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An Extensive Computational Investigation of
Mycobacterium tuberculosis Pantothenate Synthetase
Inhibitors from Diverse-Lib Compounds Library

Mohd Imran,™ Abida,™ Arbi Guetat,”™ Patrick Gad Iradukunda,'® Shuaibu Abdullahi Hudu,
Eric Saramba,’” Abdullah R. Alzahrani, Lina Eltaib,”” Mehnaz Kamal," and

Tafadzwa Dzinamarira*™

Antibiotics have played a crucial role in significantly reducing
the incidence of tuberculosis (TB) infection worldwide. Even
before the mid-20" century, the mortality rate of TB onset
within five years was around 50%. So, the introduction of
antibiotics has changed the scenario of TB from a serious threat
to a manageable one. However, the emergence of resistance to
anti-TB drugs poses a significant challenge. So, to overcome
this situation the therapeutic approaches and drug targets need
to be reformed. This study focused on finding potential
inhibitors by targeting Pantothenate Synthetase, a crucial
enzyme for Mycobacterium tuberculosis (Mtb) survival, through
computational drug discovery methods. Molecular docking and
virtual screening were employed to identify potential inhibitors
from Diverse-lib. Four compounds, namely CID2813602,
24357538, CID753354, and CID4798023, exhibited strong bind-
ing energies and stable interaction with the target protein.

1. Introduction

Tuberculosis (TB), caused by the Mycobacterium tuberculosis
(Mtb), remains one of the most challenging infectious diseases,
impacting millions worldwide."" It is the leading cause of death
due to a single infectious agent, surpassing even HIV/AIDS.?"
The disease primarily affects the lungs, but can also damage
other parts of the body.”™ Despite significant efforts in
controlling TB, the emergence of drug-resistant strains, coupled
with the complexities of long-term antibiotic treatments,

Further assessment of these compounds through MD simula-
tion and Post MD simulation showed significant dynamic
stability. The minimum energy transition calculated using the
free energy landscape analysis of these compounds when
docked with Pantothenate Synthetase confirmed the stability of
each complex due to its minimum energy production. The free
binding energy calculation of each complex also showed the
intramolecular interaction contributes to the strong binding
affinity of the compounds within the enzyme’s active site
clarifying their mechanisms of action. This research showcases
the effectiveness of computational methods in promptly
identifying potential anti-TB drugs, paving the way for future
experimental validation and optimization. It holds promise for
the development of new treatments targeting drug-resistant TB
strains.

presents ongoing challenges."® Mtb has a complex and unique
biology. It's a slow-growing bacterium with a thick, waxy cell
wall, contributing to its resistance against both the immune
responses of the host and many antibiotics.” This resilience
underscores the necessity for novel therapeutic strategies.
Researchers have identified several potential targets within the
bacterium’s metabolic pathways, essential for its survival and
virulence.®? One such target is the enzyme Pantothenate
Synthetase (PS).*®
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Recent research has focused on Pantothenate Synthetase as
a novel target for therapeutic intervention."® PS plays a critical
role in the biosynthesis of Coenzyme A (CoA) in Mtb.” CoA is
vital for various metabolic processes, including fatty acid
synthesis and energy production, crucial for the bacterium’s
survival and pathogenicity.” Targeting PanC could potentially
disrupt the metabolic functions critical for bacterial growth and
survival. Studies have shown that inhibitors of PanC exhibit
substantial activity against drug-resistant TB strains, highlight-
ing the enzyme’s potential as a therapeutic target. This makes
PS an attractive target for new anti-TB drugs."®* In comparison,
other validated targets, such as InhA (enoyl-ACP reductase) and
DprE1 (decaprenylphosphoryl-B-D-ribose 2’-epimerase), also
exhibit high essentiality due to their involvement in vital
metabolic and cell wall biosynthesis pathways. Pantothenate
Synthetase has a well-defined active site amenable to small-
molecule binding, as evidenced by the successful identification
of several potent inhibitors through structure-based drug
design.®® The enzyme’s active site provides numerous inter-
action points for potential inhibitors, enhancing its druggability.
In comparison, targets like InhA and DprE1 are also considered
highly druggable, having been the focus of extensive drug
development efforts that yielded effective inhibitors.

However, drug development against TB, particularly target-
ing PS, is not straightforward. The challenge lies in identifying
compounds that are not only effective in inhibiting the target
enzyme but also possess favorable pharmacokinetic properties
and minimal toxicity.” The traditional drug discovery process is
often time-consuming and costly, with a high rate of attrition."?
This is where computational drug discovery methods come into
play. These approaches can significantly accelerate the drug
discovery process, enabling the identification of potential drug
candidates more efficiently and cost-effectively.!**®

In this context, the Diverse-lib Compounds library available
at the MTiOpenScreen database presents a valuable resource.
This library is a curated collection of compounds with potential
therapeutic properties, encompassing a wide range of chemical
structures.'”?? The availability of such a diverse library is
instrumental in broadening the scope of virtual screening
endeavours, increasing the likelihood of identifying novel
inhibitors.

