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ABSTRACT

The present study aimed to evaluate the inhibitory potential of selected plant-derived compounds against the target
protein (PDB ID: 4TZK) through molecular docking analysis. The three-dimensional structure of the protein was
retrieved from the RCSB Protein Data Bank and docking simulations were performed using PyRx. A total of ten
phytocompounds—Bilobetine, Tetrandrine, Lobenine, Nolatrexed, Sophoraflavanone G, Isoquirigenine, Luteolin,
Aloin, Cinchonine, and Licochalcone A—were evaluated, with Isoniazid used as the reference drug. The docking
results revealed that all selected compounds exhibited stronger binding affinities than Isoniazid (—5.2 kcal/mol).
Among them, Bilobetine demonstrated the highest binding affinity (—10.4 kcal/mol), followed by Tetrandrine and
Lobenine (—8.9 kcal/mol). Interaction analysis indicated the involvement of key active-site residues, including
TYR-158, PHE-149, MET-199, and ILE-194, through hydrogen bonding, n—mn stacking, and hydrophobic
interactions. Structure—activity relationship analysis suggested that aromatic ring systems, hydroxyl substitutions,
and hydrophobic moieties significantly contribute to enhanced binding stability. Overall, the findings indicate that
these phytocompounds possess promising inhibitory potential and warrant further experimental validation for
therapeutic development.

KEYWORDS: Tuberculosis, Anti-tubercular agent, InhA inhibitors, Plant molecules.

INTRODUCTION depending on its clinical presentation and infection

Tuberculosis (TB) is an infectious disease caused by the
Mycobacterium tuberculosis (Mtb) and stands as a
significant contributor to global morbidity and
mortality.) The disease is spread through the inhalation
of aerosolized droplets expelled by TB-infected
individuals during coughing, sneezing, or spitting. these
droplets can remain suspended in the air and may be
inhaled by others. Although TB is both preventable and
curable with proper treatment, it remains a serious global
health problem. It is estimated that nearly one-quarter of
the world’s population has been infected with TB
bacteria, although not all infected individuals develop
active disease.™ People with weakened immune systems,
such as those suffering from HIV infection, diabetes,
malnutrition, or other chronic illnesses, are at a higher
risk of developing active TB compared to healthy
individuals.®! TB can be classified in several ways

status. Clinically, TB is divided into pulmonary TB and
extrapulmonary TB. Pulmonary TB affects the lungs and
is the most common and infectious form of the disease.
Extrapulmonary TB occurs when the infection spreads
outside the lungs to organs such as lymph nodes, bones,
kidneys, meninges, or the pleura. This spread usually
happens through the bloodstream (hematogenous
dissemination) or by direct extension from nearby
infected tissues.*® Based on infection status, TB is
categorized as latent TB infection (LTBI) or active TB
disease.’”) Latent TB refers to a condition in which a
person is infected with Mycobacterium tuberculosis but
does not show symptoms and cannot spread the disease
to others.’! However, latent TB can become active if the
immune system becomes weak.!! Active TB disease
occurs when the bacteria multiply and cause clinical
symptoms such as persistent cough, fever, night sweats,
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weight loss, and fatigue.[’? When active TB affects the
lungs or throat, it can spread to other people, whereas TB
affecting organs like the kidney or spine is usually not
infectious.’®")

The history of tuberculosis dates back thousands of
years. Evidence of TB has been found in ancient skeletal
remains and Egyptian mummies, showing that the
disease has affected humans since early civilizations.®
In ancient Greece, TB was known as “phthisis,” a term
used to describe wasting diseases.”! Hippocrates
provided one of the earliest clinical descriptions of TB
and noted that it commonly affected young adults
between eighteen and thirty-five years of age. These
historical records demonstrate that TB has long been
recognized as a serious and often fatal disease. %"

