1) Check for updates

Journal of
Chemical
Research

Research Paper

Journal of Chemical Research
July-August 1-7

© The Author(s) 2024

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/17475198241263837
journals.sagepub.com/home/chl

S Sage

In silico molecular docking, DFT, and toxicity
studies of potential inhibitors derived from
Millettia dielsiana against human inducible nitric
oxide synthase

Hoang Thi Tue Trang', Nguyen Xuan Ha?", Cao Hong Le?,
Truong Thi Thuy Nhung*'”| Dinh Thi Truong Giang®,
Nguyen Thi Diem Hang® and Phan Thi Thuy®

Abstract

Inducible nitric oxide synthase is known as a potential biological target that plays a crucial role in regulating the release
of nitric oxide and is responsible for the amount of nitric oxide released during the inflammation process. Searching
for compounds from natural sources that inhibit inducible nitric oxide synthase may reduce excessive nitric oxide
production and counteract metabolic diseases originating from prolonged inflammation. One of the valuable medicinal
plants with significant anti-inflammatory activity evaluated in this study is Millettia dielsiana. The current work focuses
on the molecular docking analysis of compounds derived from Millettia dielsiana to identify potential candidates against
the inducible nitric oxide synthase enzyme. As a result, four compounds (D10 (Tupichinol C), D20 (Durmillone), D46
(Glycitin), and D50 (5,7,4’-trihydroxyisoflavone 7-O-B-b-apiofuranosyl-(|—6)--pD-glucopyranoside) with the most
potent inhibitory potential were identified with binding affinities less than —9.0 kcal mol™'. Moreover, toxicity predictions
using the ProTox Il web server indicated that these compounds exhibit low toxicity (Toxicity Class of 5). Compound D50
showed no activity in hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity, and cytotoxicity. Density functional
theory was employed for molecular description, electronic properties, and chemical reactivity of the compounds. These
findings provide a basis for further in-depth biological experiments in the future.
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Introduction

Inflammation is a pathological condition that encompasses
a wide range of diseases, including rheumatic and immune-
mediated disorders, diabetes, cardiovascular disease, and
so on. Large amounts of nitric oxide (NO) produced by
inducible nitric oxide synthase (iNOS) are known to be
responsible for the vasodilation and hypotension seen in
septic shock and inflammation.! NO is produced by the oxi-
dation of L-arginine by nitric oxide synthase (NOS). When
iNOS is activated and overexpressed, it continuously syn-
thesizes NO.? Targeting iNOS is considered an effective
therapeutic approach for studying anti-inflammatory mech-
anisms. Consequently, natural compounds that inhibit NO
production may help suppress iNOS overexpression or
inhibit iNOS activity. As a result, inhibitors of iNOS could
be potential candidates for the treatment of inflammatory
diseases. Furthermore, with recent advances in bioinfor-
matics, potential inhibitors can now be predicted more effi-
ciently and quickly by simulating their binding reactions
with corresponding pathogenic proteins.>

Millettia dielsiana Harms ex Diels is a type of woody
vine plant in the Fabaceae family, primarily found in Laos,
China, and Vietnam, and grows in closed evergreen forests
or semi-dry, semi-deciduous forests.® In folk medicine, this
plant is used as a tonic and to effectively treat muscle aches
and rheumatoid arthritis.” Numerous studies have demon-
strated its anti-inflammatory activity. According to previ-
ous research, flavonoids, the major chemical components
of this plant, are responsible for its anti-inflammatory
activity. These compounds inhibit NO biosynthesis, which
is regarded as a pro-inflammatory mediator that causes
inflammation in abnormal situations due to overproduc-
tion."® Their results suggest that M. dielsiana Harms ex
Diels can be effective in anti-inflammatory activity and NO
biosynthesis inhibition. The EtOAc extract of M. dielsiana
stems significantly inhibited the production of NO and
tumor necrosis factor (TNF)-a in RAW 264.7 cells.
Furthermore, isoflavones were isolated from the bioactive
fractions of EtOAc extract from M. dielsiana stems which
indicated millesianin C exhibited excellent NO and TNF-o
inhibitory activity.” On the other hand, among isolated
compounds from the ethanolic (EtOH) extract, (35)-vestitol
had the strongest inhibitory effect on NO production, with
an IC,, value of 16.0 * 1.5 uM, while isoliquiritigenin and
tupichinol C had moderate inhibitory effects, with IC, val-
ues of 31.2 = 2.5 and 8.4 = 1.9 uM, respectively.'

Therefore, our study focused on in silico screening for
the iNOS inhibitory activities of selected compounds from
M. dielsiana using the molecular docking method.

