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Abstract
Tuberculosis (TB), caused by Mycobacterium tuberculosis (M.tb) infection, is increasingly challenged by the 
emergence of multidrug-resistant strains, necessitating the development of novel therapeutic strategies. 
This study aimed to identify natural phytochemicals from Hawan Samagri, a traditional Ayurvedic 
polyherbal mixture, with the potential to inhibit multiple enzymes of the fatty acid synthase II (FAS-II) 
pathway, a critical target for mycolic acid biosynthesis in M.tb. Plants constituting Hawan Samagri were 
first identified through Ayurvedic literature and subsequently screened using Dr. Duke’s Phytochemical 
and Ethnobotanical Database to retrieve reported phytochemicals. Compounds not previously reported 
for antimycobacterial activity were selected and further filtered using Lipinski’s Rule of Five and ADMET 
analysis. These shortlisted phytochemicals were then subjected to molecular docking against three key 
FAS-II enzymes-HadAB, FabG1, and KasA followed by molecular dynamics (MD) simulations to evaluate 
binding stability and interactions with catalytic and cofactor-binding residues. The analysis identified 
five promising compounds Cinnamonol, Episesamin, Norhyoscine, Apohyoscine, and Chrysophanol 
exhibiting strong binding affinities and stable interactions across the targeted enzymes. Among these, 
Cinnamonol demonstrated the most significant multitarget binding potential along with high stability 
during extended molecular dynamics simulations, indicating its promise as a broad-spectrum FAS-II 
inhibitor. Overall, this integrative in silico approach provides scientific validation for the traditional use 
of Hawan Samagri by identifying and characterizing its phytochemicals as potential multitarget inhibitors 
of the FAS-II pathway in M.tb, with Cinnamonol emerging as a particularly promising lead candidate 
for future anti-TB drug development due to its favorable pharmacokinetic properties and mechanistic 
relevance to fatty acid metabolism.
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INTRODUCTION

	 Tu b e r c u l o s i s  ( T B )  c a u s e d  b y 
Mycobacterium tuberculosis (M.tb), a chronic 
granulomatous infectious disease that remains 
a global health problem. According to the WHO 
Global Tuberculosis Report 2024, an estimated 
10.6 million new TB cases were reported in 2023, 
with more than 1.3 million deaths, emphasizing the 
ongoing burden of the disease.1,2 The emergence of 
multidrug-resistant and extensively drug-resistant 
strains of M.tb has further complicated treatment 
and reduced the effectiveness of standard 
chemotherapeutic drugs such as isoniazid (INH) 
and rifampicin.3 This growing resistance highlights 
the urgent need for novel therapeutic agents that 
target new biological pathways or enzymes not yet 
affected by resistance mechanisms.
	 One key factor contributing to M.tb 
pathogenicity and drug resistance is its highly 
complex lipid-rich cell wall, primarily due to the 
presence of mycolic acids, which are essential for 
cell wall integrity, immune evasion, and survival 
under stress conditions.4 The biosynthesis of 
mycolic acids involves two fatty acid synthesis 
pathways: the eukaryotic-like FAS-I and the 
prokaryotic FAS-II systems.5,6 The FAS-I system 
in mycobacteria synthesizes short- and medium-
chain acyl-CoAs (C16-C24), which are subsequently 
elongated by the FAS-II system to generate 
very-long-chain meromycolic acids (C60-C90) 
required for mycolic acid biosynthesis. The 
FAS-II system is not unique to mycobacteria, it 
is widely distributed and is also found in many 
Gram-positive and Gram-negative bacteria (e.g.  
E. coli and Bacillus subtilis, etc.), plants, and in 
some apicomplexan parasites such as Plasmodium 
falciparum. However, in mycobacteria, the FAS-II 
pathway plays a specialized and critical role in the 
elongation of fatty acids required for mycolic acid 
biosynthesis, which is an essential component of 
the mycobacterial cell wall. In contrast, animals 
do not have the FAS-II pathway and only on the 
FAS-I system for de novo lipid synthesis. Plants, on 
the other hand, primarily utilize the FAS-II system 
within plastids and chloroplasts for fatty acid 
biosynthesis. This unique function of the FAS-II 
system in mycolic acid synthesis in mycobacteria 
makes it a promising target for drug discovery 
against M.tb.

	 The FAS-II system of mycobacteria 
includes four critical enzymes: b-hydroxyacyl-ACP 
dehydratase (HadAB), b-ketoacyl-ACP reductase 
(FabG1/MabA), b-ketoacyl-ACP synthase I, (KasA) 
and the NADH-dependent enoyl-ACP reductase 
(InhA).7 Together, these enzymes sequentially 
catalyze condensation, reduction, dehydration, 
and final reduction reactions involved in fatty acid 
maturation required for cell wall biosynthesis.8 
Among all four enzymes, InhA has been the most 
widely studied, as it serves as the primary target 
of the frontline drug INH. However, mutations in 
the katG gene or regulatory regions of InhA have 
severely affected the efficacy of this pathway.9 
As a result, other FAS-II enzymes such as HadAB, 
FabG1, and KasA, which are for mycobacterial 
survival, structurally conserved, and lack human 
homologs, are now considered highly attractive 
yet underutilized drug targets.
	 In recent years several inhibitors have 
been discovered targeting FAS-II pathway.10-13 
Compounds including Thiolactomycin, Cerulenin, 
Platensimycin, and GSK3011724A have shown 
inhibitory activity against FAS-II enzymes. However, 
despite their promising in vitro activity, none of 
these compounds have progressed successfully to 
clinical use due to limitations in solubility, toxicity, 
or unfavorable pharmacokinetic properties.10-13 
These limitations highlight the urgent need 
to identify novel inhibitors with improved 
pharmacokinetic and safety profiles.14,15

