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Tuberculosis (TB) remains a major global health challenge, intensified by the rise of multidrug-resistant
(MDR) and extensively drug-resistant (XDR) strains of Mycobacterium tuberculosis. The bacterial

cell division protein FtsZ, a key GDPase required for cytokinesis, represents a promising target for
novel anti-TB therapeutics. This study aimed to identify potential FtsZ inhibitors among marine

fungal metabolites using molecular docking, molecular dynamics (MD) simulations, and MM/GBSA
analyses. Docking was performed with AutoDock Vina v1.2.0, followed by 200 ns MD simulations using
Desmond to evaluate complex stability. Among 100 screened metabolites, Xanalteric acid Il showed
the strongest binding affinity (-10.9 kcal/mol), interacting with Arg140 and Thr130 within the active
site, outperforming the co-crystallized ligand (- 9.1 kcal/mol) and moxifloxacin (- 7.7 kcal/mol). The
FtsZ-Xanalteric acid Il complex exhibited stable RMSD and compact radius of gyration throughout the
simulation. MM/GBSA analysis revealed a strong binding free energy (AG_bind = -74.77 + 4.95 kcal/
mol), dominated by van der Waals and lipophilic interactions. PCA, FEL, and DCCM analyses confirmed
the structural rigidity and energetic stability of the complex. These findings highlight Xanalteric acid

Il as a promising marine-derived inhibitor of FtsZ and support the potential of marine metabolites in
developing next-generation anti-TB agents.
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Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), remains one of the leading infectious diseases
worldwide, posing a major threat to public health and socioeconomic stability’. According to the WHO Global
Tuberculosis Report 2024, about 10.8 million people worldwide developed active TB in 2023, and TB caused
approximately 1.25 million deaths globally. Strikingly, the disease burden is heavily concentrated: roughly 45%
of new cases occur in the WHO South-East Asia Region, and another ~ 24% in the African Region, with the
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Western Pacific Region also substantially affected. At the national level, India alone accounts for about one-
quarter of all global TB cases. These numbers illustrate that TB remains a major public-health challenge —
especially in Asia and Africa — and highlight the urgent need for novel therapeutics targeting drug-resistant and
hard-to-treat TB3. Alarmingly, approximately 410,000 cases were reported as multidrug-resistant (MDR-TB),
reflecting resistance to at least isoniazid and rifampicin—the two most potent first-line anti-TB drugs?. The
growing prevalence of MDR-TB and extensively drug-resistant TB (XDR-TB) continues to undermine global
TB control programs and emphasizes the urgent need for novel therapeutic agents with alternative mechanisms
of action®®.

One promising avenue in anti-TB drug discovery involves targeting essential bacterial proteins responsible
for cell division”. Among these, the filamenting temperature-sensitive protein Z (FtsZ), a bacterial homolog of
tubulin, plays a crucial role in cytokinesis®®. FtsZ polymerizes in a GDP-dependent manner to form a dynamic
Z-ring at the future site of cell division, recruiting downstream division proteins essential for septum formation
and cell wall biosynthesis!®!!. Inhibition of FtsZ polymerization or GDPase activity leads to abnormal cell
morphology and growth arrest, ultimately causing bacterial death!?. Importantly, FtsZ is highly conserved
among bacterial species but structurally distinct from eukaryotic tubulin, making it a selective and attractive
target for antibacterial drug development'?.

It will need new medications with shorter durations of action and fewer adverse effects for effective treatment
of MDR/XDR!. Marine fungi have recently emerged as an abundant yet underexplored source of structurally
diverse and biologically active secondary metabolites. The extreme and nutrient-limited marine environment
drives unique evolutionary pressures that enable these fungi to biosynthesize chemically unprecedented
scaffolds, including alkaloids, terpenoids, polyketides, and peptides with mechanisms distinct from terrestrial
organisms'>~17. Such chemical novelty is particularly relevant for TB, where the rise of MDR and XDR strains
underscores the urgent need for molecules with new modes of action'. Numerous studies have reported that
marine fungal metabolites display promising antimicrobial potential, positioning them as a valuable resource for
developing new anti-TB agents!®?’. Therefore, exploring marine fungal metabolites offers a strategic opportunity
to identify structurally innovative, pharmacologically rich candidates for next-generation anti-TB therapeutics.

Advancements in computational drug discovery have further accelerated the identification of promising
inhibitors from natural sources. In-silico techniques such as molecular docking, molecular dynamics (MD)
simulations?!, and absorption, distribution, metabolism, elimination, and toxicity (ADMET) analysis allow
rapid screening and evaluation of large compound libraries while minimizing experimental costs and time.
These approaches also enable a deeper understanding of protein-ligand interactions and help prioritize lead
molecules with favorable pharmacokinetic and safety profiles?. In this study, we employed an integrated in-
silico approach to identify potential FtsZ inhibitors among marine fungal metabolites. The workflow combined
molecular docking to predict binding affinities and molecular dynamics simulations to assess stability and
conformational behavior. Through this comprehensive computational analysis, we aimed to identify novel
marine-derived scaffolds with potential inhibitory activity against FtsZ, thereby contributing to the discovery of
new candidates for combating multidrug-resistant tuberculosis.

Materials and methods

Ligand selection and Preparation

A total of 100 marine fungal metabolites were compiled from reputable natural-product sources, including
CMNPD (https://www.cmnpd.org/)?*, COCONUT 2.0 (https://coconut.naturalproducts.net/)*, and published
studies reporting metabolites isolated from marine-derived fungi®®~>*. Metabolites were partially selected
based on their reported antibacterial activity>~3. Additional filters—such as removal of duplicates, exclusion
of inorganic/metal-containing compounds, and structural completeness—were applied to ensure high-quality
input for docking. Their three-dimensional structures were downloaded from the PubChem database in SDF
format, and some of the structures were drawn manually using ChemDraw 23.1.1. The energy was minimized
using the MMFF94 force field in Open Babel v3.1.1%. The co-crystallized ligand (GDP) from the FtsZ structure
and the reference antibiotics Moxifloxacin and Linezolid were used as control ligands for comparison®. All
ligand structures (100 metabolites + 2 reference drugs + one co-crystal ligand = 103) were converted into
PDBQT format using Open Babel v3.1.1, ensuring the addition of Gasteiger charges and defining torsional
degrees of freedom for each metabolite.

