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Abstract
The emergence of multidrug-resistant Mycobacterium tuberculosis (Mtb) strains has rendered many 
frontline antituberculosis agents ineffective, necessitating the urgent identification of novel therapeutic 
targets. One of the critical enzymes in Mtb lipid metabolism is enoyl-acyl carrier protein reductase 
(InhA), which catalyzes the NADH-dependent reduction of 2-trans-enoyl-ACP within the mycolic acid 
biosynthetic pathway. Inhibiting InhA with drugs blocks mycolic acid production, weakening the 
bacterial cell wall, disturbing metabolism, and ultimately lowering Mtb survival. Despite the existence 
of clinically approved InhA targeting agents, their therapeutic efficacy against drug-resistant Mtb 
strains is suboptimal, underscoring the necessity of identifying alternative inhibitors. Natural products, 
particularly phytochemicals derived from medicinal plants and herbs, represent a vast reservoir 
of structurally diverse bioactive molecules with potential antimicrobial properties. In this study, a 
structure-based virtual screening approach integrating molecular docking and molecular dynamics 
(MD) simulations was employed to identify potent phytochemical inhibitors of InhA. Chryso-obtusin 
(-8.92 kcal/mol), Episesamin (-8.74 kcal/mol), Apohyoscine (-7.84 kcal/mol), and Norhyosine (-7.74 
kcal/mol)-exhibiting high-affinity interactions with the enzyme’s cofactor-binding domain. Subsequent 
MD simulations elucidated their stability and mechanistic similarity to isoniazid-mediated inhibition. 
These findings highlight the potential of natural phytochemicals as promising inhibitors of enoyl-ACP 
reductase, providing a foundation for the development of alternative therapeutic strategies against 
TB, particularly in the context of drug-resistant strains.
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INTRODUCTION

	 Tuberculosis (TB), an infectious disease 
caused by the obligate pathogen Mycobacterium 
tuberculosis (Mtb), remain a formidable global 
health challenge. In the post-COVID-19 era, TB 
continues to rank as the second most lethal 
infection-related pathology, accounting for 
significant morbidity and mortality worldwide.1 
According to the WHO-TB (World Health 
Organization-TB) report, an estimated 10.6 
million individuals were afflicted with TB in 
2022, demonstrating an escalating trend from 
10.3 million in 2021 and 10.0 million in 2020. 
Consequently, the disease led to 1.3 million 
fatalities in 2022, inclusive of 167,000 HIV co-
infected individuals. A principal impediment in 
mitigating Mtb infections is the growing resistance 
to frontline anti-TB pharmacotherapeutics, 
culminating in the alarming prevalence of 
multidrug-resistant (MDR), extensively drug-
resistant (XDR), and totally drug-resistant (TDR) 
strains.2

	 The cell wall of mycobacterial species 
is an essential part of their cell structure and 
plays a very important role in its survival and 
infection.3 It furnishes a robust protective barrier 
against antibacterial agents and facilitates the 
organism’s persistence in a quiescent, non-
replicative state under adverse conditions.4,5 
The mycobacterial cell wall comprises of three 
principal macromolecular constituents: mycolic 
acid, arabinogalactan, and peptidoglycan.3,6 Unlike 
other prokaryotes, mycobacteria take a unique 
approach to synthesizing fatty acids. They utilize 
both a eukaryote-like fatty acid synthase-1 (FAS-1) 
pathway and a prokaryotic-like fatty acid synthase-
II (FAS-II) pathway for lipid synthesis.7 These 
pathways collectively contribute to the normal 
fatty acid synthesis as well as in the synthesis of the 
unique a-branched and b-hydroxylated mycolic 
acids. The highly hydrophobic nature of mycolic 
acid creates an impermeable envelope, rendering 
Mtb inherently recalcitrant to antimicrobial agents 
and significantly augmenting its virulence and 
persistence.8

	 T h e  my c o l i c  a c i d  b i o sy n t h e t i c 
pathway has been proposed as a potential 
pharmacological target for the development 
of novel antimycobacterial agents, highlighting 

importance for Mtb pathogenesis and its 
exclusivity to bacterial physiology. Within the 
FAS-II system, key enzymatic players such as InhA, 
MabA (FabG1), KasA, and HadAB orchestrate the 
biosynthetic cascade, effectuating critical catalytic 
transformations in mycolic acid synthesis.9,10 The 
enzyme InhA is a short-chain reductase that 
catalyzes the NADH-specific reduction of 2-trans-
enoyl-ACP in the final elongation step of the 
FAS-II system.10 Pharmacological inhibition of the 
enzyme leads to cell wall disintegration, fatty acid 
aggregation, and cell lysis, all of which contribute 
to the pathogen’s death.11