Worldwide, TB is the 13th leading cause of death and the
second leading infectious killer after COVID-19 (above
HIV/AIDS). It is estimated that up to one-third of
population is infected with Mycobacterium. In 2020, an
estimated 10 million people fell ill with tuberculosis
(TB) worldwide including 5.6 million men, 3.3 million
women and 1.1 million children which shows that TB is
present in all age groups. Child and adolescent TB is
often overlooked by health providers and can be difficult
to diagnose and treat. In 2020, the 30 high TB burden
countries accounted for 86% of new TB cases. Eight
countries account for two thirds of the total, with India
leading the count, followed by China, Indonesia, the
Philippines, Pakistan, Nigeria, Bangladesh and South
Africa. Multidrug-resistant TB (MDR-TB) remains a
public health crisis and a health security threat. Only
about one in three people with drug resistant TB
accessed treatment in 2020. Globally, TB incidence is
falling at about 2% per year and between 2015 and 2020
the cumulative reduction was 11%. This was over
halfway to the end TB strategy milestone of 20%
reduction between 2015 and 2020. TB remains a leading
cause of global morbidity and mortality. According to the
WHO Global TB Report 2023, about 10.6 million people
developed TB and 1.3 million people died in 2022.% TB
is more common in low- and middle-income countries,
with high burdens reported in Africa and South-East
Asia.’* Major risk factors include HIV co-infection,
diabetes, malnutrition, smoking, and poverty.**")

The pathophysiology of TB begins when a person
inhales airborne droplet nuclei containing
Mycobacterium tuberculosis.*® These tiny particles
travel deep into the lungs and reach the alveoli. There,
alveolar macrophages ingest the bacteria in an attempt to
destroy them. However, Mycobacterium tuberculosis has
developed survival mechanisms that allow it to resist
destruction inside macrophages. It prevents the fusion of
phagosomes with lysosomes and neutralizes acidic
conditions within the cell. As a result, the bacteria can
survive and multiply within immune cells. This leads to
activation of inflammatory pathways and recruitment of
additional immune cells to the infection site."¥ The

immune system forms a granuloma, which is a structured
collection of immune cells that attempts to contain the
infection. In many individuals, the bacteria remain
dormant inside granulomas, resulting in latent TB.”% If
the immune system weakens, the granuloma may break
down, leading to active TB disease. In active TB, tissue
destruction and caseous necrosis can occur, forming
cavities in the lungs and allowing bacteria to spread
through coughing.®?? The bacteria may also spread
through blood and lymphatic vessels to other organs,
causing extrapulmonary TB."82% Therefore, the outcome
of TB infection depends largely on the balance between
bacterial virulence and host immune response. 2!

The treatment of TB improved significantly after the
discovery of streptomycin in 1943, followed by the
introduction of isoniazid and rifampicin.???! These
drugs formed the foundation of modern anti-TB therapy.
However, the development of drug resistance has
become a serious obstacle in TB control.™! Resistance to
first-line drugs such as isoniazid (INH), rifampicin,
ethambutol, and pyrazinamide complicates treatment and
increases mortality.™*?*! INH is a prodrug that requires
activation by the KatG enzyme to inhibit enoyl-acyl
carrier protein reductase (InhA), a crucial enzyme of the
fatty acid synthase-11 (FAS-11) pathway responsible for
mycolic acid biosynthesis.!”) Mutations in KatG impair
INH activation, leading to resistance.”® To overcome
this, research has focused on direct InhA inhibitors that
bypass KatG and selectively block the enzyme. Several
scaffolds, including triclosan, diphenyl ethers,
arylamides, pyrrolidines, and pyrimidines, have shown
promise as InhA inhibitors.?%’

Chalcones are chemical compounds synthesized through
aldol condensation and are known for their wide range of
biological activities, including antibacterial, anti-
inflammatory, antifungal, and anticancer properties.
Several chalcone derivatives have demonstrated
significant  anti-tubercular  activity.”®  Pyrimidines
represent another important class of antimicrobials, and
isoniazid—pyrimidine conjugates have demonstrated
strong antimycobacterial efficacy.*! Pyrroles and their
derivatives, including LL3858 (Sudoterb), have shown
significant  antitubercular  activity in  preclinical
studies.”® Recent strategies propose combining
chalcone, pyrimidine, and pyrrole frameworks to design
novel InhA inhibitors with enhanced potency.?®*! These
advances highlight InhA inhibitors as a promising
direction in overcoming drug-resistant TB.