	 In this context, several recent studies 
have demonstrated the potential of computational 
methods to targeting FAS-II pathway enzymes, 
identifying natural or synthetic inhibitors. 
Molecular docking and structure-based analysis to 
identify potential FAS-II inhibitors, demonstrating 
strong binding affinity and stable interactions with 
key catalytic residues. Such findings underscore 
the reliability of in silico approaches in screening 
and prioritizing candidate molecules targeting 
FAS-II enzymes. Collectively, these studies establish 
the FAS-II pathway as a promising target in anti-TB 
drug discovery.
	 N a t u r a l  p r o d u c t s ,  e s p e c i a l l y 
phytochemicals, have been reported as a rich 
source of therapeutic agents due to their structural 
diversity and biological significance. In this context, 
the traditional use of phytochemicals provides 
a unique and underexplored chemical space 
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for modern drug discovery.16 Hawan Samagri, 
a ritualistic Ayurvedic mixture composed of 
aromatic resins, seeds, leaves, fruits, stems, 
and barks from Himalayan plant species, has 
long been used in spiritual fumigation and 
traditional medicine.17,18 Preliminary studies 
suggest that the fumes of Hawan Samagri released 
after combustion contain potent antimicrobial 
properties, including inhibitory effects on M.tb 
Vapours of cinnamaldehyde, eugenol, and 
related phenylpropanoids have been reported 
to exhibit airborne antibacterial activity in vitro, 
suggesting that volatile constituents or their 
thermal derivatives may retain bioactivity even 
after combustion. However, the specific molecular 
components responsible for this bioactivity and its 
mechanisms of action remain largely unknown.19

	 Based on this rationale, forty-nine 
phytochemicals were selected from these 
twenty-seven Himalayan herbs and spices and 
computationally screened against three essential 
M.tb enzymes using structure-based virtual 
screening methods, along with drug-likeness 
filtration, ADMET profiling, molecular docking, 
and molecular dynamics simulations. Among 
the screened phytochemicals, Cinnamonol 
emerged as the most potent multitarget inhibitor, 
showing high binding affinity, stable interactions, 
and favorable pharmacokinetic properties.10-13 
Chrysophanol, Episesamin, Norhyoscine, and 
Apohyoscine demonstrated specificity toward 
individual enzymes, indicating target-selective 
activity.20 Importantly, this integrative in silico 
approach provides scientific support for the 
traditional use of Hawan Samagri by identifying 
its constituent phytochemicals as potential 
multitarget inhibitors of the FAS-II pathway in M.tb. 
The strong binding affinity of Cinnamonol toward 
key FAS-II enzymes, along with its stable behavior 
observed during molecular dynamics simulations, 
suggests its potential to interfere with mycolic acid 
biosynthesis. These findings highlight Cinnamonol 
as a promising lead compound for further 
exploration in anti-TB drug development.19,21

MATERIALS AND METHODS

Ligand selection and preparation
	 The selection of ligands was initiated 
through the identification of plant species 

traditionally incorporated into Hawan Samagri 
formulations, with particular emphasis on herbs 
and spices predominantly grown in the Himalayan 
region. It is acknowledged that Hawan Samagri 
compositions may vary geographically and 
culturally; therefore, the present study represents 
a defined ethnobotanical subset rather than an 
exhaustive catalog of all possible constituents. 
A consolidated list of reported phytochemicals 
was generated for each plant. From this dataset, 
compounds were shortlisted based on the 
following criteria: (i) documented occurrence in the 
selected Himalayan medicinal plants, (ii) reported 
antimicrobial or pharmacological relevance in the 
literature, (iii) representation of diverse chemical 
classes, and (iv) likelihood of release, volatility, 
or persistence during fumigation processes. 
Only compounds not previously reported with 
established antimycobacterial activity were 
included to ensure novelty in the screening 
approach. This methodical process led to the 
creation of a curated library of forty-nine unique 
phytochemicals from twenty-seven plant species 
used in Hawan Samagri.22 The three-dimensional 
structures of all phytochemicals were downloaded 
in SDF format from the PubChem database and 
converted into PDB format using BIOVIA Discovery 
Studio.23 Ligands were subsequently converted 
to PDBQT format using AutoDock Tools (version 
4.2.6),24,25 with assigned Gasteiger charges and 
rotatable bonds.

Lipinski’s Rule and ADMET prediction
	 All ligands were subjected to Lipinski's 
Rule of Five analysis to assess drug-likeness using 
the SCFBio-IITD online platform (http://www.
scfbio-iitd.res.in).26 Parameters such as molecular 
weight (<500 Da), logP (<5), hydrogen bond donors 
(<5), and hydrogen bond acceptors (<10) were 
evaluated. ADMET properties were predicted using 
PreADMET. Parameters assessed included human 
intestinal absorption (HIA), blood-brain barrier 
(BBB) permeability, cytochrome P450 inhibition, 
plasma protein binding (PPB), Ames mutagenicity, 
hepatotoxicity and carcinogenicity.27 Compounds 
with high mutagenicity or carcinogenicity potential 
were excluded from further screening to ensure 
improved translational potential.
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Target Protein Retrieval and Preparation
	 Crystal structures of HadAB (PDB ID: 
4RLJ; 1.75 Å resolution), FabG1 (PDB ID: 1UZN; 
1.91 Å resolution), and KasA (PDB ID: 4C6U; 2.4 Å 
resolution) were retrieved from the RCSB Protein 
Data Bank.28-30 Although the enzyme complex is 
referred to as HadAB, the catalytic dehydratase 
activity is primarily associated with the HadB 
subunit. Accordingly, molecular docking was 
performed on the HadB catalytic region within 
the HadAB complex structure. For each protein, 
only the biologically relevant monomeric chains 
were retained, and heteroatoms, water molecules, 
and bound ligands were removed to eliminate 
crystallographic artifacts using BIOVIA Discovery 
Studio.31 The prepared structures were converted 
into PDBQT format using AutoDock Tools (4.2.6) 
with polar hydrogens added and Kollman charges 
assigned.25