Materials and methods
Preparation of ligands and macromolecule

From previous reference materials, compounds isolated from
the M. dielsiana plant were depicted using the Marvin JS
software.>'* All two-dimensional (2D) structures were con-
verted into three-dimensional (3D) structures using the
OpenBabel software.'* Subsequently, the converted structure

files were energy and geometry optimized using the Gaussian
software with the M06-2X/6-311 g+ + (d,p) basis set.'> For
protein preparation, the crystal structure of the Human iNOS
Reductase and Calmodulin Complex, with the PDB ID
3HR4, was obtained from the RCSB Protein Data Bank to
serve as the receptor for docking.?> The Discovery Studio
Visualizer software was used to remove water molecules and
co-crystallized molecules from the protein model. Finally,
AutoDockTools software was used to prepare input files for
the molecular docking program.

Molecular docking simulation

The docking studies were conducted using the AutoDock
Vina v1.2.3 program on the Ubuntu operating system.'®
The prepared compounds were docked into the active site
of the target protein 3HR4. The grid box parameters were
set with dimensions of XxYxZ as 22 X 22 X 22, and the
center coordinates were specifiedasx = 1.0 A,y = 9.2 A,
z = —64.7 A. A grid spacing of 1 A was chosen, and the
exhaustiveness value was set to 400. Other parameters were
kept at their default settings. The AutoDock Tools software
and Discovery Studio Visualizer software were utilized for
post-docking analysis. The docked poses with the strongest
binding affinities were selected for analyzing the interac-
tions between the target receptor and ligands using the
Discovery Studio Visualizer software.

DFT calculations

The investigation into the bioactive potential of certain
compounds through their interaction with biological active
sites has been advanced using theoretical chemistry method-
ologies, particularly focusing on their molecular electronic
structures. This study applied geometric optimization to the
compounds of interest in the gas phase, utilizing the
Gaussian 09 software suite. The optimization process
involves determining the optimal structural parameters
using density functional theory (DFT) calculations with the
M062X method at the 6-311++g(d,p) level."> The M062X
functional has been reported to optimize effectively and
compute good energies for small molecules.!”!® Further
analysis explored the compounds’ local reactivity by exam-
ining the highest occupied molecular orbital (HOMO), the
lowest unoccupied molecular orbital (LUMO), and the
molecular electrostatic potential (MEP) surface. Critical to
this study, vital molecular parameters derived from DFT,
including HOMO energy (g,0y,0)» LUMO energy (& ;y0)>
band gap energy (Aeg), electron chemical potential (), soft-
ness (o), hardness (1), electrophilicity (o), and electronega-
tivity (y), were calculated using the following relationships. '
This comprehensive approach aims to elucidate the com-
pounds’ bioactivities by correlating their electronic configu-
rations with potential biological interactions
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Table |. Binding affinities and interactions of potential compounds within the active site of the iINOS enzyme.

No. Compound Binding affinity (kcalmol™") Amino acids involved in Amino acids with
hydrogen bond hydrophobic interaction
| D10 —9.024 Thr547 Glué6l, Tyr631, Phe593
2 D20 —9.261 Ser628, Thr547 Phe593
3 D46 -9.116 Arg633 Tyr631, Phe593
4 D50 -9.222 Glué61, Asp597, Asn595 Tyr631
5 Diclofenac —7.701 - Phe593, Tyré31, Gluéé|
Ag = € 1m0~ EHoMO (3) SI. To investigate the inhibitory mechanism against iNOS,
the interaction between potential compounds with AG val-
c ‘e ues less than 9.0 kcalmol ! and iNOS protein was further
p=—y= w (4) explored. Compounds with high-binding affinities, includ-
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Toxicity prediction

The online tool “Prediction of Toxicity of Chemicals
(ProTox-II)” (https://tox-new.charite.de/protox II/) is spe-
cifically designed for anticipating the toxicity of com-
pounds before embarking on the drug discovery journey.?’
ProTox-II uses an advanced method that considers the
proximity of unknown molecules to the average lethal dose
(LD,,) of known compounds, amalgamating identified haz-
ardous components. To estimate toxicity, the structural files
of potential compounds are converted into SMILES format
and input into the ProTox web server. The output provides
predicted LD, values, toxicity levels, and additional fac-
tors such as hepatotoxicity, carcinogenicity, immunotoxic-
ity, mutagenicity, and cytotoxicity. Moreover, the ProTox-II
web server assesses the toxicity class of a chemical value,
categorizing it from I to VI based on the LD, value accord-
ing to the guidelines of the globally harmonized system of
classification and labeling of chemicals.?!