MATERIALS AND METHODS

The three-dimensional crystal structure of the target
protein (PDB ID: 4TZK)™ was retrieved from the
RCSB Protein Data Bank. The protein structure was
prepared prior to docking by removing co-crystallized
ligands and water molecules, followed by the addition of
polar hydrogen atoms and appropriate charge
assignment. The prepared protein structure was saved in
PDB format for subsequent analysis.
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The  chemical  structures of the  selected
phytocompounds—Bilobetine, Tetrandrine, Lobenine,
Nolatrexed, Sophoraflavanone G, Isoquirigenine,
Luteolin, Aloin, Cinchonine, and Licochalcone A—were
obtained from the ChemSpider database. The standard
anti-tubercular drug lIsoniazid was used as the reference
compound for comparative analysis. All ligand structures
were downloaded in suitable file formats and subjected
to energy minimization prior to docking. The minimized
ligands were then converted into the required format
compatible with the docking software.[*4°!

Molecular docking simulations were performed using
PyRx, which incorporates the AutoDock Vina algorithm
for virtual screening and binding affinity prediction.
Docking was carried out under default parameters, and
binding energies were recorded in kcal/mol. The grid box
was defined to encompass the active site region of the
target protein to ensure accurate interaction analysis.® %)

Post-docking interaction analysis was conducted using
Discovery Studio Visualizer to evaluate hydrogen
bonding, hydrophobic interactions, and other non-
covalent interactions between the protein and ligands
through both two-dimensional and three-dimensional
visualization. Docking scores and interaction data were
compiled and comparatively analyzed using Microsoft
Excel to identify the most promising compounds based
on binding affinity relative to the reference drug.***

RESULTS AND DISCUSSION

Molecular docking

The molecular docking analysis of selected
phytocompounds against the target protein (PDB ID:
4TZK) revealed significant variations in binding affinity
and interaction patterns compared with the reference
drug, Isoniazid (Table:1). The reference compound
exhibited a binding affinity of —5.2 kcal/mol and formed
a conventional hydrogen bond with ILE-194, along with
n—r stacking interaction with PHE-149 and hydrophobic
interaction with MET-199. These interactions served as a
benchmark for evaluating the binding efficiency of the
tested plant-derived compounds.

Among the screened phytochemicals, Bilobetine
demonstrated the strongest binding affinity (—10.4
kcal/mol), indicating a markedly higher binding potential
than the reference drug. Bilobetine formed multiple
hydrogen bonds with LYS-165, MET-147, GLY-96, and
MET-98, along with n—r stacking interaction with PHE-
148 and hydrophobic interactions involving MET-199,
ALA-198, and LEU-207, suggesting  stable
accommodation within the active site. Tetrandrine and
Lobenine also exhibited strong binding affinities (—8.9
kcal/mol each). Tetrandrine showed hydrophobic
interactions with ALA-198, ILE-16, MET-199, and TYR-
158, whereas Lobenine formed hydrogen bonds with
SER-94, ILE-21, ALA-22, and TYR-158, along with —n
stacking interaction with PHE-149 and hydrophobic
contact with MET-147.

