R(14-15) 1.369 1.3659 R(22-45) 1.0923 1.0922
R(7-8) 1.3928 1.3948 R(14-23) 1.2955 1.3022
Table 2: Bond angles of title compound
Atoms Gas Water Atoms Gas Water Atoms Gas Water
A(2-1-3) 115.0661 115.0567 A(5-6-32) 118.7026 118.6334 A(14-15-16) 103.264 103.635
A(2-1-26) 109.857 109.9022 A(7-6-32) 119.9996 120.0082 A(14-23-17) 103.718 103.796
A(2-1-27) 109.2463 109.2447 A(6-7-8) 118.1833 118.1038 A(15-16-17) 107.309 107.294
A(1-2-28) 111.4568 111.6327 A(6-7-33) 120.9059 120.9482 A(15-16-21) 128.776 128.746
A(1-2-29) 111.183 111.1476 A(8-7-33) 120.908 120.9456 A(17-16-21) 123.913 123.958
A(1-2-30) 110.0925 109.7953 A(7-8-9) 121.2687 121.3265 A(16-17-18) 119.504 119.496
A(3-1-26) 109.2689 109.2409 A(7-8-34) 120.0004 120.0194 A(16-17-23) 109.079 109.016
A(3-1-27) 107.1535 107.0328 A(9-8-34) 118.7294 118.653 A(16-21-20) 115.793 115.801
A(1-3-4) 121.0442 121.1291 A(8-9-35) 118.213 118.2127 A(16-21-42) 122.329 122.366
A(1-3-10) 117.7443 117.6007 A(11-10-36) 109.7866 109.7948 A(18-17-23) 131.411 131.484
A(26-1-27) 105.8167 105.9396 A(11-10-37) 108.5695 108.7119 A(17-18-19) 118.561 118.56
A(28-2-29) 107.9015 108.1342 A(10-11-12) 108.693 108.7077 A(17-18-40) 120.334 120.629
A(28-2-30) 108.0985 107.9748 A(10-11-38) 109.8647 109.8544 A(19-18-40) 121.106 120.811
A(29-2-30) 107.9799 108.0298 A(10-11-39) 110.3499 110.3147 A(18-19-20) 119.937 119.911
A(4-3-10) 121.2071 121.2701 A(36-10-37) 106.0031 106.18 A(18-19-22) 120.119 120.075
A(3-4-5) 121.4571 121.4892 A(12-11-38) 107.2941 107.3888 A(20-19-22) 119.931 120.004
A(3-4-9) 121.6615 121.7565 A(12-11-39) 112.7601 112.5538 A(19-20-21) 122.291 122.274
A(3-10-11) 114.2788 114.0673 A(11-12-13) 113.3245 113.3225 A(19-20-41) 118.974 119.013
A(3-10-36) 109.3929 109.5774 A(11-12-25) 110.702 110.962 A(19-22-43) 111.056 110.977
A(3-10-37) 108.4711 108.1947 A(38-11-39) 107.8111 107.9597 A(19-22-44) 111.417 111.352
A(5-4-9) 116.8795 116.7514 A(13-12-25) 109.5794 109.4927 A(19-22-45) 111.357 111.341
A(4-5-6) 121.1642 121.2087 A(12-13-14) 122.4429 123.1053 A(21-20-41) 118.735 118.714
A(4-5-31) 120.5432 120.5039 A(12-13-24) 114.4486 114.9811 A(20-21-42) 121.879 121.833
A(4-9-8) 121.1916 121.2383 A(14-13-24) 114.0398 115.3509 A(43-22-44) 107.395 107.366
A(4-9-35) 120.5923 120.5478 A(13-14-15) 116.4463 116.667 A(43-22-45) 107.419 107.38
A(6-5-31) 118.2926 118.2874 A(13-14-23) 126.9147 127.065 A(44-22-45) 108.004 108.24
A(5-6-7) 121.2976 121.3581 A(15-14-23) 116.6221 116.255
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Frontier molecular orbital and global reactivity
analysis