Our work leverages the Diverse-lib Compounds library to
identify potential inhibitors of Pantothenate Synthetase from
Mtb. We employed a computational drug discovery approach,
integrating virtual screening with Lipinski’s filter to ensure the
selection of Diverse-lib compounds. This was followed by re-
docking studies to refine our understanding of the binding
interactions. Furthermore, the integration of molecular dynam-
ics simulations and binding free energy calculations provides a
deeper understanding of the molecular interactions and
stability of potential inhibitors. This helps in refining the
selection and optimization of compounds, ensuring they not
only bind effectively to the target but also possess favorable
pharmacokinetic and pharmacodynamic properties. By doing
so, we aim to contribute to the global effort in combating
tuberculosis and address the growing challenge of drug
resistance. The findings represent a stride towards the discovery
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of new, effective treatments that can potentially save millions
of lives affected by this devastating disease.

Methodology

Protein Structure Data Collection

Our study commenced with the collection of the protein structure
data for Pantothenate Synthetase (PS), a crucial enzyme in Mtb. The
crystal structure of PS (PDB ID: 1 N2H) was obtained from the
Protein Data Bank (PDB), a widely recognized repository for 3D
structural data of proteins and nucleic acids.** The structure was
then meticulously cleaned by removing extraneous molecules like
water and ions. Subsequently, we optimized it by adding missing
hydrogen atoms and correcting any structural anomalies. This
prepared PS structure was then used to initiate computational
analysis, including virtual screening and re-docking simulations.

Virtual Screening Using MTiOpenScreen and Drug-Lib
Compounds

The virtual screening process was conducted using the MTIO-
penScreen webserver, a powerful tool for identifying potential
inhibitors from large compound libraries.'”” We utilized the Diverse-
lib Compounds database, a curated collection of 3D conformations
of 99,288 diverse, drug-like compounds, as our primary source.
Each compound from this database was screened against the PS
protein to predict their binding affinity and interaction. The
MTiOpenScreen webserverfacilitated this process by employing
advanced algorithms to simulate the docking of each compound to
the protein, providing us with a ranked list of potential inhibitors
based on their predicted binding affinities."” The process involved
the careful positioning of each compound in the active site of PS,
which was identified as the grid centre (X=31.93,Y=34.34and Z=
43.0). The grid box size (20X20X20 A) was determined based on the
position of the pre-bound ligand observed in the crystal structure
of PS. This approach allowed for precise and realistic simulation of
the compound-enzyme interactions, providing us with detailed
insights into the binding mechanisms and the stability of each
compound within the active site.

Re-Docking Using AutoDock Vina Chimera Plugin

To further refine our results and validate the binding modes of the
4 top-ranked compounds from the virtual screening, we performed
re-docking simulations. The re-docking process was meticulously
executed using AutoDock Vina within the Chimera interface,
ensuring a high degree of accuracy and consistency with the initial
virtual screening.”*” Crucially, we maintained the same grid center
and box size parameters for re-docking as used in the virtual
screening phase. This consistency was pivotal in ensuring that any
observed differences in ligand binding interactions were attribut-
able to the intrinsic properties of the ligands, rather than alterations
in the docking environment. The AutoDock Vina plugin facilitated a
precise repositioning of each ligand in the active site of
Pantothenate Synthetase, allowing us to closely observe and
analyze the binding affinity and interaction patterns. This process
was crucial for validating the results from the virtual screening and
for gaining deeper insights into the molecular interactions, thereby
enhancing the reliability of our findings in identifying potential
inhibitors.
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Molecular Dynamics (MD) Simulation

To investigate the dynamic behavior and stability of our selected
1 N2H inhibitors, we conducted molecular dynamics (MD) simu-
lations using the AMBER software suite.*” Our study included three
1 N2H-ligand complexes, identified from the Diverse-lib database,
as well as a control system comprising the 1 N2H protein without
any bound ligand.['"??

System Preparation

For all MD simulations, we utilized the Generalized Amber Force
Field (GAFF).BY Ligand parameters were generated using the
Antechamber module in AMBER,®¥ ensuring accurate representa-
tion of atomic charges and topologies. Each ligand was para-
metrized individually before integration into the respective protein
complexes. The 1 N2H protein structure was prepared by removing
any water molecules and ions from the crystal structure. The LEaP
module of AMBER was employed to combine the 1 N2H protein
and the ligands, creating the 1 N2H-ligand complexes.” Each
complex was then solvated in a rectangular box using the TIP3P
water model, extending 10 A from the solute, ensuring adequate
solvation and minimizing boundary effects. Counterions were
added to neutralize the system."”