	 Despite the availability of InhA-targeting 
pharmacotherapeutics such as isoniazid (INH), 
ethionamide (ETA), and triclosan, these agents 
exhibit diminished efficacy against MDR and XDR 
Mtb strains. The majority of the drug-resistant 
clinical isolates exhibit resistant to INH, a key 
first-line anti-TB drug.12,13 Resistance is primarily 
attributed to mutations within the InhA promoter 
or coding region, which either upregulate enzyme 
expression or perturb the drug-binding interface, 
thereby abrogating INH-mediated inhibition.14,15 
This necessitates the discovery of novel small-
molecule inhibitors capable of circumventing 
resistance mechanisms and effectively targeting 
InhA functionality.
	 In this context, there is an emerging 
resurgence in the exploration of alternative 
therapeutic strategies as well as traditional 
medicinal practices. One such intervention is 
Hawan, an ancient Indian fumigation ritual involving 
the combustion of a polyherbal mixture.16,17 
Historically, inhalation of the emanating bioactive 
volatiles has been claimed to exhibit antimicrobial 
properties, including anti-tubercular efficacy.18 
Moreover, extracts from this mixture were used 
orally as medicine, as recommended in ancient 
Indian texts such as the Charak Samhita. Despite 
their ethnomedicinal prominence, they still  
remain underexplored within contemporary 
biomedical research due to a lack of experiential 
validation. However, recent studies have begun 
to investigate the detoxifying and antibacterial 
attributes of Hawan,19 with preliminary in vitro 
assessments demonstrating antitubercular activity 
against specific Mtb strains.18,20

	 In this study, we performed a structure-
based virtual screening of 37 unreported 
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phytochemicals derived from 27 Himalayan herbs 
and spices traditionally used in Hawan samagri.  
This study aimed to identify novel inhibitory 
scaffolds targeting the enoyl-acyl carrier protein 
reductase enzyme of Mtb, for their potential 
application in the treatment of drug-resistant TB.

MATERIALS AND METHODS

Compound selection and target identification:
	 Screening of compounds was done by 
searching the available literature and Dr. Duke’s 
Phytochemical and Ethnobotanical Databases.14 
We selected 37 compounds from 27 Himalayan 
herbs and spices commonly used as hawan 
samagri in India.18 The names of these plants and 
selected compounds are given in Supplementary 
Table 1. All these compounds are of small in size 
and have a molecular weight between 300 and 
600 Dalton. For molecular docking, the three-
dimensional structures of these phytochemicals/
compounds were downloaded from the PubChem 
database (https://pubchem.ncbi.nlm.nih.gov/) 
in SDF format. The downloaded SDF files were 
converted into PDB files using BIOVIA Discovery 
Studio Visualizer 2021 (BIOVIA, Dassault Systemes; 
https://discover.3ds.com/discovery-studio).

Drug-likeness analysis
	 The selected phytochemicals were 
screened for their drug properties using Lipinski’s 

rule of 521 (http://www.scfbio-iitd.res.in) (Table 
1 and Supplementary Table 2). For the study 
of drug properties, compounds with standard 
parameters including hydrogen bond donors (<5), 
hydrogen bond acceptors (<10), high lipophilicity  
(LogP <5), molecular mass (<500 Daltons), and 
molar refraction (40-130) were selected. 

ADME/Toxicity analysis
	 The ADME/Tox profile is the main 
reason for the failure of many drug candidates 
in clinical trials. For this reason, we use the 
online server PreADMET (http://preadmet.
bmdrc.org/, accessed on October 12, 2021) 
to screen pharmacokinetic attributes such as 
human intestinal absorption (HIA), Caco-2 in 
vitro cell permeability (PCaCO2), Maden-Darby 
Canine Kidney (PMDCK) cell permeability, skin 
permeability (PSkin), plasma Protein Binding (PPB), 
blood-brain barrier diffusion (CBrain/CBlood), and 
toxicological attributes such as mutagenicity and 
carcinogenicity.  Those compounds matching the 
ADME/T parameters were further subjected to 
docking and simulation analysis22 (Table 2 and 
Supplementary Table 3).

Preparation of proteins and ligands
	 The three-dimensional structure of InhA in 
combination with NAD, which serves as a cofactor, 
was downloaded from the RCSB database (PDB 
ID 1BVR) at 2.80 Å resolution for structure-based 

Table 1. Lipinski profiling of selected phytochemicals

No.	 Compounds	 Molecular 	 Xlog 	 H donor 	 H acceptor	 Molar 
		  Mass (g/mol) 	 P3 (<5)	 (≤5)	 (≤10)	 Refractivity 
		  (≤500)				    (40-130)

1.	 Chryso-obtusin	 358	 2.6	 1	 7	 85.5
2.	 Episesamin	 354	 3.0	 0	 6	 87.3
3.	 Norhyoscine	 289	 1.4	 2	 5	 73.6
4.	 Apohyoscine	 285	 1.8	 0	 3	 74.5

Table 2. ADMET profiling of the selected phytochemicals 

No	 Compounds	 Mutagenicity	 Carcinogenicity 	 HIA	 Pcaco-2	 Pmdck	 Pski 	 PPB	 BBB
		  (Ames Test)		  %	 (nm/s)	 (nm/s)	 (nm/s)	 %	 %