Protein Preparation and validation

The crystal structure of the Mtb FtsZ protein (PDB ID: 1RQ7)* was retrieved from the Protein Data Bank
(https://www.rcsb.org/structure/IRQ7). The structure was chosen due to its high-resolution crystallographic
data and the presence of a native co-crystallized ligand bound to the GDP-binding domain, which defines the
catalytic pocket. All water molecules, heteroatoms, and non-essential cofactors were removed using Discovery
Studio Visualizer 2021%°. Protein minimization in UCSF Chimera v1.16 was performed using the AMBER
ff14SB force field under an implicit solvent model*!. Hydrogen atoms and Kollman charges were added using
AutoDock Tools (ADT) v1.5.7. Protonation states and residue ionization were retained as present in the PDB
structure (AutoDockTools does not alter protonation automatically). Missing atoms present in the PDB file
were automatically rebuilt by ADT, and the final optimized structure was saved in PDBQT format for docking
simulations*?. The stereochemical quality and structural integrity of the protein model were validated using
a Ramachandran plot generated by SAVES v6.1 web server (https://saves.mbi.ucla.edu/)*>. It provides the
PROCHECK-based results*.
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Active site identification

Active site identification and grid box generation were conducted in Discovery Studio Visualizer 2021. The active
site of the FtsZ protein was identified based on the position of the native co-crystallized ligand and previous
structural studies describing the GDP-binding pocket. The catalytic cavity was defined to include key residues
such as Gly18, Gly19, Gly101-107 (catalytic residue), Thr106, Arg140, Asp184, and Asn163, which are known to
participate in nucleotide binding and polymerization (Fig. 1)*°. The grid box was generated to cover the entire
nucleotide-binding pocket with the following center coordinates: center_x = — 6.63, center_y = 36.02, center_z =
7.27, and dimensions size_x =20 A, size_y =20 A, size_z = 20 A. Docking was conducted with an exhaustiveness
of 8 and an energy range of 4 kcal/mol.

Molecular Docking simulation

Validated docking simulations were performed for all 100 marine fungal metabolites using AutoDock Vina
v1.2.0%. The docking grid was centered on the coordinates of the native ligand-binding pocket to encompass
all key amino acids involved in GDP binding. The grid box dimensions were optimized to ensure the inclusion
of the complete binding cavity. Each docking run generated 10 poses per ligand, and the best conformation was
selected based on the highest binding affinity (kcal/mol) and favorable orientation within the pocket.

Post-Docking analysis

We screened 100 metabolites by docking; from these, 6 representative metabolites are presented in the result
section, and the full docking results for the remaining metabolites are provided in Supplementary Table S1. The
ten compounds shown in the result section were selected objectively by docking-score ranking (top 6 by docking
score). The protein-ligand interactions, including hydrogen bonds, hydrophobic contacts, and electrostatic
interactions, were visualized using Discovery Studio Visualizer 2021. Comparative interaction studies were
carried out for the top-scoring marine fungal metabolites, the co-crystal ligand, and Moxifloxacin to identify
conserved binding residues.

Fig. 1. Three-dimensional structure of Mycobacterium tuberculosis FtsZ highlighting major secondary-
structure elements. The crystal structure of FtsZ (PDB ID: 1RQ7) is shown with its secondary-structure
components annotated. a-Helices are represented in red, B-sheets in yellow, and loop regions in green. The
bound GDP molecule is displayed in stick representation (blue), marking the nucleotide-binding site. The
visualization illustrates the spatial arrangement of helices, sheets, and flexible loops that contribute to FtsZ’s
catalytic function and conformational dynamics during polymerization.
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Docking protocol validation

To validate the protocol, the co-crystallized ligand in 1RQ7 was extracted and re-docked using the same grid
parameters. The top-ranked pose showed a close alignment with the native crystallographic conformation
(low root mean square deviation, generally < 2A), confirming the reliability and reproducibility of the docking
setup?®. All ligands in the study were subsequently docked using this validated protocol. The root mean square
deviation (RMSD) between the conformations was calculated using PyMOL v3.1%.

MD simulation procedure

System Preparation

The MD simulations were performed using the Desmond module implemented in Schrédinger Release 2023-4
to evaluate the structural stability and dynamic behavior of the FtsZ-ligand complexes. The top one docked
complex, Xanalteric acid II-FtsZ, was selected based on its superior binding affinities and key active site
interactions observed in docking analysis. The Protein Preparation Wizard in Maestro was employed to optimize
the structures by assigning bond orders, adding missing hydrogen atoms, and optimizing side-chain orientations
at physiological pH (7.4). All water molecules present in the crystal structure were removed before solvation*®.

System Building and solvation

Each complex was embedded in an orthorhombic simulation box and TIP3P solvation, ensuring a 10 A buffer
distance from any protein atom to the edge of the box. To neutralize the system, counter ions (Na* or CI)
were added, and an ionic concentration of 0.15 M NaCl was maintained to mimic physiological conditions. The
OPLS4 (Optimized Potentials for Liquid Simulations 4) force field was applied to all components, ensuring an

accurate representation of atomic interactions®.