Minimization and Equilibration

Each system underwent a two-step energy minimization process to
relieve any steric clashes or unfavorable interactions. Initially, the
solute atoms were restrained, allowing the solvent molecules to
relax. Subsequently, the entire system was minimized without
restraints. Following minimization, the systems were gradually
heated from 0K-300K over 50 ps using the NVT ensemble,
applying harmonic restraints on the solute. Equilibration was
performed in two phases: first, 1 ns of constant volume equilibra-
tion (NVT), followed by 1 ns of constant pressure equilibration
(NPT) at 1 atm. Harmonic restraints on the solute were gradually
reduced during these phases. The Particle Mesh Ewald (PME)
method was used to handle long-range electrostatics,”” and the
SHAKE algorithm constrained all hydrogen-containing bonds,
allowing for a 2 fs time step.””

Production MD

Each equilibrated system was subjected to a 200 ns production MD
run under NPT conditions, maintaining a constant temperature of
300 K and pressure of 1 atm. Trajectories were recorded every 2 ps
for subsequent analysis.

Trajectory Analysis

Post-simulation, the trajectories were analyzed to assess the
stability and conformational dynamics of the 1 N2H-ligand com-
plexes. Root Mean Square Deviation (RMSD) and Root Mean Square
Fluctuation (RMSF) analyses were conducted to evaluate the
structural stability and flexibility of the protein residues, respec-
tively. Additionally, the radius of gyration (RG) was calculated to
monitor the compactness of the protein over time. Hydrogen bond
analysis was performed to examine the persistence and patterns of
interactions between the 1 N2H protein and the ligands. The MM-
GBSA method was employed to estimate the binding free energies,
providing insights into the binding affinity of each ligand.
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MM-GBSA Calculations

We calculated the binding free energy (MM-GBSA) of the protein-
ligand complexes from MD simulation trajectories using the
MMPBSA.py program, a component of the AmberTools23 pack-
age.[20] After completing MD simulations with AMBER, we
extracted trajectories of protein-ligand complexes and selected
representative snapshots based on stability, as indicated by RMSD
and RMSF analyses. MMPBSA.py was then employed to calculate
the binding free energy for each snapshot. This program computes
the molecular mechanic’s energies (electrostatic and van der Waals
interactions), solvation free energy (including polar and nonpolar
components), and an estimation of the entropic contributions. By
averaging these values across all snapshots, we obtained a
comprehensive measure of the ligand’s binding affinity to Pan-
tothenate Synthetase. This approach provided us with a quantita-
tive assessment, essential for determining the binding efficacy of
the ligands and identifying the most promising candidates as
potential inhibitors of Mtb.

PCA-Based Free Energy Landscape, Structure Extraction, and
Superimposition

We implemented a comprehensive approach for analyzing the PCA-
based free energy landscape and the subsequent extraction and
superimposition of minima structures. Initially, Principal Component
Analysis (PCA) was performed on the molecular dynamics (MD)
simulation trajectories using the Geo Measures PyMOL Plugin.®'™
This step was crucial for reducing the dimensionality of the data
and concentrating on the most significant movements within the
protein-ligand complexes. We focused on the first two principal
components, which generally capture the majority of the system'’s
variance, to construct the free energy landscape. This landscape
provided insights into the conformational stability and transition
states of the complexes. Following this, we extracted the minima
structures from these landscapes using Visual Molecular Dynamics
(VMD) software.”™ These structures represent the most stable
conformations of the complexes within the simulated environment.
Finally, for a detailed comparative analysis, these minima structures
were superimposed using the Chimera software.”” This allowed us
to visually assess and compare the conformational changes and the
binding modes of the ligands in the active site of Pantothenate
Synthetase, offering valuable insights for the identification of
potent inhibitors against Mtb.

2. Results
2.1. Virtual Screening Analysis

Virtual screening is an essential computer-based approach to
finding lead compounds from a large database. A comprehen-
sive analysis of 99,288 compounds from a diverse-lib of
compounds was carried out using the Lipinski filter. Thus, 1,500
compounds have been identified and they are shown in
supplementary Table ST with binding scores ranging from
—11.3 kcal/mol-—9 kcal/mol. Due to the high binding scores of
—11.3 kcal/mol, —11.3 kcal/mol, —11.2 kcal/mol, and
—11.2 kcal/mol, respectively, four compounds identified as
CID2813602, CID6622018, CID753354, and CID4798023 (CIDs of
these Diverse-lib compounds were accessed from Diverse-lib
using their structures) were selected for further studies
(supplementary Table S2).
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2.2. Re-Docking and Intermolecular Analysis

Re-docking has become an essential approach in therapeutic
research, involving a thorough reassessment of the interaction
between ligand and receptor molecules. In this study, selected
ligands were subjected to a re-docking procedure against the
target protein PS, in parallel with a reference molecule. This
selection was guided by the intent to assess the stability and
binding affinity of the protein PS with the ligand in question.