Molecular docking
	 Molecular  docking studies were 
performed using AutoDock 4.2.6 software 
downloaded by MGL Tools.25 MGL tool is a graphical 
user interface (GUI) used to prepare input, run, 
and analyze dockings generated from AutoDock 
employing the Lamarckian Genetic Algorithm 
(LGA).32,33 Prior to docking, ligand geometries were 
optimized using the MMFF94 force field to obtain 
energetically stable conformations. Partial atomic 
charges were assigned using the Gasteiger charge 
method, and AutoDock atom types were applied 
during ligand preparation in AutoDock Tools. For 
protein preparation, Kollman united atom charges 
were assigned, and polar hydrogens were added. 
A blind docking strategy was adopted to allow 
unbiased exploration of all possible binding sites.34 
The grid boxes were generated with dimensions of 
70 × 70 × 70 Å to cover the entire surface of the 
HadAB, FabG1, and KasA protein structures, with 
centre coordinates fixed at (5.789, 25.971, -4.844), 
(9.737, 13.004, 10.860), and (-30.133, 31.931, 
-37.969), respectively. The rationale for employing 
blind docking approach is to explore all possible 
ligand-binding sites, whether they correspond 
to known sites observed in the crystal structure 
or represent new potential binding sites. The 
docking procedures included 10 runs per ligand, 
and the lowest binding energy conformation 
with maximum cluster population was selected. 



	  www.microbiologyjournal.org2623Journal of Pure and Applied Microbiology

Singh et al | J Pure Appl Microbiol. 2026;20(3):2619-2639. https://doi.org/10.22207/JPAM.20.3.57

Figure 1. Molecular docking analysis of forty-nine herbal compounds against HadAB, KasA and FabG1: (A) Heatmap 
of the docking scores of the compounds against the three FAS-II pathway proteins. (B) Bar graph showing the average 
docking and inhibition scores among the three targets. The five selected lead compounds (16α-Hydroxyprogesterone, 
Cinnamonol, Norhyoscine, Apohyoscine and Chrysophanol) are indicated by red dots
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Figure 2. In silico docking study of Cinnamonol with HadAB, FabG1 and KasA proteins: (A-C) Docking poses of 
Cinnamonol with (A) HadAB, (B) FabG1, and (C) KasA, showing the binding pockets. (D-F) 2D interaction maps 
representing the interactions of Cinnamonol with respective amino acid residues. (G-I) RMSD plots of Cinnamonol-
HadAB, Cinnamonol-FabG1 and Cinnamonol-KasA complexes respectively. (J-L) RMSF plots of Cinnamonol-HadAB, 
Cinnamonol-FabG1 and Cinnamonol-KasA complexes respectively
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Binding affinity (ΔG), number of hydrogen bonds, 
and interaction with active site residues were key 
criteria for evaluating docking results. Visualization 
and interaction mapping were carried out using 
PyMOL35 and Discovery Studio Visualizer.36

Molecular Dynamics (MD) simulation
	 To study the stability of Protein-ligand 
interactions predicted by molecular docking, 
MD simulations were performed using the Flare 
software suite (V.6.1, Cresset)37 powered by the 
OpenMM engine. Each top-scoring protein-ligand 
complex was embedded in a cubic TIP3P water 
box with periodic boundary conditions and a 10 
Å solvent padding.38 A total of 5000 frames were 
saved during the simulation.
	 The characterization of proteins and 
ligands were performed by using AMBER ff14SB 
force field and GAFF2, respectively. The calculation 
of ligand partial charges was performed using the 
AM1-BCC method.39 Simulations were performed 
under the NPT ensemble, with the system 
maintained at a constant temperature of 300 K 
and pressure of 1 atm. The integration time step 
was kept at 2 femtoseconds, and each production 
run lasted 100 ns and 50 ns, with trajectory frames 
being recorded every 10 picoseconds. Default 
Flare settings were used for other parameters, 
such as periodic boundary conditions, force field 
assignment, and handling constraints. 
	 Trajectory analyses encompassed the 
calculation of RMSD (Root Mean Square Deviation), 
RMSF (Root-Mean-Square Fluctuation), radius of 
gyration (Rg), and hydrogen bond dynamics to 
assess the structural stability and ligand retention 
of the complexes.40 Additional simulation results 
indicated an average radius of gyration of 17.8 Å, 
potential energy of -105,000 kcal/mol, density of 
1.03 g/mL, and simulation box volume of 355 nm3. 
These parameters have been integrated to ensure 
the reproducibility of the MD simulations.

Selection of lead molecules
	 The selection of lead compounds was 
based on a composite analysis of molecular docking 
scores, pharmacokinetic profiles, predicted 
toxicity, and MD simulation stability. Compounds 
with binding energies better than -7.0 kcal/

mol, favourable ADMET properties, and minimal 
RMSD fluctuations (<3.0 Å) across the 100 ns and 
50 ns trajectory were shortlisted. Additionally, 
persistence of hydrogen bonding and hydrophobic 
interactions with catalytic residues during the MD 
trajectory was considered indicative of strong and 
stable binding.41 These shortlisted compounds 
were proposed as potential multitarget inhibitors 
of the FAS-II pathway for further experimental and 
preclinical validation.