The frontier molecular orbitals (HOMO
and LUMO) are key indicators of a molecule’s
electronic behaviour, stability, and reactivity®.
The HOMO-LUMO energy gap reflects charge-
transfer efficiency and chemical responsiveness.
Along with, global descriptors such as ionization
potential, hardness, and electrophilicity provide
quantitative insight into electron-donating and
accepting tendencies, collectively revealing the
molecule’s reactivity and potential in optoelectronic
and biological applications®*3%. The computed
EHOMO values are -5.4139 eV (gas) and -5.4447
eV (water), while ELUMO values are -0.6955
eV (gas) and -0.7804 eV (water), showing slight
stabilization in the aqueous phase due to solvent
polarity (Table 3). The energy gap (AE) of 4.7185
eV (gas) and 4.6643 eV (water) indicate marginal
narrowing upon solvation, suggesting enhanced
polarizability, chemical softness, and improved
charge-transfer potential features beneficial for NLO

187
and bio-interaction properties (Figure 2).

The ionization potential (5.4139 eV in gas,
5.4447 eV in water) indicates moderate electronic
stability and a fair electron-donating tendency of
NMBA. The electron affinity slightly increases from
0.6955 eV t0 0.7804 eV in water, reflecting improved
electron-accepting ability in a polar medium. A minor
decrease in chemical hardness (2.3592 to 2.3322
eV) and an increase in softness (0.2119 to 0.2144
eV-') suggest enhanced polarizability and electronic
flexibility, favourable for strong NLO and bioactive
responses. The rise in electronegativity (3.0547
to 3.1126 eV) and the more negative chemical
potential (-3.0547 to -3.1126 eV) further indicate
increased electron-attracting capacity. Additionally,
the electrophilicity index (1.9777 to 2.0771 eV) and
maximum charge transfer index (ANmax: 1.2948 to
1.3346) confirm stronger electrophilic and charge-
transfer tendencies in aqueous phase, consistent
with enhanced reactivity and improved protein-
binding potential.

Table 3: Global reactivity descriptors in gas and water phase

Parameters Gas Water Units
Evomo -5.4139 -5.4447 eV

E umo -0.6955 -0.7804 eV

Energy band gap (AE = E_,\,o-E,om0) 4.7185 4.6643 eV

lonization potential (I = -E, o) 5.4139 5.4447 eV

Electron affinity (A = -E o) 0.6955 0.7804 eV

Electronegativity (y = (I + A)/2) 3.0547 3.1126 eV

Chemical hardness (n = (I-A)/2) 2.3592 2.3322 eV

Chemical softness (5 = 1/2) 0.2119 0.2144 eV
Chemical potential (u = -(1+A)/2) = - -3.0547 -3.1126 eV

Electrophilicity index (o = p2/2 1.9777 2.0771 eV

Maximum charge transfer index (AN__. = -p/n) 1.2948 1.3346

Density of states analysis

The Density of States analysis (Fig. 3),
computed at the B3LYP/6-311++G(d,p) level,
provides deeper insight into the electronic structure
of NMBA in both gas and aqueous phases. The
occupied orbitals (green) lie below the Fermi level,
while the unoccupied orbitals (red) appear above it.
The HOMO is primarily localized on the benzo[d]
oxazole and hydrazine regions, indicating strong
electron-donating capability, whereas the LUMO is
mainly distributed over the aniline moiety, signifying
electron-accepting characteristics. The calculated
energy gaps of 4.7185 eV (gas) and 4.6643
eV (water) confirm a moderate donor-acceptor
interaction and efficient charge transfer, highlighting

NMBA’s potential for optoelectronic and bioactive
applications.

Fig. 3. FMO’s of title compound in gas and water phase
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Fig. 4. Density of states spectrum in gas and water phase

Molecular electrostatic potential analysis

The Molecular Electrostatic Potential
map (Fig. 5) of title compound, computed at the
B3LYP/6-311++G(d,p) level, illustrates the charge
distribution across the molecular surface in gas
and aqueous medium. The red regions indicate
electron-rich sites associated with negative
potential, mainly localized around oxygen and

nitrogen atoms, suggesting preferred sites for
electrophilic attack. Conversely, the blue regions
represent electron-deficient zones, favourable for
nucleophilic interactions. The distinct variation
in electrostatic potential confirms the molecule’s
strong intramolecular charge transfer and supports
its potential reactivity in biological recognition and
interaction processes.