(2)

The binding energies, of PS_CID2813602, PS_24357538, PS_
CID753354, and PS_CID4798023 were —10.9 kcal/mol,
—11.4 kcal/mol, —11.3 kcal/mol, and —10.2 kcal/mol, respec-
tively. As depicted in Figure 1 the 3D structure of each complex
was created using PyMOL.®” Additionally, a reference molecule,
Pantoyl Adenylate (PA), was selected for further investigation
due to its low binding energy, which was also re-docked in the
same binding site of the target protein and the re-docking
score obtained was —9.6 Kcal/mol. In comparison, the known
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Figure 1. 3D and 2D interaction of four selected compounds (a-b) PS_CID2813602, (c-d) PS_24357538, (e-f) PS_CID753354, (g-h) PS_CID4798023 and the

control complex (i—j) PS_PA docked with the targeted protein.
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inhibitors of other essential M. tuberculosis enzymes, such as
InhA and Pks13, generally exhibit binding energies of —9.8 and
—10.3 kcal/mol.™ The evaluated compounds show competitive
binding affinities, suggesting their potential as effective inhib-
itors and highlighting their promise for further development in
combating drug-resistant TB. The ADMET analysis of the five
compounds (CID2813602, CID24357538, CID753354,
CID4798023, and a control compound) reveals several promis-
ing attributes across their pharmacokinetic and safety profiles,
suggesting strong potential for further development and
optimization. CID2813602 demonstrates moderate absorption
and distribution, indicating effective systemic circulation, with
high plasma protein binding (PPB) contributing to prolonged
therapeutic effects. Its interactions with CYP (Cytochrome P450)
enzymes provide opportunities for fine-tuning to enhance
bioavailability. CID24357538, despite its lower solubility and
permeability, shows significant CYP enzyme interactions, which
can be strategically modified to improve absorption and
therapeutic efficacy. CID753354 stands out with excellent
absorption and an extended half-life, ideal for sustained
therapeutic action, reducing the need for frequent dosing.
CID4798023 is notable for its exceptional blood-brain barrier
penetration, making it a strong candidate for central nervous
system applications, with its high clearance rate ensuring
efficient elimination and reduced toxicity. The control com-
pound exhibits a well-balanced ADMET profile, with low CYP
interactions, good solubility, and reduced carcinogenic poten-
tial, suggesting a lower risk of adverse interactions and a
favorable safety profile. These findings highlight the unique
strengths of each compound, demonstrating their potential for
therapeutic development. With targeted optimization to en-
hance bioavailability and minimize toxicity, these compounds
can be refined into effective and safe therapeutic agents,
underscoring the value of ADMET profiling in guiding successful
drug development.

We have also performed the ADMET analysis to predict the
safety and toxicity of the selected compounds as shown in
Table S2.

As shown in Figure 1 the 2D structure was generated by
Biodiscovery Studio.”® Compound CID2813602 in Complex PS_
CID2813602 demonstrated a significant variety of interactions.

Primarily, it formed a hydrogen bond with the Lys'®, and Val'®
residue, which is indicative of a potential key anchoring point
within the binding site. Furthermore, it engages in seventeen
hydrophobic interactions with a range of residues, including
Thr®, His*, Ala*, Phe®, Asn®, GIn”?, Tyr®, Val'*, Val'®, Leu',
Phe'™, GIu™, GIn'®, lle'® Val'®, Met'™ and Ser'®. These
hydrophobic interactions likely contribute to the stabilization of
the compound in complex with protein. Additionally, three pi-
alkyl bonds are observed with residues Met®, Leu®, and Val'¥,
further enhancing the binding affinity. Compound 24357538 in
Complex PS_24357538 exhibited the five-hydrogen bond with
Pro®, Thr®, His*, His¥, and Ser®. It also shows fourteen
hydrophobic interactions with residues including Gly*, Asn®,
GIn™, Val'®, Val'"®, Phe'”, Gly™®, GIn'®, lle'®, Thr'®, Val'?, Met'*,
Ser'® and Ser'®” which contributes to its binding stability.
Additionally, five pi-alkyl bonds with Met®, Val'®, Leu', and
Lys'® were observed. Compound CID753354 in Complex PS_
CID753354 exhibited two pi-alkyl bonds with residues including
Met®, and Lys'®. Alongside these, twenty hydrophobic inter-
actions are noted with residues Pro®®, Thr®®, His*, Gly*, His",
Leu, Asn®, Tyr®, Val', val'®?, Val'®, Leu'®, Phe'”’, Gly™®, GIn'®,
Val'¥, Met'®®, Ser'®, Ser'”, and Arg'®®. Compound CID4798023 in
Complex PS_CID4798023 exhibited the six-hydrogen bond with
Met*, His”, GIn”%, Gly'®, Asp'®, and GIn'. It also shows
nineteen hydrophobic interactions with residues including
Thr®, His*, Gly*, Leu®, Ser®, Asn®, Asn®, Val'*®, Val'®, Leu™®,
Phe', Gly™® GIu'™*, Asp'®, Val'®, Pro'®, Thr'®, Val'®, and Ser™.
Additionally, three pi-alkyl bonds are also seen with residues
Met®, Val'?, and Lys'®. In the control complex, six hydrogen
bonds are observed with the residue Met*, His”, GIn"%, Gly'*®,
Asp™', and GIn'®. Seventeen hydrophobic interactions are
present with residues including Gly*®, Ala*, Leu®’, Asn®, Asn®,
Tyrszl Va|139, Va|142, Va|143, Leu““’, Leu156' Phe157, G|u159’ Val”’“,
Thr'®, Ala', and Ser'®®.Additionally, single pi-alkyl bonds are
also seen with residues Lys'®® as shown in Table 1.