RESULTS

Screening of Himalayan herbs for potential 
antitubercular phytochemicals 
	 Recent studies have highlighted the 
pharmacological potential of Himalayan herbs 
traditionally used in Hawan Samagri. The present 
study focuses specifically on Himalayan plant 
species traditionally incorporated into Hawan 
Samagri preparations. This regional emphasis was 
adopted because Himalayan medicinal plants are 
known to produce unique and chemically diverse 
secondary metabolites as adaptive responses to 
ecological stressors such as high altitude, intense 
UV radiation, and temperature fluctuations, 
thereby offering a biologically enriched resource 
for drug discovery. From these selected herbs, 
forty-nine phytochemicals were systematically 
curated based on their documented occurrence, 
structural diversification, chemical diversity, 
pharmacological relevance, and potential volatility 
or persistence during fumigation (Supplementary 
Table 1 and Supplementary Figure 1). This curated 
set represents a rationally defined subset rather 
than the complete phytochemical repertoire 
of Hawan Samagri, ensuring both novelty and 
biological plausibility in the present screening 
approach.
	 Building on this, the present study 
identifies novel and previously unreported 
phytochemicals from these Himalayan herbs that 
may act as multitarget inhibitors of three key FAS-
II enzymes in M.tb namely HadAB, FabG1, and 
KasA. These enzymes have been selected because 
they are essential, structurally conserved, and 
absent in humans, making them promising and 
underexplored targets for inhibiting mycolic acid 
biosynthesis in M.tb.7
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Figure 3. In silico docking analysis of Episesamin with HadAB, FabG1 and KasA proteins: (A-C) Docking poses of 
Episesamin with (A) HadAB, (B) FabG1 and (C) KasA with binding pockets. (D-F) 2D interaction maps of Episesamin 
with corresponding amino acid residues. (G-I) RMSD analyses of Episesamin-HadAB, Episesamin-FabG1 and 
Episesamin-KasA complexes, respectively. (J-L) RMSF profiles of the Episesamin-HadAB, Episesamin-FabG1 and 
Episesamin-KasA complexes, respectively
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Figure 4. In silico docking analysis of Norhyoscine with HadAB, FabG1 and KasA proteins: (A-C) Docking poses 
of Norhyoscine with (A) HadAB, (B) FabG1 and (C) KasA. (D-F) 2D interaction maps showing the interaction of 
Norhyoscine with the respective amino acid residues. (G-I) RMSD analyses of the Norhyoscine-HadAB, Norhyoscine-
FabG1 and Norhyoscine-KasA complexes, respectively. (J-L) RMSF profiles of Norhyoscine-HadAB, Norhyoscine-FabG1 
and Norhyoscine-KasA complexes, respectively
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	 Each selected compound had a molecular 
weight under 400 Da and was reported from various 
plant parts, including aerial parts, bark, roots, 
fruits, and seeds42 (Supplementary Table 1). The 
focus on relatively smaller molecules was intended 
to enhance drug-likeness and oral bioavailability, 
consistent with established medicinal chemistry 
principles. The chemical diversity included 
tropane alkaloids, phenylpropanoids, lignans, and 
anthraquinones.43,44 This diverse range of chemical 
scaffolds enhances the probability of targeting 
different binding environments within the enzyme 
active sites, thereby increasing the potential for 
multitarget inhibition.

Lipinski’s rule of five and ADMET profiling
	 The screening of selected phytochemicals 
began with evaluating the drug-likeness and 
pharmacokinetic properties to ensure their 
suitability for oral administration and clinical 
progression. Lipinski’s Rule of Five is a broadly 
accepted with criterion that helps predict oral 
bioavailability by assessing key physicochemical 
properties. Compounds that follow these rules are 
more likely to be absorbed and utilized effectively 
when administered orally.45 Physicochemical 
profiling of the forty-nine selected phytochemicals 
was performed to evaluate their drug-likeness 
based on Lipinski’s rule of five parameters. 
All compounds exhibited molecular weights 
below 500 Da (range: 104-387 Da), indicating 
favorable molecular size for oral absorption and 
cellular permeability. Lipophilicity assessment 
(XlogP3) demonstrated that the majority 
of compounds (46 out of 49) fell within the 
optimal range (-0.4 to 4.2; predominantly 1-4), 
reflecting a balanced hydrophilic–lipophilic 
profile conducive to membrane permeability. 
Only one compound showed slightly negative 
lipophilicity (Carpasemine, -0.4), suggesting higher 
hydrophilicity, while none exceeded the critical 
threshold of XlogP3 > 5, indicating minimal risk 
of excessive hydrophobicity-related solubility or 
toxicity issues.
	 Hydrogen-bonding capacity remained 
within acceptable limits for all compounds, with 
hydrogen bond donors ≤5 and hydrogen bond 
acceptors ≤10, supporting favorable membrane 
diffusion without compromising target-binding 
potential. Molar refractivity values ranged from 

36.7-105.6, with the vast majority falling within the 
optimal range of 40-130, indicating appropriate 
molecular volume and polarizability for stable 
protein-ligand interactions.
	 Collectively, these findings demonstrate 
that the curated phytochemical library largely 
conforms to established drug-likeness criteria, 
supporting its suitability for structure-based 
virtual screening against FAS-II targets (Table 1 and 
Supplementary Table 2).
	 ADMET profiling is an essential part 
of initial drug screening that evaluates the 
pharmacokinetic and toxicological parameters of 
compounds in biological systems. This approach 
helps to screen drugs having high therapeutic 
potential and low toxicity risk, reducing costly 
failures in further experimental stages.46 In silico 
ADMET analysis revealed that the majority of 
the selected phytochemicals exhibited high 
predicted human intestinal absorption (HIA > 90%), 
indicating favorable oral bioavailability (Table 1 
and Supplementary Table 3). Caco-2 permeability 
values suggested moderate to good intestinal 
transport for most compounds, while MDCK 
permeability varied, reflecting structural diversity 
and differences in passive membrane diffusion. 
Skin permeability predictions were generally low 
to moderate, supporting suitability for systemic 
administration. Plasma protein binding (PPB) 
values ranged from moderate to high, with several 
compounds maintaining acceptable binding levels 
(<90%), ensuring sufficient free drug availability. 
Predicted BBB penetration values were mostly 
low to moderate, suggesting limited central 
nervous system exposure an advantageous feature 
for anti-tubercular agents. Most compounds 
were predicted to be non-inhibitors of CYP2D6, 
indicating a low risk of drug-drug interactions. 
Although some compounds showed predicted 
mutagenicity, carcinogenicity outcomes were 
variable and not consistently positive. Overall, 
the ADMET profile supports the pharmacokinetic 
suitability of a substantial proportion of the 
phytochemical library for further investigation.47