1.	 Chryso-obtusin	 Mutagen	 Non-carcinogenic	 96.19	 22.34	 175.63	 -3.72 	 85.69	 0.01
2.	 Episesamin	 Mutagen	 Non-carcinogenic	 97.95	 57.02	 20.60	 -4.42	 83.12	 0.05
3.	 Norhyoscine	 Mutagen	 Non-carcinogenic	 92.06	 20.49	 1.41	 -4.66	 18.72	 0.02
4.	 Apohyoscine	 Mutagen	 Non-carcinogenic	 98.02	 53.50	 49.45	 -3.96	 35.00	 0.02
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virtual screening.23 This structure initially includes 
multiple chains and NAD cofactor bound in it. For 
docking studies, only one chain was selected and 
heteroatoms, water molecules, and ligands (NAD 
cofactor) were removed from structures by using 
BIOVIA Discovery Studio Visualizer 2021 client 
(BIOVIA, Dassault Systemes; https://discover.3ds.
com/discovery-studiovisualizer-download. 
	 The three-dimensional structures of the 
selected ligands were retrieved in SDF format 
from the PubChem database (https://pubchem.
ncbi.nlm.nih.gov/compound; accessed on 21 May 
2022). These structures were then processed using 
BIOVIA Discovery Studio Visualizer to convert the 
SDF files into PDB format. Subsequently, the PDB 
files were imported into AutoDock 4.2.6, where 
they were converted into the PDBQT format for 
molecular docking studies.

Structure-based virtual screening
	 To prepare the target protein for 
structure-based virtual screening, a number of 
important steps were taken to ensure its suitability 
for virtual screening. The processed structures of 
the ligands and molecules were then subjected 
to molecular docking studies using AutoDock 
4.2 software (AutoDock 4.2, Scripps Research, 
La Jolla, CA, USA, https://autodock.scripps.edu/
downloaded, viewed on October 17, 2023).24 
The Lamarckian genetic algorithm was used to 
estimate the binding energy and the inhibition 
constant of the interaction between the ligands 
and the targets (a maximum of 10 runs were 
performed for each compound to obtain optimal 
runs).25-27 For the docking analysis, we used a 
blind docking approach in which we selected the 
entire surface of a protein without specifying the 
target pocket. We created a grid of size 70 × 70 
× 70 with coordinates 5.789, 25.971, and -4.844 
to cover the entire surface of the InhA protein. 
For all upcoming interaction studies, the docked 
complex in the cluster with the lowest energy was 
evaluated. Both the inhibition constant (Ki) and 
binding energy are calculated and presented in 
Table 3 and Supplementary Table 3. Compounds 
were scored based on their binding energy, with 
the top 4 phytochemical compounds selected 
based on their ability to form the most favourable 
interactions with the target protein InhA.
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Molecular dynamics simulation
	 Molecular dynamics (MD) simulation 
of  the  top four  docked prote in- l igand  
complexes was performed to analyze the dynamic 
stability and intermolecular interactions at 50 ns 
using the Cresset academic package (Flare) V6.0 
tool of Cresset Software.28 In the first step of the 
MD simulation, the protein-ligand complexes were 
opened in PDB file format in the working window 
of the flare tool and protein was prepared using 
the protein preparation tool.29 In the next step, 
the following criteria were selected for the energy 
minimization of the complex: Calculation method-
GAFF2 with explicit water; custom parameter: 
A-chain, Simulation length- 50 ns, Solvation model: 
explicit; water model: explicit TIP3P water, Localho: 
56245, and a total of 5000 frames and 2085 force-
field parameters were saved. After running MDS, a 
DCD trajectory file is created, When we open the 
DCD file, we get all the parameters such as root 
mean square deviation (RMSD), 2D-dimensional 
root mean square deviation (2D RMSD), root mean 
square fluctuation (RMSF), radius of gyration (RG), 
properties (potential energy, temperature, box 
volume, density, speed), secondary structure, 
contacts, clustering, measurements.30 The docked 
complexes of all four compounds were individually 
subjected to MD simulations for durations of 50 
to 200 ns, with an extended 200 ns simulation 
specifically conducted for the Chryso-obtusin-
InhA complex, while the remaining ligand-protein 
systems were analyzed for 50 ns.

RESULTS

Screening of Himalayan herbs and spices to 
identify potential compounds
	 The primary objective of this study was 
to identify potent bioactive compound(s) from 
natural sources that could inhibit InhA, a key 
enzyme in Mtb, for the development of novel 
anti-TB drugs. Based on literature surveys and 
ethnobotanical documentation, we selected 
27 plant species widely recognized for their 
historical and cultural significance in Hawan 
practices. These included Allium sativum, Albizia 
lebbeck, Punica granatum, Allium cepa, Ageratum 
conyzoides, Areca catechu, Butea monosperma, 
Commiphora mukul, Cinnamomum camphora, 

Cassia tora, Cannabis sativa, Capsicum annuum, 
Centella asiatica, Capsicum annuum, Datura metel, 
Elettaria cardamomum, Myristica fragrans, Punica 
granatum, Nigella sativa, Justicia adhatoda, 
Verbascum thapsus and Zingiber officinale. These 
plants are known to contain a diverse array of 
bioactive phytochemicals, several of which have 
been studied for their pharmacological properties. 
However, the specific roles of the phytochemicals 
isolated from these plants in targeting Mtb remain 
largely unexplored. To systematically screen for 
potential anti-TB compounds, we utilized Dr. Duke’s 
Phytochemical and Ethnobotanical Database, 
a comprehensive repository of plant-derived 
bioactive compounds.31 From this dataset, we 
identified 37 phytochemical compounds present 
in the selected plant species (Supplementary  
Table 1). The subsequent analysis aimed to 
evaluate these compounds for their potential 
inhibitory activity against InhA, thus providing 
insights into their possible therapeutic applications 
in TB treatment.