Energy minimization and equilibration

Energy minimization was conducted using the Steepest Descent algorithm until the system reached a convergence
threshold of 1.0 kcal/mol/A to remove steric clashes and relax the geometry. Following minimization, the
systems underwent a two-step equilibration protocol consisting of a short NVT ensemble (constant number
of particles, volume, and temperature) for 1 ns and an NPT ensemble (constant number of particles, pressure,
and temperature) for another 1 ns at 300 K and 1 atm pressure using the Berendsen thermostat and barostat.
The Martyna-Tuckerman-Klein chain coupling scheme was applied to ensure stable temperature and pressure
regulation throughout the simulation®.

Production MD run
The equilibrated systems were subjected to 200 ns production MD simulations under periodic boundary
conditions using a 2 fs time step. The trajectory data were recorded every 10 ps for further analysis®'.

Trajectory and stability analysis

The trajectory outputs were analyzed using the Simulation Interaction Diagram (SID) tool in Desmond. The
RMSD of the Ca atoms was calculated to evaluate the overall structural stability of the protein-ligand complexes
during the 200 ns simulation. The root mean square fluctuation (RMSF) values were computed to assess the
flexibility of individual amino acid residues, particularly in the binding pocket. Hydrogen bond occupancy,
radius of gyration (Rg), and solvent-accessible surface area (SASA) were also analyzed to gain insights into
conformational stability, compactness, and solvent exposure of the complexes™.

Free energy landscape (FEL), principal component analysis (PCA)

The FEL and PCA analyses were conducted to explore the conformational dynamics and collective motions of
the FtsZ-Xanalteric acid IT complex during the 200 ns molecular dynamics simulation. The trajectory data were
processed using the Simulation Interaction Diagram (SID) tool in Desmond and further analyzed with the Bio3D
and ProDy packages integrated in Schrodinger Maestro. PCA was performed by constructing a covariance matrix
of the Ca atomic fluctuations and diagonalizing it to obtain the principal eigenvectors representing dominant
motion modes®®. The first two principal components (PC1 and PC2) were used to construct the FEL, which was
generated according to the Gibbs free energy equation, G = -RT In P, where P represents the probability density

of conformations®.

Probability density function (PDF), and dynamic Cross-Correlation matrix (DCCM)

The PDF was derived from the population distribution of conformers along PC1 and PC2, providing insight into
conformational flexibility and stability. The DCCM was computed based on the cross-correlation coefficients
of atomic displacement vectors to identify correlated (positive) and anti-correlated (negative) motions among
protein residues®. These analyses collectively elucidated the conformational stability, cooperative dynamics, and
energy landscape of the FtsZ-ligand complex®®.

Binding free energy calculation

Post-simulation, the MM-GBSA (Molecular Mechanics Generalized Born Surface Area) method implemented
in Prime (Schrédinger) was employed to estimate the binding free energies (AG_bind) of the FtsZ-ligand
complexes. For MM/GBSA calculations, 1003 frames were uniformly extracted from the 200-ns MD trajectory
(sampling interval ~ 200 ps) and used to compute the average binding free energy. The binding free energy was
computed according to Eq. 1.

A Gbind = Geomplex — (Gprotein + Gligand) (1)
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Where G G . ,and G

, represent the minimized free energies of the respective states®’.
complex’ "~ protein

ligand
Physiochemical properties and toxicity prediction
Physicochemical properties of Xanalteric acid II and Apiosporamide were obtained using the ADMETlab 3.0
web server®®, and radar plots were generated to compare each compound with standard drug-likeness thresholds.
Acute inhalation toxicity was predicted using the STopTox web server®. Organ-specific toxicity, including
hepatotoxicity, neurotoxicity, nephrotoxicity, and carcinogenicity, was assessed through the ProTox 3.0 platform,
which also provided applicability domain evaluation and fragment contribution analyses®. All predictions were
performed using default parameters, and results were compiled to evaluate overall drug-likeness and toxicity
profiles.

Results

Active site and protein validation
The active site of the FtsZ protein was successfully defined by generating a grid box that encompassed all
catalytically relevant amino acid residues (Fig. 2A). The grid was strategically positioned to cover the GDP-
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Fig. 2. Grid box around the active site to cover all the active site amino acids (A). Ramachandran plot to
validate the protein structure (B). Active site amino acids interacting with native co-crystal ligand (GDP) at
original state (C).
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binding pocket and adjacent loop regions, ensuring comprehensive coverage of potential ligand-interacting
residues. The binding site topology revealed a well-defined cavity characterized by polar and non-polar residues,
providing a suitable environment for ligand accommodation and interaction. The structural validation was
performed through Ramachandran plot analysis (Fig. 2B). The results indicated that 95.5% of the residues were
located in the most favored and 4.5% additionally allowed regions. No amino acids fell within the disallowed
regions. This distribution confirmed the stereochemical quality and structural integrity of the FtsZ protein
model, validating its suitability for subsequent molecular docking and simulation studies.

Binding site interactions with native ligand

The binding site analysis of the FtsZ protein with its native ligand revealed several key interactions contributing
to complex stability (Fig. 2C). The co-crystal ligand (GDP) was accommodated within the GDP-binding pocket
and established multiple hydrogen bonds, hydrophobic contacts, and electrostatic interactions with catalytically
relevant amino acid residues. Strong hydrogen bonding interactions were observed with Asp184, Asn22, and
Arg140, stabilizing the ligand within the active cleft. Additional interactions with Glu102, Glu136, and Gly18-
Gly19 further reinforced the ligand’s orientation and conformational stability. Several glycine residues (Gly104-
Gly107, Gly17) and Thr106 formed van der Waals or weak polar contacts, providing a supportive environment
around the phosphate and ribose moieties of the ligand. Hydrophobic interactions involving Phe180 and Ala183
contributed to the overall binding affinity, enhancing the stabilization of the aromatic region of the ligand
within the hydrophobic pocket. These interactions highlighted the structural complementarity between the FtsZ
binding cavity and its native ligand, validating the reliability of the docking grid and confirming the suitability
of the identified active site for virtual screening of marine fungal metabolites.