Nolatrexed demonstrated a binding affinity of —8.8
kcal/mol, forming hydrogen bonds with TYR-158 and
LYS-165 and hydrophobic interactions with ALA-191
and ILE-21, alongside m—m stacking with PHE-149.
Sophoraflavanone G (—8.6 kcal/mol) interacted through
hydrogen bonds with MET-199 and ILE-194 and showed
additional hydrophobic contacts with MET-161, ILE-
215, and PHE-149. lsoquirigenine and Luteolin both
exhibited binding affinities of —8.2 kcal/mol;
Isoquirigenine formed a hydrogen bond with MET-155
and hydrophobic interaction with ALA-157, while
Luteolin established a hydrogen bond with PRO-156 and
displayed n—mr stacking with PHE-149 and hydrophobic
interactions involving ILE-215, ALA-157, and MET-199.

Aloin and Cinchonine each showed binding affinities of
—8.1 kcal/mol. Aloin formed hydrogen bonds with ILE-
194, SER-20, and SER-94 and hydrophobic interactions
with ALA-198 and ILE-21. Cinchonine demonstrated
hydrophobic interactions with MET-199, PHE-149,
PRO-193, and LEU-218. Licochalcone A exhibited a
binding affinity of —7.8 kcal/mol and showed
hydrophobic interactions with MET-161, ALA-191, ILE-
215, and PHE-142.

Overall, all selected phytocompounds demonstrated
stronger binding affinities than the reference drug
Isoniazid. Notably, Bilobetine showed the highest
binding affinity and formed multiple stabilizing
interactions within the active site, suggesting its potential
as a promising inhibitor of the target protein. The
presence of key interacting residues such as PHE-149,
MET-199, TYR-158, and ILE-194 across several docked
complexes indicates their critical role in ligand
stabilization. These findings suggest that the studied
plant-derived compounds may serve as potential lead
molecules for further in vitro and in vivo validation
studies. 2D and 3D dock poses of co-crystal ligand,
Isoniazid and studied molecules show in fig.1
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Table 1: Binding affinity and type of interactions of ph

toconstituents with InhA enzyme.

Binding affinity

T-TT .
Compound name (kcal/mol) H-bond stacking n - alkyl Alkyl 7 —sigma
(dock score)
ALA-157, MET-103,
Co-crystal TYR-158 ILE-202, LEU-207, ILE-
215, LEU-218, MET-155
Isoniazid 5.2 ILE-194 PHE-149 MET-199
. . LYS-165, MET-147, MET-199, ALA-198,
Bilobetine -10.4 GLY-96, MET-98 PHE-148 LEU-207
. MET-199,
Tetrandrine -8.9 ALA-198, ILE-16 TYR-158
. SER-94, ILE-21,
Lobenine -8.9 ALA-22. TYR-158 PHE-149 MET-147
Nolatrexed -8.8 TYR-158, LYS-165 | PHE-149 Ah_'élzil
é"pharaﬂa"a“o“e -8.6 MET-199, ILE-194 MET-161 ILE-215 | PHE-149
Isoquirigenine -8.2 MET-155 ALA-157
. ILE-215, ALA-157,
Luteolin -8.2 PRO-156 PHE-149 MET-199
. ILE-194, SER-20,
Aloin -8.1 SER-94 ALA-198, ILE-21
. . MET-199, PHE-149,
Cinchonine -8.1 PRO-193 LEU-218
Licochalcone A -7.8 MET-161, ALA-191 ILE-215 PHE-142
2D structure of the co-crystal molecule
TYR
A:158 ILE
GLY A:21 ALA
A:192 A:191
PHE ASP
A:149 A:148
N\

Q

PRO
A:193
ILE
A:194

MET
A:199

2D dockpose of Isoniazide

3D dockpose of Isoniazide
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Fig 1. 2D and 3D dock poses of molecules.

STRCURE ACTIVITY RELATIONSHIP

The structure—activity relationship (SAR) analysis was
performed based on docking scores and molecular
interaction patterns of the selected phytocompounds
against the target protein (PDB ID: 4TZK). The observed
binding affinities suggest that structural features such as
aromatic ring systems, hydrogen bond donor/acceptor
groups, and hydrophobic substituents play a critical role
in stabilizing ligand—protein interactions within the
active site.