Drug similarity and ADMET profiling:
	 In drug discovery, phytochemical 
compounds proposed as therapeutic candidates 
must have both significant biological activity and 
negligible to minimal toxicity. As a result, a number 
of essential pharmacological characteristics, 
including drug-likeness and ADMET parameters 
(absorption, distribution, metabolism, excretion, 
and toxicity), have been established for the 
validation of each potential drug candidate.32 
Pre-evaluation of these properties in the early 
stages of drug discovery is critical to prevent 
pharmacokinetic-related failures of pharmacologic 
agents in clinical trials. 
	 The drug-like characteristic of selected 
phytochemicals was evaluated using Lipinski Rule 
of Five, a widely accepted criterion for assessing 
oral bioavailability in humans.21 According to this 
rule, a compound is deemed orally active if it 
satisfies the following parameters: a maximum 
of 10 rotatable bonds, no more than 10 hydrogen 
bond acceptors (HBA), fewer than 5 hydrogen 
bond donors (HBD), and a calculated partition 
coefficient Xlog P (which indicates acceptable 
lipophilicity), not exceeding 5. Phytochemicals 
that adhere to these physicochemical constraints 
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exhibit enhanced permeability and bioavailability, 
thereby facilitating their interaction with the 
target receptor (Supplementary Table 2). We have 
selected 4 top compounds which follow Lipinski 
rule of five. Chryso-obtusin has a molecular mass 
of 358 g/mol, XlogP of 2.6, 1 hydrogen bond donor, 
7 acceptors, and a molar refractivity of 85.5 all 
within the acceptable range. Episesamin, with a 
mass of 354 g/mol, XlogP of 3.0, no hydrogen bond 
donors, 6 acceptors, and molar refractivity of 87.3, 
also complies fully. Norhyoscine (289 g/mol) and 
Apohyoscine (285 g/mol) similarly meet all the 
criteria, with low molecular weights, low XlogP 
values, and acceptable numbers of hydrogen bond 
donors and acceptors, and molar refractivities 
within the required range. The specific drug-
likeness attributes of the analyzed compounds are 
presented in Table 1. 
	 Additionally, a comprehensive drug-
likeness evaluation was conducted for all ligands 
within the examined compound library. The 
druggability assessment outcomes for these 
37 compounds are systematically cataloged as 
supplementary data in Supplementary Table 3.
	 The ADME/Tox profiling of all selected 
phytochemicals was computationally predicted 
using the PreADMET online server (http://
pread-met.bmdrc.org/). We have selected 
4 top compounds which follow ADME/Tox 
profiling (Table 2). In terms of human intestinal 
absorption (HIA%), all compounds showed 
high absorption, with Apohyoscine at 98.02%, 
Episesamin at 97.95%, Chryso-obtusin at 96.19%, 
and Norhyoscine at 92.06%. Caco-2 permeability, 
which indicates intestinal absorption, ranged 
from 20.49 nm/s (Norhyoscine) to 57.02 nm/s 
(Episesamin), showing moderate permeability. 
For MDCK permeability, Chryso-obtusin showed 
the highest value at 175.63 nm/s, followed by 
Apohyoscine (49.45 nm/s), Episesamin (20.60 
nm/s), and Norhyoscine (1.41 nm/s). The skin 
permeability (Pski) values were all negative, with 
Chryso-obtusin having the highest permeability 
at -3.72. Plasma protein binding (PPB%) varied 
widely, with Chryso-obtusin and Episesamin 
showing high binding rates at 85.69% and 83.12%, 
respectively, while Norhyoscine and Apohyoscine 
had lower PPB values of 18.72% and 35.00%. 
Blood-brain barrier (BBB%) penetration was 

minimal for all compounds, with values ranging 
from 0.01% to 0.05%, indicating limited central 
nervous system exposure.
	 Toxicological prediction results are 
presented in Table 2. Based on the pharmacokinetic 
profile and drug score, the top five compounds 
were selected, and molecular modeling studies 
were performed.

Molecular docking analysis
	 In the mycolic acid biosynthetic pathway, 
InhA catalyzes the terminal elongation step of the 
fatty acid synthase II (FAS-II) system, a process 
essential for the biosynthesis of mycolic acid.33 
The substrate binding domain of InhA structurally 
delineated into three distinct sites: Site I, the 
catalytic domain, Site II, a hydrophobic pocket 
that accommodates fatty acid chains, and Site 
III, a solvent-exposed region.34 Additionally, InhA 
harbors a cofactor-binding pocket that specifically 
interacts with NAD. Structural analyses of this site 
reveal an abundance of charged residues that 
mediate NAD stabilization through a network of 
hydrogen bonding and π-π stacking interactions 
(Figure 1A and 1B). 
	 An example of a potent InhA inhibitor is 
(INH), which binds to the substrate binding site in 
this pocket, forms a covalent adduct with NAD, 
and occupies both the NAD binding site and the 
substrate binding site, thus acting as a competitive 
inhibitor of both NADH and substrate binding to 
InhA35 (Figure 1C). This formation of the INH-NAD 
complex effectively disrupts enzymatic function, 
leading to bacteriostatic effects.
	 Besides having reference information 
on the INH binding site in the InhA protein 
structure,23 we still selected the blind docking 
approach to comprehensively assess the specificity 
of ligand interactions with InhA. Molecular 
docking results revealed that the majority of the 
tested phytochemicals preferentially occupied 
the similar substrate-binding pocket as INH, a 
comparable inhibitory mechanism. The docking 
results are presented in terms of binding energy 
(BE) and inhibition constant (Ki) in Table 3 and 
Supplementary Table 4. 
	 Based on binding affinity and toxicity 
assessments, four compounds-Chryso-obtusin, 
Episesamin, Norhyoscine, and Apohyoscine-
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emerged as lead candidates with significant 
inhibitory potential. A detailed interaction analysis 
of these top-ranked ligands is illustrated in  
Figure 2 (A-D) and Figure 3 (A-D). 
	 Our molecular docking results highlight 
that Chryso-obtusin is the most potent InhA  
inhibitor amongst the tested phytochemicals, 
exhibiting a binding free energy of -8.92 kcal/
mol and an inhibition constant (Ki) of 289.31 nM. 
Chryso-obtusin, a mono-hydroxyanthraquinone 