Molecular Docking analysis

Molecular docking of one hundred marine fungal metabolites was carried out to identify potential inhibitors
targeting the FtsZ protein (PDB ID: 1RQ7). Among these, only compounds exhibiting binding affinities below
—9.0 kcal/mol were considered for detailed analysis, while the remaining docking results were provided in the
supplementary file (Table 1S). The docking outcomes revealed that several metabolites displayed stronger binding
energies compared to the native co-crystallized ligand (-9.1 kcal/mol) and the reference drug moxifloxacin
(7.7 kecal/mol), suggesting a higher affinity for the active site of FtsZ (Table 1).

The top-ranked compound, Xanalteric acid II, exhibited the most favorable binding energy (-10.9 kcal/mol),
forming two hydrogen bonds with Arg140 and Thr130, both of which are crucial residues in the GDP-binding
region (Fig. 3A). Apiosporamide also demonstrated a strong affinity (-10.6 kcal/mol) by forming six hydrogen
bonds with residues Thr42, Thr106, Glyl9, Glyl01, Glyl04, and Argl40, indicating its potential to disrupt
FtsZ polymerization (Fig. 3B). Alterporriol C showed a binding energy of —10.1 kcal/mol, stabilized through
hydrogen bonding with Gly18, Glyl9, and Thr106, which are known to contribute to nucleotide-binding
stabilization (Fig. 3C). Similarly, 5-epi-Asperdichrome and Verruculogen both exhibited a binding energy of
—9.1 kcal/mol, forming multiple interactions with residues such as Asn41, Ala70, Gly105, Gly107, Thr106, and
Arg140, comparable to the co-crystal ligand’s interaction pattern. Tajixanthone hydrate, with a docking score of
—9.0 kcal/mol, showed hydrogen bonding with Arg140 and Asp184, which are essential for catalytic activity and
protein conformational stability. The consistent involvement of residues such as Arg140, Thr106, Gly18-19, and
Asp184 across the top-scoring compounds indicated a conserved binding region within the FtsZ active site. The
observed interactions suggest that these marine fungal metabolites could effectively occupy the GDP-binding
pocket, potentially impeding FtsZ polymerization and subsequent bacterial cell division.

The co-crystal ligand (Figs. 3D and 4A) exhibited a strong network of hydrogen bonds with Gly101, Gly105,
Gly107, Thr106, Asn163, Ala70, and Arg140, in addition to hydrophobic interactions with Phe180, confirming its
stable orientation within the GDP-binding pocket. The Linezolid compound (Fig. 4B) formed multiple hydrogen
bonds with Thr106, Arg140, Gly17, Gly104, and Gly107, closely mimicking the interaction pattern of the native
ligand. The strong electrostatic and polar interactions with Arg140 and Thr106—key residues responsible for FtsZ
polymerization—suggested its potential to interfere with GDP-dependent filament formation. In comparison,

SN | Metabolites Binding Affinity | No of H-bond | Interactive Amino Acids

1 Xanalteric acid 11 -10.9 2 Arg140, Thr130

2 | Apiosporamide -10.6 6 Thr42, Thr106, Gly19, Gly101, Gly104, Arg140
3 Alterporriol C -10.1 3 Gly18, Gly19, Thr106

4 | 5-Epi-asperdichrome | -9.1 2 Asn4l, Gly18

5 Verruculogen -9.1 5 Ala70, Gly105, Gly107, Thr106, Arg140

6 | Tajixanthone hydrate | -9.0 2 Argl40, Asp184

7 | Co-crystal ligand -9.1 5 Asnl63, Gly101, Gly105, Gly107, Thr106

8 Linezolid =7.7 3 Gly104, Arg140, Thr106

9 Moxifloxacin -7.7 4 Thr106, Ala70, Arg140, Gly136

Table 1. Binding affinities, interactive amino acids, and number of hydrogen bonds of marine fungal
metabolites against FtsZ proteins (1RQ7). Arg140 (in bold) is the GDP binding amino acid, and metabolites
interact with this amino acid with a conventional hydrogen bond.
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Fig. 3. 2D molecular interaction of Xanalteric acid II (A), Apiosporamide (B), and Alterporriol C (C) against
FtsZ proteins (1RQ7). Superimposing the native co-crystal ligand (green) and redocked ligand (red) within
FtsZ proteins active site to validate the docking protocol (D).

Moxifloxacin (Fig. 4C) established hydrogen bonds with Thr106, Ala70, Gly101, Glul36, and Arg140, along with
ni—7 stacking with Phe180, indicating a moderate binding affinity relative to the native ligand.

The heatmap visually represents the binding affinities of 103 compounds, where color intensity indicates the
magnitude of binding scores (Fig. 1S, supplementary file). Cooler colors (blue to cyan) correspond to stronger
binding affinities (more negative scores, around —9.0 to —10.9), while warmer colors (green to yellow) indicate
weaker binding (- 6.0 to —7.5). The distribution shows that most compounds cluster around moderate binding
scores (—7.5 to —8.5), with a few highly potent compounds—such as those near compound numbers 12, 41,
61, and 101—displaying the strongest affinities (deep blue regions). The heatmap effectively highlights both
the variability and concentration of strong binders among the tested metabolites. The compound number
code, along with their corresponding name, 2D structures, PubChem ID, and binding scores, are given in the
supplementary file (Table 18S).

Docking protocol

validation

The superimposition of the native ligand (green) and the redocked ligand (red) revealed a high degree of
spatial overlap, with a calculated RMSD value of 1.86 A (Figs. 3D and 4D). This RMSD value falls within the
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Fig. 4. 2D molecular interaction of co-crystal ligand (A), Linezolid (B), and Moxifloxacin (C) against FtsZ
proteins (1RQ7). 3D superimposing the native co-crystal ligand (green) and redocked ligand (cyan) to validate
the docking protocol.

acceptable threshold (<2.0 A), confirming that the docking procedure was capable of accurately reproducing
the experimentally observed binding orientation. The redocked ligand maintained key hydrogen bond
interactions with Gly18, Gly19, Gly104, Gly105, and Thr106, similar to those observed in the crystal structure,
demonstrating consistency in the recognition of critical residues within the GDP-binding pocket. These results
validated the accuracy of the docking workflow and ensured that the subsequent docking analyses of marine
fungal metabolites were performed using a reliable and reproducible computational model.