2.3. Molecular Dynamic Simulation

In the conducted research, the structural constancy and
adaptability of the top four hit complexes were analyzed

Table 1. Intermolecular interaction of four complexes (a) PS_CID2813602, (b) PS_24357538, (c) PS_CID753354 (d) PS_CID4798023 and (e) control (PA)

docked with the PS protein.

S Complex H-Bond Hydrophobic n-1t stacking/n-n
no. cation*
a 1 N2H CID2813602 A: Lys'®, val'® A: Thr®®, His*, Ala*, Phe®, Asn®, GIn?, Tyr®, Val'®, Val'®}, Leu'*, Phe'?’, A: Met®, Leu®,

GIUTSQ Gln'lél‘l ”8168 Va|184 Met'IQS Ser'lgé

A: Gly*¢, Asn®, GIn’?, Val'®*, Val', Phe'”’, Gly', GIn'®, Ile'®é, Thr'®, Val'¥,

b 1N2H CID24357538  A: Pro®, Thr®, His*,

LeUMG, Phe157, GIyWSEI G|n164, Va|187, Met]QS, Ser196, Ser197, Argwga

A: Thr®®, His*, Gly*, Leu®, Ser®, Asn®, Asn®, Val'**, Val'*?, Leu'*, Phe'’,
G|y158, G|u159 Asp161 Va|184 PrOTSS Thr185 Va|W87 Ser196 Ly5160

A: Gly*, Ala®, Leu®™, Asn®, Asn®, Tyr®, Val'®, Val'?, Val'®, Leu'*, Leu'®,
157 159 184 186 194 196
Phe™’, Glu™, val'®, Thr'®, Ala™*, Ser

His", Ser® Met'®, Ser'®, Ser'”’
C 1 N2H CID753354 A: GIn™
d 1 N2H CID 4798023 A: His”, GIn”%, GIn'*,

MetWQS

A: Met®, His*, GIn%,
Gly'*®, Asp'®", GIn'®

e PS_PA (Control)

A: Pro®, Thr®’, His*, Gly*, His¥, Leu®®, Asn®, Tyr®, Val'*, Val'*?, Val'*®,

Va|142

A: Met®, Leu®,
Val'™, Leu™s, Lyswo
A: Met®, Lys'®
A: Met®, Val'?,

A: Lys'®
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utilizing 200 ns Molecular Dynamics (MD) simulations. These
simulations played a pivotal role in evaluating the dynamic
interactions within the complexes. Critical parameters such as
Root Mean Square Deviation (RMSD) and Root Mean Square
Fluctuation (RMSF) were thoroughly monitored for both the
protein and ligand constituents. RMSD evaluations offered an
understanding of the overall structural integrity, illustrating the
variances in complex configurations from their initial states over
time. Concurrently, RMSF assessments provided insights into
the flexibility of individual amino acid residues, identifying
regions of conformational variability that might influence ligand
interaction. Furthermore, the analysis of hydrogen bond
formation and its sustainability within each complex was
conducted throughout the simulation, thereby enhancing
comprehension of the intermolecular forces contributing to the
stability of the complexes. This extensive analysis of RMSD,
RMSF, and hydrogen bond dynamics has imparted significant
knowledge about the dynamic characteristics and potential
binding efficiency of these complexes, pivotal for advancing
pharmacological research.

2.3.1. RMSD and RMSF Analysis

To investigate the dynamic behaviour and structural character-
istics of four chemicals when attached to the target protein, a
molecular dynamics (MD) simulation was run. The stability,
interactions, and conformational changes within the system of
the protein-ligand complexes were all well understood by this
simulation. The stability of the protein-ligand complexes during
the 200 ns simulation was assessed using the RMSD analysis. A
comprehensive analysis of several complexes was done for the
protein component as shown in Figure 2.

For complex PS_CID2813602, the ligand RMSD exhibited
initial fluctuations, ranging from 2 A-6 A during the first 50 (ns)
of the simulation. This variability suggests an initial period of
adjustment as the ligand explores different conformations
within the binding pocket of the protein. Following this period,
the ligand attained a stable configuration, as evidenced by a
consistent RMSD value for the remainder of the simulation. This
stability indicates a well-established interaction between the
ligand and the protein. Conversely, the protein RMSD in this
complex showed stability (2 A), implying that the protein
structure did not undergo significant conformational during the
simulation.