derived from Cassia tora plant.36 Docking analysis 
shows that it forms hydrogen bonds with residues 
Val65 and Leu63, alongside a π-π stacking 
interaction with Phe97 of the InhA protein  
(Figure  2A and 2B). 
	 The second-highest binding affinity 
was observed for Episesamin, a natural lignan 
isolated from Commiphora mukul. This compound 
demonstrated a binding free energy of -8.74 kcal/
mol and a Ki of 395.09 nM. Structural analysis 

Figure 1. Molecular docking studies: (A) The surface electrostatic potential map of InhA showing cofactor binding 
site surrounded by charged residues. The blue color represents positive charge, whereas the red color represents 
negative charge residues. (B) Surface representations of the InhA structure (wheat) bound to NAD (blue) at the 
co-factor and INH at the substrate binding site (cyan). (C) A bar graph displaying molecular docking data for 37 
herbal compounds, where blue represents binding energy and orange represents inhibition score. The four possible 
compounds chosen for molecular docking are outlined in red dots
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revealed that Episesamin forms hydrogen bonds 
with Ile21 and Ile194, while also engaging in π-π 
interactions with Phe149 (Figure 2C and 2D).37

	 The third-ranked inhibitor, Norhyoscine, 
displayed a binding free energy of -7.84 kcal/
mol and an inhibition constant (Ki) of 1.		
78 µM.38 This tropane alkaloid, a derivative 
of norscopolamine found in Datura metel, 
interacts with InhA via hydrogen bonding with 
Tyr158, Asp148, and Ile194, while forming a π-π 
interaction with Phe149 (Figures 3A and 3B). 
	 The  fourth  ident i f ied  inh ib i tor, 
Apohyoscine, exhibited a binding free energy of 
-7.74 kcal/mol and an inhibition constant (Ki) of 
2.13 µM.39 This tropane alkaloid, also derived 
from Datura metel, establishes hydrogen bonding 

interactions with Ile194, while engaging in a π-π 
stacking interaction with Tyr158 (Figures 3C and 
3D). 

Binding Site Specificity and Mechanistic 
Implications

	 In Figure 4A, the NAD-InhA complex 
highlights the cofactor-binding groove of InhA, 
which includes the adenine-binding pocket of 
NAD, critical for NAD cofactor association. Figure 
4B shows that Chryso-obtusin demonstrates a 
unique binding orientation compared to other 
ligands studied, associating near this cofactor-
binding region of InhA. It occupies a position that 
overlaps with the adenine-binding pocket of NAD, 

Figure 2. Molecular docking interactions of Chryso-obtusin and Episesamin with the target protein: (A) Surface 
representation showing the binding pocket of the protein with Chryso-obtusin (blue spheres) docked into the 
active site. (B) 2D interaction of Chryso-obtusin showing key residues involved in binding, including van der Waals 
interactions (lime green), hydrogen bonds (green), and various hydrophobic contacts such as Pi-Pi stacked, Pi-alkyl, 
and alkyl interactions (purple and pink). (C) Surface representation of the protein showing the binding of Episesamin 
(blue spheres) at the active site. (D) 2D interaction of Episesamin depicting van der Waals, hydrogen bonding, and 
hydrophobic interactions with active site residues
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part of the larger NADH-binding groove. Chryso-
obtusin forms multiple interaction with residues 
such as ILE95, PHE97, VAL65, ALA122, and GLN66, 
stabilizing its conformation within this cofactor-
binding pocket. By sterically occupying the adenine 
moiety region of NAD, Chryso-obtusin likely 
hinders the natural cofactor from properly binding 
to InhA, thus inhibiting enzymatic activity through 
a non-competitive or allosteric mechanism.
	 In Figure 4C, the anti-tubercular drug INH 
binds at a similar location within the substrate-
binding site. Upon activation by the KatG enzyme, 
INH forms a covalent adduct with NAD, leading to 
irreversible inhibition of InhA by blocking NADH 
access. This covalent inhibition mechanism forms 

the cornerstone of INH’s bactericidal action. In 
Figure 4C, the anti-tubercular drug INH binds at a 
similar location within the substrate-binding site. 
Upon activation by the KatG enzyme, INH forms a 
covalent adduct with NAD, leading to irreversible 
inhibition of InhA by blocking NADH access. 
This covalent inhibition mechanism forms the 
cornerstone of INH’s bactericidal action. Structural 
analyses of Episesamin (Figure 4D), Norhyoscine 
(Figure 4E), and Apohyoscine (Figure 4F) reveal 
that these compounds predominantly localize 
within the substrate-binding pocket of InhA, a 
deeply buried hydrophobic cleft highly conserved 
among mycobacterial strains.