MD simulation analysis
RMSD and RMSF
To evaluate the dynamic stability and conformational behavior of the docked complexes, a 200 ns MD
simulation was performed using the Desmond package (Schrodinger Release 2023-4). The RMSD, RMSE, and
torsional analyses were carried out to assess the overall stability, flexibility, and conformational adaptability of
the Xanalteric acid II-FtsZ complex throughout the simulation period.

The RMSD trajectory plot (Fig. 5A) illustrated that the Ca atoms of the FtsZ protein maintained structural
stability throughout the simulation, with fluctuations remaining below 2.0 A, indicating that no major
conformational drift occurred. The ligand RMSD, representing the positional deviation of Xanalteric acid II
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Fig. 5. (A) RMSD plot of the Xanalteric acid II-FtsZ complex showing structural stability throughout the
200 ns simulation. (B) RMSF of the FtsZ residues depicting minimal backbone flexibility around the catalytic
region. (C) RMSF of Xanalteric acid IT atoms indicating low internal fluctuations and conformational rigidity.
(D) Torsional angle distribution plots demonstrating stable rotational conformations of the ligand during
simulation.

within the active site, was persistently within the range (<2A) for the first 90 ns. However, it deviated after 90
ns, reaching 4.0 A. A major rise in RMSD around 120 ns indicated transient rearrangement of surface residues,
which re-equilibrated thereafter, confirming the complex’s thermodynamic stability.

The RMSF plot (Fig. 5B) provided insights into the residue-level flexibility of the FtsZ protein. The majority
of the residues exhibited RMSF values below 2.0 A, suggesting minimal backbone fluctuations. Slightly higher
fluctuations were observed in loop regions near residues 50-60 and 150-160, which correspond to flexible
domains involved in ligand accommodation. The low RMSF values in the catalytic pocket, especially around
residues Gly18, Gly19, Thr106, and Argl140, indicated the structural rigidity and stable ligand anchoring in the
active site. Ligand-specific flexibility was analyzed through the RMSF of Xanalteric acid II atoms (Fig. 5C). The
ligand atoms showed fluctuations below 1.5 A, indicating minimal internal torsional strain and conformational
stability during the entire trajectory. This stable pattern reflected strong van der Waals and hydrogen bonding
interactions with key residues, supporting the docking predictions. The torsional angle distribution plots
(Fig. 5D) confirmed that the ligand maintained consistent conformational orientations within the active site. The
restricted rotational freedom of specific bonds indicated the existence of energetically favorable orientations,
further reinforcing the stable binding of Xanalteric acid II throughout the simulation.

Structural stability analysis

To further validate the dynamic behavior and binding strength of the Xanalteric acid II-FtsZ complex, additional
trajectory analyses were performed, including Rg, hydrogen bond occupancy, SASA, MolSA, and PSA (Fig. 6).
The average RMSD of the ligand was approximately 0.8 A, confirming that the compound remained firmly
anchored in the active site. The absence of sharp deviations indicated strong conformational restraint and high
binding stability of Xanalteric acid II within the catalytic pocket. The Rg, which describes the compactness
of the protein structure, exhibited negligible variation during the simulation, maintaining an average value of
3.60-3.75 A. The minimal deviation in Rg suggested that no major unfolding or expansion occurred in the
protein structure, reflecting its conformational stability in complex with Xanalteric acid II. Analysis of IntraHB
revealed the presence of one to two consistent hydrogen bonds maintained throughout the trajectory. The
persistence of these bonds reinforced the structural stability of the protein-ligand interface and contributed
to the observed rigidity of the complex. The MolSA fluctuated narrowly between 284 and 292 A2, suggesting
limited conformational rearrangement during the simulation. Similarly, the SASA displayed a stable pattern
ranging from 100 to 150 A2, indicating that the protein retained its native folding and that no significant solvent
exposure occurred in the binding cavity. The PSA remained steady at approximately 250 A2, consistent with a
balanced hydrophobic-hydrophilic interaction profile within the ligand-binding region.
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Fig. 6. Trajectory analysis plots of the Xanalteric acid II-FtsZ complex over 200 ns simulation: RMSD, Rg,
MolSA, SASA, and PSA. The consistent profiles indicate compactness, stable hydrogen bonding, and minimal
solvent exposure throughout the simulation.

Protein-Ligand contact analysis

To gain deeper insight into the molecular interactions stabilizing the Xanalteric acid II-FtsZ complex, a
comprehensive protein-ligand contact analysis was performed over the 200 ns simulation trajectory (Fig. 6). The
two-dimensional interaction map (Fig. 7A) revealed that Xanalteric acid II established multiple stable hydrogen
bonds and hydrophobic interactions within the GDP-binding pocket of the FtsZ protein. The compound formed
strong hydrogen bonds with Gly9, Glyl19, Argl40, and Thr130, which persisted throughout the trajectory,
indicating their key role in anchoring the ligand. Hydrophobic and n-m stacking interactions were observed
with Phel33, Phel80, and Alal83, enhancing van der Waals stability and contributing to optimal ligand fitting
within the hydrophobic subpocket.