In complex PS_24357538, the ligand RMSD displayed
notable fluctuations of approximately 4 A till the end of 200 ns
simulation. This level of deviation suggests a minor degree of
conformational flexibility or instability in the ligand’s interaction
with the protein. Post this period, the ligand RMSD stabilized
but continued to show considerable deviations. The protein
RMSD for this complex was observed to be around 2 A,
indicating a relatively stable protein structure despite the
ligand’s fluctuations. Complex PS_CID753354 demonstrated a
behaviour related to a reference molecule, with both the
protein and ligand RMSDs achieving stable conformations. The
protein RMSD maintained a steady state, suggesting minimal
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conformational changes in the protein structure throughout the
simulation. The ligand RMSD in this complex was consistently
within a stable range of 3 A, indicating a reliable and stable
interaction with the protein, comparable to the reference
molecule. For complex PS_CID 4798023, the protein RMSD was
characterized by a stable nature throughout the simulation.
This indicates a dynamically stable protein structure. The ligand
in this complex showed RMSD values below 2 A, with insignif-
icant deviations, suggesting a rigid interaction with the protein
while maintaining an overall stable binding.

Comparatively, about the PA complex, compounds c and d
exhibited similar RMSD patterns, implying a comparable level of
stability in protein-ligand interactions. This consistency in RMSD
values, especially in comparison with a known reference,
provides valuable insights into the dynamic stability and
reliability of the interactions within these complexes. Overall,
the RMSD values from these MD simulations offer critical
insights into the dynamic behaviours of protein-ligand inter-
actions, highlighting the varying degrees of stability, that occur
within these molecular complexes during the simulations. Such
detailed analysis is crucial for understanding the molecular
basis of protein-ligand binding and for guiding the develop-
ment of potential therapeutic agents.

The quantification of root-mean-square fluctuation (RMSF)
plays a pivotal role in elucidating the dynamic properties and
conformational flexibility of protein structures. This study
focused on the comparative analysis of RMSF values among
four selected compounds as shown in Figure 3, namely PS_
CID2813602, PS_24357538, PS_CID753354, and PS_CID
4798023. RMSF serves as a measure of the extent to which the
atoms of a protein oscillate around their average positions. The
investigation revealed that each of the four compounds
exhibited RMSF values less than 3(A), signifying relatively low
amplitude fluctuations. In contrast, the RMSF value for the
control complex was observed to be less than 4 A, indicating a
comparatively higher degree of atomic fluctuation. This differ-
ential in RMSF values is indicative of the variances in the
dynamic behavior and structural flexibility between the com-
pounds under study and the control complex.

2.3.1.1. RG Value Analysis

In the detailed scientific investigation of the molecular com-
plexes, we examined the radius of gyration (Rg), a parameter
that provides vital information about the size and shape of
molecules in a solution as shown in Figure 4. Complex PS_
CID2813602 exhibited an Rg value of less than 2.04 angstroms
(A), however, the measurements were characterized by some
degree of fluctuation. These fluctuations potentially indicate a
dynamic structural nature or conformational versatility within
the complex, suggesting that the molecular arrangement may
vary under different conditions or states. Complex PS_24357538
in contrast to PS_CID2813602, complex PS_24357538 displayed
an RG value that exceeded 2.04 A. This higher Rg value is
indicative of a more expanded molecular structure, suggesting
a different spatial arrangement or greater molecular extension
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Figure 2. RMSD graph of four selected complexes (a) PS_CID2813602, (b) PS_24357538, (c) PS_CID753354 (d) PS_CID4798023 and (e) control (PA) docked with
the PS protein.

relative to PS_CID2813602. While the complex PS_CID753354  2.06 A. This range places the complex in an intermediate
exhibited RG value of less than 2.04 A was recorded, aligning it structural category, suggesting a conformation that is neither as
closely with the structural characteristics observed in PS_  compact as PS_CID2813602 and PS_CID753354 nor as ex-
CID2813602. This similarity in RG values suggests comparable  panded as PS_24357538. The control complex presented an RG
molecular compactness or a related conformational profile. A value of less than 2.02 A, marking it as the most compact

distinct observation was made for complex PS_CID 4798023, structure among the analyzed samples. This lower RG value
where the RG value was greater than 2.04 A but less than
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Figure 3. RMSF graph of four selected complexes (a) PS_CID2813602, (b) PS_24357538, (c) PS_CID753354 (d) PS_CID4798023 and (e) control (PA) docked with
the PS protein.

provides a critical baseline for comparison, indicating a tighter  data are invaluable in fields like protein science, where RG can

molecular arrangement in comparison to the other complexes.  influence functional dynamics, and in nanotechnology, where
These RG values provide crucial insights into the extended-  molecular arrangement dictates material properties.

ness of ligands in each complex, which are essential for

understanding their behaviour and properties in solution. Such

ChemistrySelect 2024, 9, €202402091 (8 of 16) © 2024 The Author(s). ChemistrySelect published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemistrySelect doi.org/10.1002/slct.202402091

R by e

G I by Time

R fen) by Teme

A ) by Teme

Figure 4. RG graph of four selected complexes (a) PS_CID2813602, (b) PS_24357538, (c) PS_CID753354 (d) PS_CID4798023 and (e) control (PA) docked with

the PS protein.