Figure 3. Molecular docking interactions of Norhyoscine and Apohyoscine with the target protein: (A) Surface 
representation of the protein (wheat) showing the binding of Norhyoscine (blue spheres) within the active site 
pocket. (B) 2D interaction of Norhyoscine highlighting its interactions with surrounding amino acid residues, including 
van der Waals contacts (lime green), hydrogen bonds (green), and hydrophobic interactions such as Pi-Pi stacked, 
Pi-alkyl, and alkyl (pink and purple). (C) Surface representation of the protein with Apohyoscine (blue spheres) 
bound at the active site. (D) 2D interaction of Apohyoscine showing various non-covalent interactions with active 
site residues, including van der Waals, hydrogen bonding, and hydrophobic contacts
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	 This pocket is primarily formed by critical 
residues including Tyr158, Phe149, Met199, 
Try222, Leu218, Met161, and Pro193, many of 
which are also involved in the binding of NADH 
and the fatty acyl substrate. The binding profiles 
of Episesamin, Norhyoscine, and Apohyoscine 
reveal strong overlap with the binding mode 
of INH, both in terms of spatial orientation and 

residue interactions. This structural and energetic 
alignment suggests that these phytochemicals may 
function via a substrate-competitive inhibition 
mechanism, wherein they mimic the INH-NAD 
adduct by preventing NADH from engaging with 
the active site.
	 Taken together, this dual-targeting 
paradigm-with Chryso-obtusin acting near the 

Figure 4. 2D interaction diagrams of NAD, isoniazid, and selected phytochemicals with InhA enzyme from Mtb: (A) 
Binding interaction of the NAD cofactor with InhA, highlighting the adenine-binding region (circled in blue), which 
is a critical site for enzymatic activity. (B) Chryso-obtusin binds in close proximity to the cofactor-binding region, 
occupying the adenine moiety site of NAD, suggesting a potential non-competitive or allosteric inhibitory mechanism 
that may block NAD association with InhA. (C) Isoniazid (INH), following activation, forms a covalent adduct with 
NAD and occupies the substrate-binding site of InhA, effectively obstructing NADH access. (D-F) The phytochemicals 
Episesamin (D), Norhyoscine (E), and Apohyoscine (F) predominantly localize within the substrate-binding pocket, 
interacting with conserved hydrophobic residues such as Tyr158, Phe149, Met199, Leu218, and Pro193. Their spatial 
alignment with the INH binding site suggests a similar competitive inhibition mechanism targeting NADH binding.
These distinct binding modes illustrate the potential of Chryso-obtusin as a cofactor-binding inhibitor and Episesamin, 
Norhyoscine, and Apohyoscine as substrate-competitive inhibitors, supporting a dual-site therapeutic strategy for 
novel InhA-targeted TB treatment
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Figure 5. Molecular docking studies of herbal compounds on InhA-NAD complex: Docking of compounds (cyan 
color) on InhA-NAD (blue color) complex (A) Isoniazid, (B) Apohyoscine, (C) Chryso-obtusin, (D) Episesamin and (E) 
Norhyosine. These natural compounds target distinct cofactor binding sites and bind in parallel with NAD

cofactor-binding site and the other phytochemicals 
targeting the substrate-binding cleft-offers a 
compelling strategy for multi-site inhibition of InhA. 
The unique binding behavior of Chryso-obtusin, 
distinct from the classic substrate-competitive 
inhibition seen with INH and its analogs, raises the 
intriguing possibility of designing synergistic drug 
combinations. Such a regimen could pair Chryso-
obtusin or its derivatives with INH or similar agents 
to simultaneously block cofactor and substrate 
binding, potentially overcoming drug resistance 
and enhancing therapeutic efficacy. This opens 
new avenues for developing next-generation InhA 
inhibitors with novel binding mechanisms tailored 
for improved activity and resistance management 
in TB treatment.