Results and discussion
Molecular docking analysis

The molecular docking study of natural compounds derived
from M. dielsiana reveals binding affinities in the active
site of iNOS ranging from —5.542 to —9.261 kcalmol !,
with an average value of —7.967 kcalmol™!. Among the
docked compounds, D20 exhibits the strongest binding
affinity with an AG of —9.261 kcalmol™'. In addition, 30
compounds were found to have higher binding efficiency
than the control compound diclofenac. The binding ener-
gies and interaction details of the studied compounds and
diclofenac are presented in Table 1 and Supplemental Table

ing D10, D20, D46, and D50, were analyzed for protein—
ligand interactions as shown in Figure 1. In Figure 1,
compound D10 forms hydrogen bonds with Thr547 and n-
anion interactions with Glu661. In addition, two types of
n-alkyl and n-n stacked interactions are observed in the
D10-iNOS complex with residues Tyr631 and Phe593.
Compound D20 forms two hydrogen bonds with residues
Ser628 and Thr547 and also exhibits m-anion interactions
similar to D10. Moreover, the aromatic ring system in this
compound forms two m-n stacked interactions with amino
acid residues Phe593 and Tyr631. Similar interactions are
found in the D46-iNOS complex. Furthermore, a hydrogen
bond with residue Arg633 is observed in the D46-iNOS
complex. For compound D50 in the iNOS enzyme active
site, three hydrogen bond interactions are observed with
amino acid residues Glu661, Asp597, and Asn595. In addi-
tion, D50 forms n-n stacked interactions with Tyr631 and
m-anion interactions with Asp597. Notably, m-anion inter-
actions (with Glu661) and w-n stacked interactions (with
Phe593, Tyr631) are also present in the diclofenac-iNOS
inhibitory complex. Important hydrogen bonding interact-
ing amino acid residues in the complexes D10, D20, D46,
and D50 include Thr547, Ser628, Arg633, and Glu661,
which are also found in the crystallographic complex
(Calmodulin) as seen in Figure 1. As reported previously,
tupichinol C (D10) exhibits anti-inflammatory activity with
moderate inhibitory potential against NO production (IC,
= 384 = 1.9 uM), while 5,7,4'-trihydroxy isoflavone
7-0-B-p-apiofuranosyl-(1 — 6)-p-p-glucopyranoside
(D50) demonstrates inhibitory effects with an 1C;, value of
5.40 uM.*!® Furthermore, molecular docking simulations
of compound D50 with PDE4B show high affinity with AG
= —13.01 kcalmol .22 Therefore, these findings support
and provide information for future biological experiments
on the potential inhibitory mechanism of iNOS enzyme by
candidate compounds.

Oral toxicity prediction

To assess the potential harm of specific compounds to the
human body, supportive tools such as ProTox II,%°
ToxAlerts,”® and Pred-hERG?* have been developed to
quickly predict the potentially toxic effects of candidate
drug compounds. In this section, potential compounds with
the ability to inhibit iNOS through molecular docking


https://tox-new.charite.de/protox_II/
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Table 2. The predicted toxicity of selected compounds.

Comp. LD,,(mgkg™') Toxicity class Target

Hepatotoxicity =~ Carcinogenicity ~ Immunotoxicity =~ Mutagenicity ~ Cytotoxicity
D10 2500 5 Inactive Active Inactive Inactive Inactive
D20 3850 5 Inactive Inactive Active Inactive Inactive
D46 2500 5 Inactive Inactive Active Inactive Inactive
D50 5000 5 Inactive Inactive Inactive Inactive Inactive
Table 3. Quantum chemical parameters of compounds calculated at the level of theory M062X/6-31 |++g(d,p).
Comp. € om0 (€V) &€ Mo (€Y) AE (eV) Parameters

IE(V) EA(EV) H(eV) x(vV) M(eV) S=Im Q(V) DM (Debye)

DIO0 -7.227 0.586 7.814 7227 -0.586 3907 3320 -3.320 0.256 1411 1.995
D20 —6.996 -0.739 6.257 6.996 0.739 3.129 3868 -3.868 0.320 2.391 2851
D46 —7.322 —0917 6.405 7.322 0917 3202 4119 4119 0312 2.649 1.796
D50 -7.113 -0.374 6.740 7.113 0.374 3370 3.744 3744 0297 2.079 2.941

assessments continue to predict toxicity using the ProTox II
web server. The detailed prediction results in Table 2 show
that the predicted lethal dose (LDy,) for the researched
compounds ranges from 2500 to 5000 mgkg '. According
to the toxicity grading scale, where an LD, value between
2000 and 5000 mgkg ! classifies a compound as toxicity
level 5, all four researched compounds fall within this cat-
egory. This indicates low toxicity and high safety for these
compounds at level 5. In addition, Table 2 shows that none
of the compounds exhibit hepatotoxic or cytotoxic activi-
ties. However, compound D10 is predicted to exhibit carci-
nogenic activity, and compounds D20 and D46 are
associated with immunotoxicity, warranting caution in their
further research use. In contrast, compound D50 meets all
safety criteria, suggesting its potential as a candidate for the
development of new anti-inflammatory drugs.