The interaction fraction diagram (Fig. 7B) showed that Arg140, Asp184, Glu 102, and Glu136 exhibited the
highest contact persistence, maintaining interaction fractions above 0.6 for the majority of the simulation time.
This consistent interaction profile reflected the strong electrostatic and hydrogen bonding network that stabilized
the ligand within the catalytic groove. Other residues, such as Gly101, Gly69, and Thr130 showed intermittent
interactions, likely contributing to dynamic adaptation during the simulation. The contact timeline plot (Fig. 7C)
demonstrated that Xanalteric acid IT maintained an average of 8-10 simultaneous contacts throughout the 200
ns trajectory, with key interactions persisting beyond 150 ns, confirming its long-term stability within the FtsZ
active site. The high contact occupancy with residues involved in GDP binding suggested that Xanalteric acid II
may effectively disrupt FtsZ polymerization by competitively binding at the catalytic site.

FEL, PCA, and PDF

The PCA projection plot (Fig. 8A) displayed the distribution of MD trajectory frames along the first three
principal components (PC1, PC2, and PC3), which together captured the majority of the conformational
variance. The trajectory clustering toward a single region in the PCA space reflected restricted global motion and
convergence to a stable equilibrium state during the simulation. This limited conformational sampling suggested
that no large-scale structural rearrangements occurred within the FtsZ-ligand complex, corroborating the
RMSD and Rg analyses. The 3D FEL (Fig. 8B) was generated using the first two principal components (PC1 and
PC2) as reaction coordinates. The FEL plot revealed two major energy basins separated by a shallow transition
barrier, indicating that the complex predominantly occupied a single low-energy conformation throughout the
simulation. The global minimum, represented in blue, corresponded to the most stable conformational ensemble
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Fig. 7. Protein-ligand contact analysis of the Xanalteric acid II-FtsZ complex during 200 ns MD simulation:
(A) 2D interaction diagram illustrating hydrogen bonds, hydrophobic, and water-mediated contacts with
residues Argl140, Glul36, Asp184, Thr130, and Phe180. (B) Interaction fraction plot showing contact
persistence, where Argl140, Asp184, and Glul36 exhibited the highest occupancy. (C) Contact timeline plot
displaying the stability and frequency of interactions over time, confirming sustained ligand engagement with
the binding site.

with a free energy of approximately 14-16 kJ/mol, whereas higher energy states (red regions) indicated transient
conformational fluctuations. The dominance of a single, deep energy well confirmed that the Xanalteric acid
II-FtsZ complex remained structurally stable and energetically favorable under physiological conditions. The
PDF analysis (Fig. 8C) provided quantitative insight into the distribution of the principal component values.
Both PC1 and PC2 exhibited unimodal and overlapping density peaks, indicating that the system explored
a narrow conformational space with limited structural flexibility. The overlapping profiles of PC1 and PC2
further supported a stable and energetically favorable binding mode with minimal deviation from the native
conformation.

Dynamic Cross-Correlation matrix (DCCM) analysis

To further investigate the internal motion and cooperative dynamics of residues in the Xanalteric acid II-FtsZ
complex, a DCCM analysis was performed using the 200 ns MD simulation trajectory (Fig. 9). The DCCM
map represents the correlated (positive, red) and anti-correlated (negative, blue) motions of Ca atoms across
the protein backbone. Correlated motions (values close to +1) indicate synchronized fluctuations between
residue pairs, whereas anti-correlated motions (values near —1) represent movements in opposite directions.
The DCCM results revealed that the FtsZ protein exhibited extensive positive correlations within residues
forming the catalytic pocket, particularly among Gly18-Gly19, Thr106, Glul36, and Asp184 (all a-helices).
These residues displayed cooperative dynamics essential for maintaining the integrity of the ligand-binding site.
Strong intra-domain correlations were also observed along the diagonal axis, reflecting stable local motions
within a-helices and B-sheets. Conversely, mild anti-correlated motions were observed between loop regions
and terminal residues, such as those near Ala70, Ala183 (a-helices), and Gly224 (B-sheet), suggesting flexible
regions that contribute to conformational adaptability during ligand binding (Fig. 2S, supplementary file).
Importantly, the absence of large-scale anti-correlated clusters indicated that Xanalteric acid II binding did not
induce any significant destabilization or unfolding within the protein structure.

MM-GBSA free energy analysis

The average binding free energy (AG_bind) was found to be —74.77 +4.95 kcal/mol, confirming the strong
and energetically favorable interaction between Xanalteric acid II and the FtsZ protein. Decomposition of the
total binding energy revealed that van der Waals (AG_bind_Vander = —50.15+4.98 kcal/mol) and lipophilic
(AG_bind_Lipophilic = —30.13+4.99 kcal/mol) contributions were the dominant stabilizing factors, indicating
that hydrophobic and nonpolar interactions played a major role in maintaining complex stability (Fig. 10). The
Coulombic interaction energy (AG_bind_Coulomb = —19.74 + 5.0 kcal/mol) further contributed to electrostatic
attraction. The covalent (AG_bind_Covalent = —5.02 +2.05 kcal/mol) and hydrogen bonding (AG_bind_HBond
= —2.01+0.97 kcal/mol) terms contributed modestly but consistently to the overall binding affinity, suggesting
the importance of stable hydrogen bonds in complementing van der Waals and hydrophobic contacts. Analysis
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Fig. 8. Conformational and energy landscape analyses of the Xanalteric acid II-FtsZ complex: (A) 3D PCA
projection illustrating restricted conformational clustering, indicating limited global motion. (B) 3D FEL plot
showing a deep, single global energy minimum region corresponding to a stable conformational state. (C) PDF
plot displaying overlapping unimodal distributions of PC1 and PC2, confirming conformational stability and
limited structural fluctuation.

shows that van der Waals (vdW) and lipophilic interactions are the dominant favorable contributors to binding,
with electrostatic (Coulomb) interactions providing a secondary contribution.

Drug likeness properties

The radar plots show that both Xanalteric acid IT and Apiosporamide largely fall within established drug-likeness
thresholds, though several physicochemical parameters deviate from optimal ranges (Fig. 11A and B). Xanalteric
acid II exhibits greater divergence in lipophilicity- and ring-related descriptors, whereas Apiosporamide more
closely aligns with molecular weight, polarity, and hydrogen-bonding limits.