Molecular docking and molecular dynamics 
simulation analysis
	 Molecular docking was performed 
to predict the binding affinities of forty-nine 
phytochemicals with the target enzymes. A blind 
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docking approach was employed to explore 
potential binding pockets without introducing 
positional bias. This strategy was particularly 
important to ensure unbiased identification of 
both canonical active site interactions and possible 
alternative or allosteric binding regions, thereby 
minimizing the risk of overlooking novel interaction 
sites. Such an approach is especially relevant 
when screening structurally diverse natural 
compounds, where binding preferences may not 
be restricted to previously characterized pockets. 
Supplementary Table 4 shows a summary of the 
docking data, which includes binding energies and 
inhibition constants for all compounds. To facilitate 
comparison of overall binding preferences, the 
docking scores were shown as heatmaps and bar 
graphs (Figures 1A and B).7 The heatmap provides 
an intuitive overview of relative binding affinities, 
where strong binders (ΔG < -8.5 kcal/mol) are 
highlighted in blue, moderate binders in red, and 
weak binders (ΔG > -6.0 kcal/mol) in yellow (Figure 
1A) allowing rapid identification of compounds 
with high affinity across multiple targets. The bar 
graph (Figure 1B) displays the average binding 
energies alongside their corresponding inhibition 
constants (Ki values) enabling a direct comparison 
of both binding strength and predicted potency for 
each compound.
	 Seven compounds were selected based 
on their binding affinities and inhibition constants: 
16a-hydroxyprogesterone, guggulsterone Z, 
c innamonol ,  norhyosc ine ,  ep i sesamin , 
apohyoscine and chrysophanol. Among them, both 
guggulsterone Z and 16a-Hydroxyprogesterone 
showed high docking affinities for all three 
targets in our screening (Supplementary Table 4). 
However, PreADMET toxicity predictions indicated 
potential mutagenicity and/or carcinogenicity, 
and their steroidal structures could interact 
with hormone-related pathways, limiting their 
suitability as lead candidates. Therefore, these 
compounds were excluded from further selection 
in the lead optimization pipeline.
	 The  remain ing  f i ve  compounds 
were advanced for detailed analysis, as they 
demonstrated strong binding interactions across 
all three targets (Table 2). Each compound, 
however, showed its highest binding affinity 
toward a specific enzyme: Cinnamonol with 

HadAB (-9.25 kcal/mol), Episesamin with FabG1 
(-7.70 kcal/mol), and both Norhyoscine (-9.95 
kcal/mol) and Apohyoscine (-9.70 kcal/mol) with 
KasA. Chrysophanol, though relatively moderate, 
demonstrated extensive activity against all three 
proteins.48

	 Cinnamonol was identified as the most 
promising candidate among these leads due to 
its strong binding affinity toward HadAB (-9.25 
kcal/mol), FabG1 (-7.95 kcal/mol) and KasA (-7.59 
kcal/mol). In HadAB, Cinnamonol established 
an extensive network of interactions (Figures 
2A and D), where it was stabilized by several 
hydrogen bonds and hydrophobic interactions. 
Gln68, Glu81, and Thr79 formed strong hydrogen 
bonds with the ligand, while van der Waals and 
alkyl/π-alkyl interactions strengthened binding 
with hydrophobic residues Leu142, Val85, Ile84, 
Ala69, and Phe72. Residues Cys61 and Gly64 were 
positioned close to the ligand, helping define the 
catalytic cleft. In FabG1, Cinnamonol was located 
near the NADH-binding site, forming interactions 
with Arg25, Ser140, and Asn88, while Pro183 
formed π-π interactions. Additional contacts with 
Ala89, Gly90, and Val141 further stabilized the 
complex (Figures 2B and E). In KasA, the ligand 
was anchored within the malonyl-ACP groove 
and stabilized by hydrogen bonds with His311 and 
Glu322 (Figures 2C and F).
	 MD simulations over 100 ns validated 
stable complexation among all three enzymes, 
exhibiting RMSD deviations below 2.8 Å (Figures 
2G-I) and RMSF fluctuations below 3.5 Åֵ, 
predominantly localized in flexible loops regions 
(Figures 2J-L). Cinnamonol is predicted to block 
substrate entry into the catalytic site by occupying 
the hydrophobic groove of HadAB and forming 
stabilizing interactions, thereby inhibiting the 
dehydration step required for mycolic acid chain 
elongation.49,50