Bilobetine exhibited the highest binding affinity (—10.4
kcal/mol), which may be attributed to its polycyclic
aromatic framework combined with multiple oxygen-
containing functional groups. The presence of hydroxyl
and methoxy groups likely enhanced hydrogen bonding
interactions with key residues such as LYS-165, MET-
147, GLY-96, and MET-98. Additionally, its extended
aromatic system facilitated n—n stacking with PHE-148
and hydrophobic interactions with MET-199 and LEU-
207, contributing to strong stabilization within the
binding pocket. Compounds such as Tetrandrine and
Lobenine (—8.9 kcal/mol) demonstrated that bulky
alkaloid scaffolds with multiple ring systems favor
hydrophobic and n-mediated interactions. Tetrandrine,
with its bis-benzylisoquinoline structure, showed
enhanced hydrophobic contacts, indicating that increased
lipophilicity improves binding stability. Lobenine, on the
other hand, displayed multiple hydrogen bond

interactions, suggesting that an optimal balance between
hydrogen bonding capacity and aromatic character
enhances activity. Flavonoid derivatives such as
Sophoraflavanone G (—8.6 kcal/mol), Luteolin (—8.2
kcal/mol), Isoquirigenine (—8.2  kcal/mol), and
Licochalcone A (=7.8 kcal/mol) exhibited moderate to
strong binding affinities. Their activity appears to
correlate with the number and position of hydroxyl
groups on the flavonoid backbone. The phenolic
hydroxyl  groups enhanced hydrogen bonding
interactions, while the planar aromatic rings facilitated
n—7n stacking with residues such as PHE-149. This
suggests that planarity and electron-rich aromatic
systems are favorable for interaction with the active site.
Aloin and Cinchonine (—8.1 kcal/mol each) further
highlight the importance of polar functional groups and
rigid ring systems. Aloin, containing multiple hydroxyl
groups and a glycosidic moiety, demonstrated strong
hydrogen bonding capacity. Cinchonine, with its
quinoline nucleus, promoted hydrophobic interactions
and n-mediated stabilization within the binding pocket.
In comparison, the reference drug Isoniazid (—5.2
kcal/mol), which possesses a relatively small and less
complex structure, showed fewer hydrophobic and -
mediated interactions. This indicates that increased
molecular complexity, aromatic surface area, and the
presence of multiple hydrogen bond donors/acceptors
significantly enhance binding affinity toward the target
protein.

www.ejpmr.com | Vol 13, Issue 3, 2026. |

ISO 9001:2015 Certified Journal | 572




Patadiya et al.

European Journal of Pharmaceutical and Medical Research

Overall, the SAR findings suggest that optimal inhibitory
activity is associated with:

(i) extended aromatic or polycyclic frameworks enabling
7T interactions,

(if) appropriately positioned hydroxyl and methoxy
groups facilitating hydrogen bonding, and

(iif) hydrophobic substituents enhancing stabilization
within the active pocket.

CONCLUSION

The present molecular docking study demonstrated that
the selected plant-derived compounds exhibited
promising binding affinity against the target protein
(PDB ID: 4TZK) when compared with the reference
drug, Isoniazid. Among all tested molecules, Bilobetine
showed the highest binding affinity, indicating strong
interaction and stable complex formation within the
active site. Several compounds, including Tetrandrine,
Lobenine, Nolatrexed, and Sophoraflavanone G, also
displayed significant binding potential supported by
favorable hydrogen bonding and hydrophobic
interactions. The interaction analysis highlighted the
importance of key amino acid residues such as TYR-158,
PHE-149, MET-199, and ILE-194 in ligand stabilization.
Structure—activity relationship findings further suggested
that aromatic frameworks, hydroxyl substitutions, and
hydrophobic moieties play crucial roles in enhancing
binding affinity. Overall, the results indicate that these
phytocompounds may serve as potential lead molecules
for further in vitro and in vivo validation studies aimed at
developing novel therapeutic agents.
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