Acute inhalation toxicity prediction

The applicability domain plots show that both Xanalteric acid IT and Apiosporamide fall within reliable prediction
space, supporting confidence in the toxicity models. Fragment contribution maps show predominantly green
regions, indicating non-toxic structural features, while only minimal brown areas—representing potential
toxic fragments—are observed (Fig. 12A-D). These patterns align with the organ toxicity predictions, where
both compounds are classified as inactive for hepatotoxicity, neurotoxicity, nephrotoxicity, and carcinogenicity,
suggesting an overall favorable toxicity profile (Table 2). The models suggest a favorable toxicity outlook for both
metabolites, indicating low likelihood of major organ-specific adverse effects.
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Fig. 9. DCCM plot representing correlated (red) and anti-correlated (blue) motions among Ca atoms of the
FtsZ protein during the 200 ns MD simulation. Strongly correlated motions were observed among residues
Gly18-Gly19, Thr106, and Asp184, indicating cooperative dynamics within the active site that stabilize
Xanalteric acid II binding.

Discussion
TB continues to pose a major global health threat, aggravated by the increasing prevalence of multidrug-resistant
and extensively drug-resistant strains of Mtb. The urgent need for new therapeutic agents with novel mechanisms
of action has directed research toward unconventional sources, among which marine ecosystems have emerged
as a rich repository of structurally unique bioactive metabolites. Marine-derived fungi, in particular, produce
diverse secondary metabolites with remarkable pharmacological potential, including antibacterial, antifungal,
and anticancer activities®®2. In this context, the present study aimed to identify and characterize potential
inhibitors of the bacterial cell division protein FtsZ, a highly conserved and essential GDPase involved in
bacterial cytokinesis. Inhibiting FtsZ disrupts the Z-ring assembly process, leading to cell division arrest and
bacterial death, making it an attractive target for anti-TB drug development.

The docking and binding free energy results obtained in the present study for the Xanalteric acid II-FtsZ
complex exhibited strong concordance with previously reported FtsZ inhibition studies*>®*. In our docking
analysis, Xanalteric acid II demonstrated the highest binding affinity of — 10.9 kcal/mol, forming stable hydrogen
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Fig. 10. MM-GBSA energy calculation of Xanalteric acid II-FtsZ protein complex.

bonds with Arg140 and Thr130, two residues essential for the GDP-binding and polymerization functions of
FtsZ. This binding energy was significantly higher than that of the native co-crystal ligand (- 9.1 kcal/mol) and
the standard drug moxifloxacin (- 7.7 kcal/mol), indicating enhanced inhibitory potential. To contextualize
the predicted binding affinity of the marine fungal metabolites, we compared our docking scores with values
reported for established FtsZ inhibitors. Literature indicates that most validated FtsZ inhibitors—including
benzamide derivatives and curcumin-based molecules—exhibit docking affinities in the approximate range of —
7.0 to — 10.5 kcal/mol®. Furthermore, drug repurposing study revealed Sitagliptin and Paroxetine scored — 9.4
and — 9.0 keal/mol, respectively®.

Comparatively, Gurnani et al.. evaluated cyanobacterial metabolites against FtsZ and reported docking
affinities of — 6.01 and - 6.5 kcal/mol for compounds aphanorphine and alpha-dimorphecolic acid, respectively.
Among these, aphanorphine exhibited the strongest interaction, stabilized through hydrogen bonding and
hydrophobic contacts within the active pocket®®. Our study also revealed that hydrophobic interaction plays
crucial role for binding mode to the active site which aligned with previous study®’. The stronger docking affinity
observed for Xanalteric acid II compared to these metabolites suggests superior complementarity with the FtsZ
catalytic site. Previous studies have reported several FtsZ inhibitors with notable docking affinities. For example,
ZINC000524729297 and ZINC000604405393 showed binding energies of — 8.73 kcal/mol and — 8.55 kcal/mol,
respectively, supported by hydrogen bonding and hydrophobic interactions®®. Another investigation identified
benzimidazole derivative (P32) as a strong candidate with a docking score of — 9.6 kcal/mol®, while a larger
screening effort reported ten molecules with docking scores ranging from — 9.549 to — 4.290 kcal/mol”°. The
structural comparison between Xanalteric acid II and previously reported FtsZ inhibitors (ZINC000524729297,
ZINC000604405393, and P32) reveals several shared pharmacophoric features that may underlie their strong
predicted affinities (Fig. 13). All molecules contain a polycyclic aromatic core (highlighted in blue), which is
a recurrent scaffold among FtsZ inhibitors and is known to facilitate m-m stacking and hydrophobic packing
within the interdomain cleft and nucleotide-adjacent pocket. Xanalteric acid II exhibits a similar fused-ring
aromatic region, suggesting that it can occupy these hydrophobic subpockets in a manner analogous to the
known inhibitors. Furthermore, the -OH group is important for hydrogen bonding. Additionally, both ZINC-
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Fig. 11. Radar plot illustrating the physicochemical property distribution of Xanalteric acid II (A) and
Apiosporamide (B) relative to standard drug-likeness thresholds.

series compounds and P32 incorporate phenolic or hydroxyl-substituted aromatic groups (red ovals), which
contribute polar contacts and hydrogen bonding.