	 Episesamin, a phenylpropanoid lignan, 
exhibited stable binding to all three FAS-II enzymes 
(Figure 3). In the case of HadAB, it formed 
hydrogen bonds with Gln68 and Gln86, while 
Ile60, Gly64 and Cys61 contributed additional van 
der Waals contacts. Hydrophobic residues such as 
Leu142, Ile84, and Val85 helped keep the ligand 
stable in the hydrophobic cleft (Figures 3A and D). 
In FabG1, Episesamin firmly was positioned within 
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the substrate-binding region to the area where the 
substrate binds, which is next to the NADH cofactor 
pocket (Figures 3B and E). It formed hydrogen 
bonds with Asn88 and Ser140 which are important 
for maintaining the catalytic environment. It also 
formed van der Waals and a-alkyl interactions 
with Tyr153, Pro183, Val141, and Gly139. Residues 
like Gly22, Arg25, and Ile27 helped stabilize the 
structure even more by hydrophobic and shape-
complementary packing interactions (Figures 3B 
and E). In KasA, with hydrogen bond interactions 
with Arg214, and Gly318, along with hydrophobic 
interactions with Ala215, Ile317, Pro316, and 
Gly403 contributed to the stability of binding 
(Figures 3C and F). In conclusion, Episesamin had 
the strongest binding affinity with FabG1 (-7.70 
kcal/mol), while HadAB (-8.74 kcal/mol) and KasA 
(-8.32 kcal/mol) had weaker binding affinities. The 
docking protocol was further validated by docking 
experimentally known inhibitors for each target 
protein under the same computational conditions. 
The results are presented in Table 3. The identified 
phytochemicals showed docking scores and 
binding interactions comparable to the reference 
inhibitors. These results support the reliability 
of the docking methodology and further suggest 
the potential of the chosen phytochemicals as 
potential inhibitors of HadAB, FabG1 and KasA.
	 Molecular  dynamics  s imulat ions 
demonstrated that the FabG1-Episesamin complex 
exhibited the most stable. RMSD values stabilized 
after 30 ns (Figure 3G-I), and RMSF fluctuations 
remained below 5 Å for the majority of residues, 
except for minor loop motions in HadAB (Figures 
3J-L). These findings collectively identify FabG1 
as the principal target of Episesamin, with its 
direct interactions with catalytically crucial 
residues (Asn88 and Ser140) and neighbouring 
hydrophobic contacts potentially hindering 
b-ketoacyl intermediate positioning or obstructing 
NADH binding, thereby disrupting fatty acid 
chain elongation and subsequent mycolic acid 
biosynthesis.51,52

	 Norhyosc ine  (scopolamine)  and 
Apohyoscine (aposcopolamine), both tropane 
alkaloids distinguished by their bicyclic tropane 
core and ester linkages, demonstrated significant 
affinities for all three FAS-II enzymes, with KasA 
identified as their principal target (-9.95 and -9.70 
kcal/mol, respectively). In HadAB, Norhyoscine 
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formed hydrogen bonds with Tyr65, Gln68 
and Thr138 and it also formed hydrophobic 
interactions with Gly64, Leu91, Ile60 and Leu91. 
Additional van der Waals contacts with Cys61 
and Thr140 helped keep the binding orientation 
stable in a shallow pocket next to the catalytic site 
(Figures 4A and D). In FabG1, Norhyoscine was 
bound near the cofactor-binding domain where 
it was stabilized by forming hydrogen bonds with 
Asn24, Arg47, and Arg25 and hydrophobic contacts 
with Val60, Gly22, Gly28, Gly26, and Val60 residues 
(Figures 4B and E). Additional van der Waals 
contacts with Ala89 and Val62 helped stabilize 
the binding orientation in a shallow pocket next 
to the catalytic site. In comparison with HadAB 
and FabG1, Norhyoscine had the strongest binding 
with KasA (-9.95 kcal/mol), where it was deeply 
embedded in the tunnel-like substrate channel 
(Figures  4C and F). A strong hydrogen bond with 
Gly318 and hydrophobic contacts with Ala279, 
Val278, Gly280, and Pro373 enhanced stability. 
Phe402 formed π-π stacking with the ligand, which 
is also observed for thiolactomycin. Additional 
stabilization came from Ala215, Met213, Thr313, 
and His311, confirming its occupancy of the 
catalytic groove and potential to block substrate 
access. MD simulations demonstrated stable 
complex formation, with RMSD values plateauing 
below 3 Å and RMSF fluctuations between 4-6 
Å (Figures 4J-L), confirming the conformational 
stability of the Norhyoscine-KasA complex.
	 Similarly, apohyoscine showed a similar 
interaction profile. HadAB was stabilized by 
hydrogen bonding with Gln68 and formed van der 
Waals and π-π stacking interactions with Thr140, 
Gln89, Cys61, Leu142 and Ile84 (Figures 5A and D). 
Apohyoscine formed hydrogen bonds with Ile27 
and Gly90 in FabG1 and hydrophobic interactions 
with Gly26, Gly25, Val62, and Gly22, whereas 
additional interactions with Ala111, Leu91, Arg47, 
Arg25 and Ala89 improved stability at the cofactor-
binding region (Figures 5B and E).
	 However, its highest binding affinity was 
observed with KasA (-9.70 kcal/mol), where the 
ligand occupied the same substrate tunnel as 
Norhyoscine (Figures 5C and F). Strong π-π stacking 
with Phe402 and Phe404, and hydrophobic 
interactions involving Gly403, Gly318, Gly405, 
and Gly406 formed an extensive interaction 
network. The broader contact surface compared 