Frontier molecular orbital analysis

MEP surface

DFT is a pivotal tool for investigating the biological attrib-
utes of a wide array of biomolecules. By employing DFT,
the complexity of intermolecular interactions can be eluci-
dated, mainly by analyzing the relationship between vari-
ous metrics indicative of their inhibitory potential.'*> In
the current study, DFT analysis was used to predict the
inhibitory effects by scrutinizing the electronic properties
of the four principal components identified across all nota-
ble compounds. The documentation includes Figure 2,
which illustrates the optimized molecular structures
achieved using the M062X/6-311++g(d,p) level of theory,
alongside the distributions of the lowest unoccupied and
highest occupied molecular orbitals (LUMO-HOMO) and
the MEP plots for these compounds, respectively. In addi-
tion, quantum chemical parameters are detailed in Table 3.

The biological activity of compounds is assessed through
the values of HOMO and LUMO according to the Frontier
Molecular Orbital theory. This argument is founded upon

the theoretical charge-transfer properties of HOMO (which
signifies intermolecular electron-donation tendency) and
LUMO (which represents electron-accepting capability).2
All structures exhibit electronic stability in parameteriza-
tion given their significantly low E,,,,, with values rang-
ing from —6.996 to —7.322 eV. Besides, the band gap energy
(AE,,) varies between 6.257 and 7.814 eV. The energy gap
(AE,,,) plays a crucial role in determining the chemical sta-
bility of molecules and can provide insights into charge
transfer interactions.?>?’ This study observed an increasing
trend in AE,, among the four compounds, specifically in
D20 < D46 < D50 < D10. The smaller AE, values for
compound D20 indicate their higher reactivity and instabil-
ity than the other molecules.

MEP surface analysis emerges as a crucial visualization
method for identifying potential interaction sites within
biomolecules, crucial for understanding drug-receptor and
enzyme engagements.?® The analysis in Figure 2 elucidates
the compound’s electron density distribution, highlighting
negatively charged areas (in red) predominantly around
oxygen atoms. These regions, characterized by their sus-
ceptibility to electrophilic attacks, indicate reactive sites
potentially involved in polar interactions with active site
polar residues of biomolecules. In contrast, the light blue
areas on the MEP map denote electron-deficient zones,
suggesting sites that are particularly reactive toward nucle-
ophilic attacks. The visualization reveals that positive MEP
points are located around the carbon and hydrogen atoms of
the molecules, meaning these areas are reactive sites.

The dipole moment values derived from the optimized
structures range from 1.796 to 2.941 Debye, highlighting
the electronic diversity among the studied molecules. In the
evaluation of potential bond formation or complexation
between the ligand and the target protein, a higher dipole
moment value is correlated with a greater advantage.”
Accordingly, while some compounds exhibited weaker
interactions, D20 and D50 emerged as the most promising
candidates.
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Figure 2. The HOMO and LUMO molecular orbitals and molecular electrostatic potential (MEP) surfaces of potential compounds.

Data analysis in Table 3 reveals that compound D20 has a
significantly greater likelihood of engaging in chemical reac-
tions, as indicated by its notably low chemical hardness () of
3.129 eV. This is complemented by substantial negative val-
ues for the electron chemical potential (i) at —3.868 eV and a
high softness (o) measure of 0.320 eV, collectively charac-
terizing D20 as a soft molecule. In addition, elevated levels of
electronegativity (y) and the electrophilicity index () associ-
ated with D20 suggest a robust capacity for bond formation or
interaction with other molecules. These characteristics may
indicate the significant biological activity potential of D20
through its interaction processes with biological molecules.

Conclusion

In this study, molecular docking methods were used to
screen natural compounds from M. dielsiana to identify
potential compounds with the best binding affinities. Based

on the docking simulation results, four compounds were
identified as having strong binding affinities, with AG <
—9.0 kcalmol™!: tupichinol C (-9.024 kcalmol "), durmil-
lone (-9.261 kcalmol ™), glycitin (-9.116 kcalmol ™), and
5,7,4'-trihydroxyisoflavone 7-O-p-p-apiofuranosyl-(1—6)-
B-p-glucopyranoside (-9.222 kcalmol ™). Furthermore,
toxicity predictions for these potential compounds indi-
cated LDy, values greater than 2000 mgkg™, classifying
them as having low toxicity (Toxicity Class 5). This sug-
gests that these compounds are low in toxicity and safe;
however, tupichinol C, durmillone, and glycitin raise some
concerns regarding the potential for undesired side effects.
In addition, the structural descriptions of these potential
compounds were evaluated using DFT. These preliminary
findings on natural compounds from M. dielsiana regard-
ing their iNOS inhibitory potential could provide valuable
insights for further in-depth biological testing of the most
promising candidates.
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