In comparison, the top marine fungal metabolites identified in our study exhibit docking affinities that fall
within, and in some cases exceed, these previously reported values. Additionally, comparison with previous
FtsZ inhibitor studies reveals strong agreement in the key residues contributing to ligand recognition. Prior
computational and structural analyses have repeatedly identified Glyl9, and Argl40 located within the
catalytic pocket as critical pharmacophoric residues for inhibitor engagement’’. In our study, the top marine
fungal metabolites also formed recurrent interactions with Glyl9 (catalytic residue) and Argl40, during
docking. Argl40 frequently interacted with the screened metabolites due to its strategic position on the helix
at the edge of the interdomain cleft (IDC). Its positively charged guanidinium group readily forms hydrogen
bonds, electrostatic interactions, and cation-mt contacts, making it a common anchoring residue for diverse
ligands®. The convergence of these findings with earlier reports indicates that the predicted binding poses are
consistent with established FtsZ inhibition mechanisms. This alignment supports the functional relevance of the
marine-derived scaffolds and underscores their potential as credible candidates for further FtsZ-targeted drug
development.

To further substantiate the docking findings, MD simulation was performed to evaluate the dynamic stability
and conformational adaptability of the FtsZ-Xanalteric acid II complex under physiological conditions. The
RMSD profile of the complex remained stable throughout the 200 ns simulation, fluctuating around 2.0-3.5
A, which indicates minimal deviation from the initial docked conformation and sustained structural stability.
RMSF analysis showed that the binding site residues exhibited limited flexibility confirming restricted mobility
and enhanced rigidity upon ligand binding. A consistent Rg profile reflects preservation of the protein’s global
compactness and suggests that Xanalteric acid IT does not induce unfolding or destabilizing motions. This agrees
with the RMSD results, further supporting a structurally stable protein-ligand complex. MolSA measures the
van der Waals surface area of the ligand and reflects changes in its conformational spread while bound?. The
relatively constant MolSA values indicated that Xanalteric acid II maintains a stable internal conformation
during binding, without major structural rearrangements or steric clashes within the active site. SASA tracks
the extent of ligand exposure to solvent during the simulation”®. The SASA slightly decreased upon complex
formation, suggesting reduced solvent exposure and improved hydrophobic packing at the binding interface,
which is characteristic of a stable and energetically favorable complex. PSA reflects the polar region of the
ligand surface that is accessible to solvent and is important for hydrogen bonding and desolvation energetics’*.
The steady PSA profile indicates that the ligand maintains a consistent pattern of polar interactions with the
surrounding residues, supporting stable hydrogen-bonding networks throughout the trajectory.

PCA revealed that PC1 and PC2 capture the principal fluctuations of the complex, dominated by motions in
the interdomain cleft and catalytic loops. The tight clustering of trajectory points indicates limited conformational
drift and supports a stable binding state. FEL analysis further showed a single deep free-energy minimum,
reflecting a dominant, energetically favorable conformation. The lack of multiple minima suggests that ligand
binding restricts large-scale motions and maintains structural stability throughout the simulation. The binding
free energy computed through MM/GBSA analysis provided quantitative support to the observed stability.
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Fig. 12. Acute inhalation toxicity prediction of Xanalteric acid II and Apiosporamide. Applicability domain
(A) and predicted fragment contribution (B) of Xanalteric acid II. Applicability domain (C) and predicted
fragment contribution (D) of Apiosporamide. The green color represents the fragment contribution for non-
toxic properties and brown color for toxic fragment.

Organ toxicity | Xanalteric acid IT | Apiosporamide
Hepatotoxicity | Inactive Inactive
Neurotoxicity Inactive Inactive
Nephrotoxicity | Inactive Inactive
Carcinogenicity | Inactive Inactive

Table 2. Predicted organ toxicity of Xanalteric acid II and Apiosporamide.
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Fig. 13. Structural comparison of Xanalteric acid II with previously reported FtsZ inhibitors.
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The total binding free energy (AG_bind) was —74.77 kcal/mol, indicating a strong and favorable interaction.
Among the contributing energy components, van der Waals and lipophilic terms were predominant, while
Coulombic and hydrogen bonding interactions further strengthened the binding. The energetic contribution
from hydrophobic and polar forces emphasizes the compound’s balanced interaction profile, which is essential
for both stability and specificity.

Together, the stable RMSD patterns and preserved binding pose corroborate the strong AG_bind value
obtained from MM/GBSA calculation, confirming that the favorable energy components arise from a physically
stable and well-maintained protein-ligand complex. Both compounds exhibit acceptable physicochemical
profiles and predominantly non-toxic fragment contributions, with minimal toxic alerts. Combined with inactive
organ-toxicity predictions, these findings suggest favorable safety and drug-likeness, supporting their potential
for further pharmacological development. These findings not only highlight the therapeutic promise of marine-
derived compounds but also underscore the importance of exploring oceanic biodiversity for discovering next-
generation anti-TB agents that can overcome the growing challenge of drug resistance.

Limitation

Docking and MM/GBSA provide useful preliminary insights but have inherent limitations. Docking scores
simplify the binding landscape and overlook entropy, solvation, and protein flexibility, while MM/GBSA relies on
approximate solvation models, making AG_bind values qualitative rather than absolute. These results therefore
serve mainly as relative rankings, not definitive measures of affinity. Another limitation is that DCCM analysis,
although informative, would benefit from a more detailed integration with specific structural regions (loops,
helices, and B-sheets) to fully contextualize correlated motions. Ultimately, experimental validation is required
to confirm the inhibitory potential of the identified metabolites.

Conclusion

The present study elucidates the molecular interaction mechanism of marine fungal metabolites against the
FtsZ protein of Mycobacterium tuberculosis. Xanalteric acid II emerged as the most potent inhibitor, exhibiting
higher binding affinity, strong intermolecular interactions, and dynamic stability compared to standard drugs.
The stable RMSD, compact Rg, and favorable MM/GBSA energy profile support its strong affinity toward the
FtsZ catalytic site. Conformational analyses, including PCA, FEL, and DCCM, further confirmed the energetic
and structural stability of the complex. These findings collectively suggest that marine-derived metabolites,
especially Xanalteric acid II, could serve as promising lead scaffolds for the rational design of next-generation
anti-TB agents targeting the FtsZ protein.
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