to Norhyoscine suggests improved stability and 
tighter binding. MD simulations corroborated 
this, demonstrating RMSD stabilization after 25 
ns (Figure 5G-I) and uniform RMSF values across 
catalytic residues (Figure 5J-L).
	 In general, both alkaloids had stable but 
different affinities for all three enzymes. They 
bound moderately to HadAB and FabG1 and 
strongly to KasA. Their occupation of the substrate 
channel and π-π stacking with Phe402, a conserved 
residue in known inhibitors, supports their role as 
competitive blockers of the condensation step in 
mycolic acid chain elongation, thereby disrupting 
the FAS-II pathway. 
	 Chrysophanol,  an anthraquinone 
derivative previously documented for its 
antimycobacterial efficacy (MICs of 64 µg/mL 
against M.tb H37Ra and 64-128 µg/mL against 
M. bovis), demonstrated extensive yet moderate 
binding across HadAB, FabG1, and KasA (Figures 
6A-C). 
	 Unlike the other ligands that exhibited 
target preference, Chrysophanol maintained 
consistent interaction patterns with all three 
enzymes.
	 In HadAB, Chrysophanol formed hydrogen 
bonds with Gln68 and Gln86, which were further 
strengthened by hydrophobic interactions with 
Cys61, Ile60, and Gln89 (Figures 6A and D). In 
FabG1, the ligand formed hydrogen bonds with 
Asn24 and Val60. It also formed van der Waals 
and π-π stacking interactions with Val62, Ala111, 
Ala89, and Arg25, which could disrupt cofactor 
stabilization near the NADH-binding pocket  
(Figure 6B and E). In KasA, Chrysophanol was 
found in the substrate tunnel, where it formed 
hydrogen-bond interactions with Asp273 and 
Val278 and strong π-π stacking interactions with 
Phe402, Phe404, His311. It was further stabilized 
by hydrophobic contacts with Gly403, Gly406, 
Cys171 and Ala279 (Figures 6C and F).
	 MD simulations confirmed stable 
binding in all three protein-ligand complexes, 
with RMSD convergence occurring between 5-35 
(Figure 6G-I) ns and RMSF values typically below 6 
Å, suggesting restricted flexibility in critical active-
site regions (Figures 6J-L). Comprehensive analyses 
of temperature, velocity, potential energy, density 
gradient, box volume, and radius of gyration for 
all five selected compounds in relation to HadAB, 
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Figure 5. In silico docking analysis of Apohyoscine with HadAB, FabG1, and KasA proteins: (A-C) Docking poses 
of Apohyoscine with (A) HadAB, (B) FabG1, and (C) KasA. (D-F) 2D interaction maps showing the interactions 
of Apohyoscine with the corresponding amino acid residues. (G-I) RMSD analyses of the Apohyoscine-HadAB, 
Apohyoscine-FabG1, and Apohyoscine-KasA complexes, respectively. (J-L) RMSF profiles of the Apohyoscine-HadAB, 
Apohyoscine-FabG1, and Apohyoscine-KasA complexes, respectively
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Figure 6. In silico docking analysis of Chrysophanol with HadAB, FabG1, and KasA proteins: (A-C) Docking poses of 
Chrysophanol with (A) HadAB, (B) FabG1, and (C) KasA, showing the binding pockets. (D-F) 2D interaction maps 
showing the interactions of Chrysophanol with the corresponding amino acid residues. (G-I) RMSD analyses of the 
Chrysophanol-HadAB, Chrysophanol-FabG1, and Chrysophanol-KasA complexes, respectively. (J-L) RMSF profiles 
of the Chrysophanol-HadAB, Chrysophanol-FabG1, and Chrysophanol-KasA complexes, respectively
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FabG1, and KasA are illustrated in Supplementary 
Figures 2, 3, and 4, respectively. Chrysophanol’s 
ability to consistently block multiple targets shows 
that it could be a broad-spectrum inhibitor that 
can block substrate access and interfere with 
multiple steps.
	 All five selected phytocompounds 
C innamonol ,  Norhyosc ine,  Ep isesamin, 
Apohyoscine, and Chrysophanol, were found 
to bind directly within or next to the substrate-
binding pockets of HadAB, FabG1, and KasA. 
These pockets are normally occupied by other 
intermediates or cofactors, like b-hydroxyacyl-ACP, 
NADH, and malonyl-ACP. It is predicted that these 
phytochemicals compete for the binding pockets 
and block substrate entry, thereby either slowing 
down or completely inhibiting with the FAS-II 
pathway. This inhibition process compromises 
mycolic acid synthesis, an essential component of 
the mycobacterial cell wall, ultimately weakening 
the cell wall structure and leading to the bacterial 
cell death. The ability of these compounds to bind 
to multiple targets makes them more likely to be 
tested further as broad-spectrum FAS-II inhibitors.

Binding site analysis and inhibition mechanism
	 Comparison with reference inhibitors 
reinforced the predicted mechanisms. Cinnamonol 
and Norhyoscine were found to bind near the 
KasA malonyl-ACP tunnel. In HadAB, Cinnamonol 
occupied a hydrophobic cleft similar to the binding 
region of thiolactomycin. In FabG1, Cinnamonol 
and Episesamin occupied residues surrounding 
the NADH cofactor pocket, resembling NADH-
mimetic inhibitors reported in similar systems. 
These findings suggested that FAS-II enzymes are 
likely inhibited through a competitive mechanism, 
targeting multiple steps of mycolic acid biosynthesis 
and ultimately weakening the structural integrity 
of the M.tb cell wall.17