2.3.2. Hydrogen Bond Analysis

In the molecular dynamics simulations conducted throughout
200 nanoseconds, the interaction analysis of complexes PS_
CID2813602 and PS_24357538 revealed the persistence of 1
hydrogen bond. In contrast, complex PS_CID753354 not only
maintained 1 hydrogen bond consistently throughout the
simulation duration but also displayed the formation of an
additional 2 hydrogen bonds. Moreover, complex PS_
CID4798023 consistently exhibited 2 hydrogen bonds during
the entire simulation period. Particularly, this complex also
demonstrated the transient formation of 3 hydrogen bonds
specifically between frames 1500-3000 and 5500-9500. As a
reference point, the control complex consistently presented 5-6
hydrogen bonds throughout the simulation as shown in
Figure 5.

ChemistrySelect 2024, 9, €202402091 (9 of 16)

2.4. MM/GBSA Calculation

Molecular Mechanics/Generalized Born Surface Area (MM/GBSA)
approach, binding free energies for a range of molecular
complexes were precisely calculated by rigorous quantitative
calculations. This complex computational method is crucial for
understanding the complicated energy involved in molecular
interactions, especially in the context of protein-ligand com-
plexes. By combining different energy components including
van der Waals forces, electrostatic interactions, and solvation
effects-which include both polar and non-polar contributions-
the MM/GBSA method calculates the binding free energy. The
binding free energy of the molecular complex chosen PS_
CID2813602 was found to be —53.99 Kcal/mol in this thorough
assessment. This data point indicates a favourable binding
interaction that is probably driven by a strong intermolecular
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Figure 5. Hydrogen bond analysis of four selected complexes (a) PS_CID2813602, (b) PS_24357538, (c) PS_CID753354 (d) PS_CID4798023 and (e) control (PA)

docked with the PS protein.

force network. In the same way, the complex PS_24357538
Gibbs free energy (AG) was calculated to be —55.14 Kcal/mol,
indicating a similar or maybe slightly stronger affinity towards
its binding partner than PS_CID2813602. On the other hand,
PS_CID753354 had an entirely distinct profile, with an AG value
of —60.43 Kcal/mol. Under usual preferences, this high AG value
suggests a less favourable or perhaps adverse binding
interaction. It might be related to reduced intermolecular
pressures or harmful entropic changes upon binding. On the
other hand, PS_CID4798023 had a highly strong binding affinity,
as determined by its estimated AG of —56.95 Kcal/mol. This
indicates the interactions in this complex are quite strong, with
strong attractive forces and maybe the best possible geometric

ChemistrySelect 2024, 9, €202402091 (10 of 16)

alignment between the binding site and the ligand. The study’s
control complex, which functions as a standardization level to
comprehend these interactions, has an AG of —101.51 Kcal/mol
for comparison reasons. An important point of reference for
placing the binding efficiencies of the compounds under
investigation in context is the much lower energy observed,
which highlights a significantly greater binding affinity in the
control complex. The data presented in this work and reported
in Table 2 reveals these varying binding affinities, which are
important insights about the molecular basis of ligand-receptor
interactions and may have implications for the deliberate
development of more effective therapeutics or inhibitors as
mentioned in Table 2.
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Table 2. MMGBSA analysis of four selected complexes (a) PS_CID2813602, (b) PS_24357538, (c) PS_CID753354 (d) PS_CID4798023 and (e) control (PA)
docked with the PS protein.

Energy components/Complexes PS_CID2813602 PS_24357538 PS_CID753354 PS_CID 4798023 PS_Control

Van der Waal energy (AVDWAALS) —49.69+2.76 —50.19+£2.44 —48.06£2.11 —58.13+£2.22 —63.77 £2.62
Electrostatic energy (AEEL) 41.87+14.55 —14.83£3.50 29.81+16.49 —2.834+3.07 —59.53+6.24
Polar solvation energy (AEGB) —36.36+13.66 24.01+£2.81 —30.66+16.02 17.204+1.80 3448 +3.74
Non-polar solvation energy (AESURF) —9.81+0.85 —14.13£1.30 —11.52+£0.66 —13.18£0.63 —12.68£0.71
Net gas phase energy (AGGAS) —7.824+17.31 —65.03£5.94 —18.24£18.61 —60.97 £5.30 —123.31+4.46
Net solvation energy (AGSOLV) —46.17 £14.52 9.88+4.11 —42.18 £16.69 4.02+2.44 21.79+4.46
AGyy —53.99+31.83 —55.14:10.06 —60.43 £35.30 —56.95£7.74 —101.514+13.33