	 To assess whether these phytochemicals 
interfere with NAD binding to InhA, molecular 
docking was performed using the NAD-bound 
enzyme structure. INH, the reference anti-
tubercular drug (Figure 5A), bound firmly within 
the conserved substrate-binding pocket, engaging 
catalytic residues such as Tyr158, Phe149, Met199, 
Leu218, and Thr196-residues also involved in 
stabilizing the INH-NAD adduct. Chryso-obtusin 
(Figure 5B), which in the NAD-free structure 
localized near the adenine-binding region of the 
NAD cofactor (Supplementary Figures S1 A,B), 
adopted a markedly different orientation in the 
NAD-bound state due to steric clashes with the 
adenine moiety.
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Figure 6. Molecular dynamics simulation analysis of InhA-ligand complexes: Root mean square deviation (RMSD, left 
panels) and root mean square fluctuation (RMSF, right panels) plots for InhA in complex with four phytochemicals: 
(A) Chryso-obtusin, (B) Episesamin, (C) Norhyoscine, and (D) Apohyoscine. RMSD analysis indicates that Chryso-
Obtusin, Episesamin, and Norhyoscine maintained stable binding over the simulation period, with RMSD values 
largely within the acceptable range (<2.5 Å). In contrast, the Apohyoscine-InhA complex exhibited significant 
fluctuations, with RMSD exceeding 3.5 Å towards the end of the simulation, indicating reduced structural stability. 
RMSF plots reveal moderate residue-level fluctuations across all complexes, suggesting that ligand binding did not 
induce major conformational changes in the InhA protein. However, slightly elevated residue mobility is observed 
in the Apohyoscine-bound structure, supporting its reduced binding stability
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	 This positional shift suggests that 
Chryso-obtusin acts as a cofactor-competitive 
inhibitor, obstructing NAD association with the 
enzyme. In contrast, Episesamin, Norhyoscine, and 
Apohyoscine (Figures 5C-E) maintained consistent 
binding within the substrate-binding pocket in 
both NAD-free and NAD-bound conformations, as 
also supported by Supplementary Figures S1 C-H. 
These phytochemicals engaged the same catalytic 
residues as INH, indicating a substrate-competitive 
inhibition mechanism that does not disrupt NAD 
association. Together, these findings highlight 
two distinct inhibitory modes: stable substrate-
competitive binding by Episesamin, Norhyoscine, 
and Apohyoscine, and dual interference with 
both substrate and cofactor binding by Chryso-
obtusin-an approach that may offer advantages 
against drug-resistant Mtb. The superimposition 
of the docking poses all the compounds within the 
binding pocket of InhA target protein is presented 
in Supplementary Figure S2.

Molecular dynamics simulation
	 To evaluate the structural stability of 
the ligand-InhA complexes, molecular dynamics 
(MD) simulations were performed using the Flare 
MD tool, integrated within the Cresset Flare V 6.0 
software suite.40,41 The results of these simulations 
are presented as root-mean-square deviation 
(RMSD) and root-mean-square fluctuation (RMSF) 
plots (Figure 6).
	 Initially, all docked complexes were 
assessed for RMSD fluctuations of both the ligand 
and the protein, using the initial conformation 
as a reference frame. The RMSD values for 
InhA remained below 2.5 Å in most complexes, 
including Chryso-obtusin-InhA, Norhyoscine-
InhA, and Episesamin-InhA, suggesting that the 
enzyme retained its structural integrity upon 
ligand binding without undergoing significant 
conformational perturbations. Notably, all ligand-
protein complexes exhibited acceptable RMSD 
values, indicative of structural stability. However, 
the Apohyoscine-InhA complex displayed RMSD 
deviations exceeding 2.5 Å, suggesting reduced 
structural stability and potential conformational 
instability in this interaction.
	 To further investigate local structural 
variations within the ligand-protein complexes, 
RMSF measurements were employed, allowing 

for the detection of localized fluctuations at the 
atomic level. Analysis of RMSF values indicated 
that variations in amino acid residues of InhA, 
as well as atomic fluctuations within the ligand 
molecules, contributed to minor local structural 
changes in the docked complexes. Importantly, the 
RMSF values for InhA residues remained within an 
acceptable range, further supporting the structural 
stability of the ligand-bound enzyme.

DISCUSSION

	 Recent advances in anti-tuberculosis drug 
discovery have led to the identification of several 
Mtb proteins as promising therapeutic targets. 
Among these, enzymes involved in the biosynthesis 
of mycolic acids-an essential component of the 
Mtb cell wall-have been extensively investigated. 
Numerous inhibitors targeting this pathway, 
including isoniazid, triclosan, ethionamide, and 
pyrrolidine carboxamides have been reported 
to exert potent inhibitory effects by selectively 
targeting enzymes within the fatty acid synthase 
II (FAS-II) system.34,42