DISCUSSION

	 The present study provides new insights 
into the potential of Himalayan herb-derived 
phytochemicals as multitarget inhibitors of the 
FAS-II pathway in M.tb. With the persistent global 
rise of MDR and XDR TB strains,53 it is increasingly 
important to identify new chemical scaffolds 

that can act on underexplored yet essential 
enzymes such as HadAB, FabG1, and KasA.54 In 
contrast to InhA, the traditional target of first-line 
M.tb drugs, which is susceptible to resistance-
inducing mutations in katG or InhA itself, these 
enzymes maintain structural conservation and 
are indispensable, rendering them logical drug 
targets for next-generation anti-TB therapeutics. 
In this context, Hawan Samagri, a traditional 
Ayurvedic polyherbal mixture made up of different 
Himalayan herbs served as a source of bioactive 
phytochemicals that helped us identify possible 
FAS-II inhibitors.
	 A m o n g  f o r t y - n i n e  s e l e c t e d 
phytochemicals, five compounds, namely 
C innamonol ,  Ep isesamin,  Norhyosc ine, 
Apohyoscine and Chrysophanol were selected as 
lead compounds due to their high binding affinities 
and stable interactions during MD simulations. 
Notably, Cinnamonol has been reported previously 
as an antimicrobial agent, having activity against 
Staphylococcus aureus and Candida albicans,55 
while Chrysophanol has been established as an 
antimycobacterial agent showing activity against 
M.tb H37Ra and M. bovis.44 This discovery expands 
the known range of phytochemicals with anti-
TB potential.54 On the other hand, Episesamin, 
Norhyoscine, and Apohyoscine have not been 
previously reported to have antimicrobial or 
antitubercular activity in the literature. Therefore, 
their discovery in this work as potential FAS-II 
enzyme inhibitors represents a novel contribution. 
	 Previous research on natural FAS-II 
inhibitors has mostly focused on fatty acid 
mimetics, b-ketoacyl analogs, or thiolactone 
derivatives like cerulenin and thiolactomycin. 
However, the discovery of phenylpropanoids and 
lignans such as Cinnamonol and Episesamin in the 
current investigation indicates a structurally unique 
class of inhibitors with potential for increased 
bioavailability and lower toxicity. This emphasizes 
phytochemical diversity as an underexplored 
pool of anti-TB leads and underlines the case for 
screening traditional herbal formulations such as 
Hawan Samagri for drug development.
	 The identified phytochemicals were also 
compared with established FAS-II inhibitors such 
as thiolactomycin, cerulenin, platensimycin, and 
GSK3011724A. Cinnamonol demonstrated strong 
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and consistent binding across HadAB, FabG1, and 
KasA, with interaction energies comparable to or 
better than those of thiolactomycin and cerulenin. 
Its predicted binding pockets overlapped with 
critical residues such as Phe402 and Gly318 in 
KasA and Glu199 and Leu185 in HadAB, which 
are known to interact with reference inhibitors, 
suggesting a conserved mechanism of action.
	 Besides having high binding affinity against 
all three FAS-II enzymes, all these compounds also 
possess high affinity for individual targets. For 
example, Cinnamonol shows high binding affinity 
for HadAB, Episesamin for FabG1, and both 
Norhyoscine and Apohyoscine for KasA enzyme. 
The result of molecular docking suggested that 
Episesamin stably binds within the NADH-binding 
site of FabG1, highlighting its cofactor-competition 
mode of action.7 On the other hand, Norhyoscine 
and Apohyoscine occupied the substrate channel 
of KasA where they both interact with Phe402 
and Gly318 residues, which form the catalytic 
core of the enzyme. These residues have been 
previously reported to be the binding targets 
of Known inhibitors such as platensimycin and 
GSK3011724A, suggesting the plausibility of our 
docking methods.
	 The most promising inhibitor identified 
in this study was Cinnamonol.17 It showed strong 
binding affinity against all three FAS-II pathway 
enzymes, suggesting that it can be utilized as 
a multitarget inhibitor to inhibit mycolic acid 
synthesis. Although its predicted binding sites 
are similar to those of known inhibitors such as 
cerulenin and thiolactomycin, Cinnamonol showed 
better pharmacokinetic properties and higher 
stability compared to these synthetic inhibitors. 
Similarly, Chrysophanol showed a wide binding 
affinity range as well as high binding affinity for 
all three FAS-II enzymes, supporting its previously 
reported antimycobacterial activity and making it 
a suitable option for combination therapy.56

	 Overall, this study achieves two major 
objectives: (i) it supports traditional claims 
and identifies new scaffolds for future drug 
development. This is achieved by identifying 
compounds with known antimicrobial activity 

such as Cinnamonol and Chrysophanol, and 
(ii) It identifies novel scaffolds for future drug 
development by characterizing compounds 
with no prior information on antibacterial 
activity, including Episesamin, Norhyoscine and 
Apohyoscine.57-59

CONCLUSION

	 This study identified five phytochemicals-
C innamonol ,  Ep isesamin,  Norhyosc ine, 
Apohyoscine, and Chrysophanol as promising 
multitarget inhibitors of M.tb FAS-II enzymes 
HadAB, KasA, and FabG1. All compounds 
demonstrated high affinities, stable interactions, 
as well as favorable pharmacokinetic profiles using 
an integrated docking pipeline, ADMET screening, 
and molecular dynamics simulations. Cinnamonol 
bound to all three enzymes with high affinity, 
indicating its potential as a multitarget inhibitor. 
The anticipated interactions indicate the successful  
suppression of mycolic acid biosynthesis, a 
crucial process for M.tb survival. These studies 
suggest that experimental validation should 
include enzyme assays, inhibitor concentration 
evaluations, and in vitro antimycobacterial studies. 
In general, ethnomedicinal phytochemicals could 
be used to develop novel antitubercular drugs.

Future perspectives and limitations
	 The current study offers novel insights 
into the potential of Cinnamonol and other 
analogous herbal scaffolds as FAS-II inhibitors; 
however, several l imitations persist. The 
predictions are derived from in silico analyses, 
necessitating in vitro as well as in vivo validation 
to ascertain biological efficacy together with target 
specificity. Future research should concentrate 
on lead optimization via structure–activity 
relationship analyses to improve binding affinity 
and pharmacokinetic characteristics. Additionally, 
toxicity and cytocompatibility evaluations are 
crucial for assessing safety profiles prior to 
preclinical testing. Combining these experimental 
validations will confirm the computational 
results and help advance phytochemical-based 
antitubercular drug development.
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