Fig. 5. MEP of title compound in gas and water phase

Table 4: The maximum wavelength (1), excitation energy, oscillator strength (f), and
major contributions in gas and water phase

No. Energy (eV) A paxNM) f Assignment > 10%
Gas
1 4.728 262.239 0.0519 HOMO->L+8 (61%)
2 4.760 260.476 0.0202 HOMO->LUMO (71%)
3 4.994 248.256 0.2024 H-1->LUMO (14%), H-1->L+2 (13%), H-1->L+5 (34%)
Water
1 4.633 267.623 0.0659 HOMO->L+6 (36%), HOMO->L+7 (53%)
2 4.846 255.822 0.0288 HOMO->LUMO (64%), HOMO->L+2 (16%)
3 4.966 249.681 0.2648 H-1->L+1 (57%)

TD-DFT (UV-Vis) analysis

Time-dependent DFT (TD-DFT) analysis
at the B3LYP/6-311++G(d,p) level was performed to
examine the electronic excitation behaviour of NMBA
in both gas and aqueous phases (Fig. 6). Three major
n—n* transitions were observed at 262, 260, and 248
nm in the gas phase, with the most intense at 248
nm (f = 0.2024). In the aqueous phase, these bands

showed a slight red shift (267, 255, and 249 nm) and
increased oscillator strengths, indicating enhanced
charge-transfer character and solvent stabilization
of the excited states (Table 4). These results confirm
strong intramolecular charge transfer (ICT) and
improved optical responsiveness of NMBA in polar
environments, supporting its potential for NLO and
bioactive applications.



DUBEY et al., Orient. J. Chem., Vol. 42(1), 183-193 (2026)

Fig. 6. Theoretical UV spectra of title compound in
gas and water phase

Non-linear optical analysis

Nonlinear optical studies are fundamental
in assessing molecular systems for their potential
in photonic and optoelectronic technologies,
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with dipole moment, polarizability, and first-order
hyperpolarizability serving as key descriptors.

The following expression is employed in
NLO analysis:

1 1
0
E=E" =, F, =y F By = By FFF, +

6 754
Other equations used in this study are:

=\ + 1+ 1)

(@ e, ta)
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Where p = the total static dipole moment,
o = mean polarizability, and ptot = mean first-order
hyperpolarizability.

Table 5: NLO properties for title compound in gas phase

NLO properties Gas

Water

Dipole moment (u) Debye

NLO properties  Gas Water
Hyperpolarizability (B)x10-* e.s.u.

M, 1.1698 1.7394

H, -0.6663 -1.1840

H, -0.4250 -0.7963

y 1.4117 2.2498

Polarizability (a)x1024 e.s.u.

a,, 45.7763 56.6409

o, 42.4766 60.4935

a, 24.8800 35.7608

<a> 37.7110 50.9651

Ao 27.5170 32.5965

B,  -2328.3788  -4833.1015
B, 54.6339 -1713.4862
B... 136.0705 -235.6226
B, 4664.2689  16043.9889
By 890.4217 2856.9939
B, -102.7649 381.0059
B... -174.8664 -208.2945
B, 91.0015 302.4188
B, 67.4351 548.7870
Bor 5856.0579  20447.4735

The nonlinear optical (NLO) properties
of NMBA, calculated at the B3LYP/6-311++G(d,p)
level (Table 5), were compared with those of urea,
a standard NLO reference material®®. The dipole
moment (p) of NMBA increased from 1.4117
D (gas) to 2.2498 D (water), whereas urea
exhibits only 1.373 D, indicating that NMBA
possesses greater molecular polarity and charge
separation, particularly in polar media. The average
polarizability ( o ) of NMBA was found to be
37.7110x102*e.s.u. (gas) and 50.9651x102* e.s.u.
(water), approximately 8.3 and 11.3 times higher
than that of urea (4.52x102* e.s.u.), signifying
enhanced electronic cloud deformation under an
applied electric field. Furthermore, the total first-
order hyperpolarizability (B,,) of NMBA exhibited
a remarkable increase from 5856.0579x1033
e.s.u. (gas) to 20447.4735x10% e.s.u. (water),
which is about 17.6 and 61.4 times greater than
that of urea (333x10%% e.s.u.), respectively. This

substantial enhancement demonstrates the strong
intramolecular charge transfer (ICT) between the
aniline donor and benzoxazole acceptor units.
Collectively, the higher u, o , and B, values
confirm that NMBA possesses far superior
NLO characteristics than urea, underscoring its
promise for advanced optoelectronic and photonic
applications.