	 Although the Himalayan region is home to 
a vast array of medicinal herbs, only a select subset 
has been traditionally incorporated into Hawan 
samagri, a sacred polyherbal mixture used in 
Indian ethnomedicine for its therapeutic smoke. In 
this study, we focused on 27 of the most prominent 
Himalayan herbs that have been consistently 
reported for their use in Hawan practices over 
several decades. These selected herbs are well-
documented in the literature for their richness in 
phytochemicals with diverse medicinal properties, 
including established antimicrobial activities.
	 From this ethnopharmacologically 
validated pool, we curated 37 previously 
unreported phytochemicals that, despite being 
present in bioactive plants, remain unexplored 
for their specific biological functions. These 
phytochemicals were subjected to molecular 
docking studies against Mtb InhA enzyme, a key 
target in the mycolic acid biosynthesis pathway. 
Molecular docking studies revealed that these 
phytochemicals preferentially occupied critical 
substrate-binding sites on InhA, with binding 
energies ranging from -8.74 to -9.82 kcal/mol. 
Chryso-obtusin emerged as the most promising 
compound, binding near the NAD cofactor-binding 
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region, particularly the adenine moiety pocket. 
This suggests a cofactor-competitive mode of 
inhibition, where Chryso-obtusin may block 
NAD binding, thereby disrupting the enzymatic 
activity without competing directly with the 
substrate. In contrast, Episesamin, Norhyoscine, 
and Apohyoscine were found to localize within the 
highly conserved substrate-binding site, forming 
strong interactions with catalytically relevant 
residues such as Tyr158, Phe149, Met199, Leu218, 
and Thr196. These residues are also involved in 
binding the INH-NAD adduct, indicating that these 
compounds likely inhibit InhA through a substrate-
competitive mechanism similar to INH. This dual-
inhibition pattern suggests a potential strategy 
to overcome resistance mechanisms, particularly 
those linked to katG mutations that impair INH 
activation. 
	 Each of these phytochemicals, with the 
exception of Apohyoscine, has been previously 
documented for its medicinal properties. For 
instance, Chryso-obtusin is known for its anti-
cancer, anti-Alzheimer’s, anti-diabetic, platelet 
anti-aggregatory, and anti-Parkinson’s disease 
activities.43 Episesamin has demonstrated anti-
neoplastic properties and potential therapeutic 
effects against obesity, while Norhyoscine has 
been reported for its efficacy in treating cancer, 
nausea, vomiting, and motion sickness.44,45 
Notably, Apohyoscine lacks prior documentation 
regarding its pharmacological activity, thereby 
warranting further investigation as a novel 
bioactive compound.
	 MD simulations provided further insights 
into the stability of these ligand-protein complexes 
over time. RMSD analysis indicated that most 
phytochemical-InhA complexes remained stable 
throughout the simulation period, with minimal 
deviations observed in backbone conformations. 
The exception was the Apohyoscine-InhA complex, 
which exhibited an RMSD value exceeding 2.5 Å, 
suggesting a lower binding stability. RMSF analysis 
further corroborated these findings, showing 
acceptable fluctuations in amino acid residues, 
thereby affirming the structural integrity of the 
protein upon ligand binding. Importantly, the 
phytochemical ligands did not induce significant 
conformational changes in InhA, reinforcing the 
notion that these molecules act as direct inhibitors 
rather than allosteric modulators. 

	 The distinct binding patterns of Chryso-
obtusin and the remaining three phytochemicals 
highlight their potential for complementary 
inhibition mechanisms. Chryso-obtusin, by 
targeting the NAD-binding pocket, may serve as 
a novel inhibitor disrupting cofactor interactions, 
while Episesamin, Norhyoscine, and Apohyoscine 
mimic the mechanism of INH by obstructing 
substrate access at site 2. This dual-inhibition 
strategy may prove advantageous in overcoming 
drug-resistance, particularly in Mtb strains 
harboring katG mutations, which hinder the 
activation of INH. The absence of direct evidence 
linking these phytochemicals to anti-TB activity 
warrants further in vivo validation studies to 
confirm their efficacy in inhibiting mycolic acid 
biosynthesis.
	 Given the generally lower toxicity of 
plant-derived compounds, these phytochemicals 
offer promising leads for drug development. 
Overall, the distinct binding modes observed in this 
study suggest that phytochemicals from Himalayan 
herbs can act as novel InhA inhibitors through 
cofactor-competitive and substrate-competitive 
mechanisms. These findings underscore the 
need for further in vitro and in vivo validation, 
structure-activity relationship (SAR) analysis, and 
pharmacokinetic evaluation to optimize their 
therapeutic potential and establish their role in 
combating drug-resistant TB. 
	 The findings of this study underscore 
the potential of Himalayan herb  derived 
phytochemicals as novel InhA inhibitors. The 
identification of distinct binding modes, supported 
by molecular docking and MD simulations, 
suggests that these compounds may offer new 
therapeutic avenues for combating TB. However, 
in vitro enzyme inhibition assays and in vivo 
studies are essential to establish their true efficacy 
and therapeutic potential. Future investigations 
should focus on structure-activity relationship 
(SAR) studies, bioavailability assessments, 
and combination therapies to optimize these 
compounds for clinical application against drug-
resistant Mtb strains.

CONCLUSION

	 This study highlights the promising 
potential of phytochemicals derived from 
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Himalayan herbs traditionally used in Hawan 
samagri as novel therapeutic agents against Mtb. 
Using a combination of molecular docking and 
molecular dynamics simulations, we identified 
four lead compounds-Chryso-obtusin, Episesamin, 
Norhyoscine, and Apohyoscine-that exhibited high 
binding affinity and favorable interaction profiles 
with the InhA enzyme, a crucial component of 
the mycolic acid biosynthesis pathway. These 
compounds were not only found to engage key 
catalytic and cofactor-binding residues but also 
maintained structural stability within the enzyme’s 
active site throughout MD simulations, supporting 
their potential inhibitory efficacy.
	 Chryso-obtusin, in particular, showed 
a unique interaction with the cofactor-binding 
site of InhA, suggesting an alternative inhibitory 
mechanism distinct from that of conventional drugs 
like INH. Meanwhile, Episesamin, Norhyoscine, 
and Apohyoscine mimicked isoniazid’s mechanism 
by binding at the substrate-binding site, potentially 
blocking NADH access and enzymatic activity. The 
dual targeting of both the cofactor and substrate-
binding sites by these phytochemicals presents 
a compelling strategy for overcoming current  
drug-resistance mechanisms in TB therapy. 
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