Fig. 7. Ramachandran plot of 1DQ9
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Table 6: Molecular docking of the title compounds with anti-cholesterol
target proteins

PDB ID Binding energy Kcal/mol Amino Acids Distance (A) Type

1DQ9 -7.50 C:ASN658 2.02428 Conventional H Bond
C:PHE628 4.26212 Pi-Pi Stacked
C:MET655 5.19079 Alkyl
C:ALA654 4.28616 Pi-Alkyl
C:MET655 5.11206 Pi-Alkyl
C:MET655 4.26164 Pi-Alkyl
C:ALA654 4.22481 Pi-Alkyl
C:VAL805 4.63466 Pi-Alkyl
C:ALA826 5.17370 Pi-Alkyl

Ramachandran plot

The Ramachandran plot of the 1DQ9
protein confirms excellent stereochemical quality,
with most residues located within the energetically
favoured regions (Fig. 8). The ¢—y torsion angles
are densely clustered in the a-helical (¢ ~ -60°, v
~ —45°) and B-sheet (¢ ~ -135°, y = 135°) regions,
indicating well-defined secondary structures. Nearly

all residues fall within the allowed and generously
allowed regions, signifying minimal steric hindrance
and optimal backbone geometry. Only a few residues
appear in disallowed regions, likely representing
flexible loops or functionally relevant conformations.
Overall, the plot validates the structural reliability and
stability of the 1DQ9 protein model for subsequent
computational and docking analyses.

Fig. 8. (A) 3D visualization of ligand binding within the 1DQ9 active site; (B) 3D interaction; (C) 2D interaction; (D) aromatic
surface; (E) hydrogen bond donor and acceptor mapping; (F) interpolated charge separation (G) ionizability surface
displaying acidic and basic regions; and (H) solvent-accessible surface (SAS); and (I) hydrophobicity
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Molecular docking

Molecular docking was employed to explore
the binding interactions of NMBA with the anti-
cholesterol target protein ACAT (PDB ID:1DQ9). The
compound exhibited a strong binding affinity with
an energy of -7.50 kcal/mol, indicating a stable and
favourable interaction within the active site (Table
6). A key hydrogen bond with ASN658 (2.02428 A)
anchored the ligand, while n-r stacking with PHE628
and multiple hydrophobic contacts with MET655,
ALAGB54, VAL805, and ALA826 (4.22481-5.19079
A) further stabilized the complex. These interactions
reflect effective accommodation of NMBA within the
receptor pocket through electrostatic and van der
Waals forces. Overall, the docking results highlight
NMBA'’s promising inhibitory potential against
ACAT, supporting its candidature as a potential
antihyperlipidemic agent and emphasizing the utility
of molecular docking in rational drug design.

Figure 8 presents the molecular docking
visualization of the NMBA-1DQ9 complex. The
overall 3D structure and binding pocket are shown in
Fig. 8(A), with an enlarged view in Fig. 8(B) highlighting
key ligand-residue interactions. The 2D interaction
diagram (Fig. 8(C)) confirms a conventional hydrogen
bond with ASN658 and multiple n-n and =n-alkyl
interactions involving PHE628, MET655, ALA6G54,
VAL805, and ALA826, which collectively stabilize
the complex. Surface analyses in Fig. 8(D-I)
depict aromatic, hydrogen-bonding, electrostatic,
ionizability, solvent-accessible, and hydrophobic
features of the binding site. These visualizations
demonstrate that NMBA fits snugly within the active
site, forming a stable and energetically favourable

complex through strong hydrogen bonding and
hydrophobic interactions, underscoring its potential
as a promising anti-cholesterol agent.

CONCLUSION

In summary, the combined DFT and
molecular docking analysis of NMBA reveals its
promising structural, electronic, and biological
features. Solvent polarity enhances its stability and
charge delocalization, while FMO and DOS analyses
indicate a moderate energy gap favourable for charge
transfer. TD-DFT results show solvent-induced
red shifts, confirming excited-state stabilization.
Notably, NMBA exhibits a hyperpolarizability over
sixty times that of urea, highlighting its strong
NLO potential. Docking studies with 1DQ9 further
demonstrate a stable binding energy (-7.50 kcal/
mol) through hydrogen bonding, n-r stacking, and
hydrophobic interactions, supporting its role as an
anti-cholesterol agent. Overall, NMBA emerges as
a multifunctional molecule with both optoelectronic
and pharmacological potential.
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