2.5. Principal Component Analysis

Principal Component Analysis (PCA) is mostly employed for the
dimensionality reduction of multidimensional datasets, striving
to retain pivotal information. This technique is particularly
useful in the context of molecular dynamics (MD) simulations
for examining the dynamic stability of molecular complexes as
shown in Figure 6. In this study, PCA was applied to the
trajectory data of several complexes, including PS_CID2813602,
PS_CID6622018, PS_CID753354, PS_CID 4798023, and a PS_PA
complex to discern patterns of conformational changes and
assess their stability. In the PS_CID2813602 complex, PCA
generated scatter plots, particularly between frames 2000 and
6000, indicating a stable conformational state. Particularly, at
frame 4000, minor alterations were observed, suggesting the
presence of conformational variations and the occurrence of
common conformers during the simulation. This implies that
the PS_CID2813602 complex exhibited dynamic stability with
periodic conformational changes. In the case of the PS_
CID6622018 complex, scatter plots remained stable from frame
2000-8000, indicative of its dynamic stability. This pattern
suggests that, like PS_CID2813602, PS_CID6622018 underwent
conformational changes throughout the MD simulation. The
analysis of the PS_CID753354 complex revealed a dense plot
distribution in the range of 4000-10000 frames, consistent with
a stable conformational state. This pattern denotes that PS_
CID753354 also experienced conformational changes, yet
maintained overall stability. Contrastingly, the PS_CID4798023
complex exhibited a dense plot indicative of negligible
conformational changes, signifying a high degree of stability
throughout the simulation period. Lastly, the PS_PA complex
demonstrated a dense plot with minor scatterings, implying the
presence of minimal conformational changes while maintaining
acceptable stability.

2.6. Free Energy Landscape

In the context of molecular dynamics simulations, the free
energy landscape serves as a comprehensive depiction of the
energy distribution and conformational dynamics within a
biomolecular system. These landscapes, as illustrated in Fig-
ure 7, provide crucial insights into the energetic implications of

ChemistrySelect 2024, 9, €202402091 (11 of 16)

conformational alterations. They visually represent the dynamic
conformational changes occurring during the simulation, culmi-
nating in the formation of a low-energy structure, often
resembling a narrow, funnel-like configuration. Furthermore,
areas of deep blue within the extensive free energy landscape
denote the presence of localized energy minima, indicating
periods during the simulation when the protein structures
attained their lowest energy states. In the ligand-bound
complexes, these local minima, depicted in dark blue, were
notably pronounced, highlighting the achievement of minimal
energy structures.

In Figure 7, the depicted molecular entities, specifically PS_
24357538 and PS_CID 4798023, are characterized by the
presence of narrow basins within the free energy landscape.
These narrow basins are indicative of highly stable states. The
stability is inferred from the limited energy fluctuations and a
reduced frequency of conformational transitions. This implies
that these molecules predominantly reside in a specific
conformational state, with minimal deviation from this state,
signifying a high degree of structural rigidity or a tightly
regulated energy state. Such characteristics are often associated
with a reduced likelihood of spontaneous conformational
changes, suggesting a highly specific and possibly functionally
focused state. Conversely, molecules PS_CID2813602, PS_
CID753354, and PS_PA are represented with wider basins in the
same free energy landscape. The wider basins suggest a greater
diversity in the attainable conformational states, with a
correspondingly higher frequency of transitions between these
states. This implies a more dynamic structural nature for these
molecules, with an increased propensity for undergoing con-
formational changes. The wider basins are indicative of a
landscape where multiple minima exist, allowing for a variety of
stable states, each corresponding to different conformations.
This diversity in stable states is reflective of a system with a
more versatile functional repertoire, capable of adapting to
varying molecular interactions or environmental conditions.
Notably, molecule PS_CID 4798023, despite being grouped with
PS_24357538 in terms of exhibiting narrow basins, deserves
particular attention due to its manifestation of deep energy
wells within these narrow basins. This characteristic suggests an
even greater stability and a more pronounced limitation in the
transitional occurrences. The deep energy wells indicate that
once this molecule adopts a particular conformation, it is
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Figure 6. PCA analysis of four selected complexes (a) PS_CID2813602, (b) PS_24357538, (c) PS_CID753354 (d) PS_CID4798023 and (e) control (PA) docked with

the PS protein.

energetically unfavorable for it to transition out of this state.
This could be due to a particularly favorable interaction within
the molecular structure or with a ligand, which stabilizes this
conformation. Such a feature is significant as it may imply a
highly specific functional role for PS_CID 4798023, where the
molecule is optimized for a particular interaction or activity,
with minimal deviation from this optimized state.

It is noteworthy that the minimal energy state, which acts
as the point of reference, was consistently determined to be
0 kJ/mol for all the complexes. The relative maximum energy
state ranged from 12 kJ/mol-14 kJ/mol. Moreover, it is impor-
tant to mention that all complexes have a stable conformation
as long as the energy threshold stays below 2 kJ/mol. The
stable conformation is shown by a dark blue hue in Figure 7.
This state of low energy indicates a considerable level of
stability and a reduced likelihood of undergoing conformational

ChemistrySelect 2024, 9, €202402091 (12 of 16)

changes under typical circumstances. In the context of molec-
ular dynamics simulations, it is crucial as it identifies the areas
of the energy landscape where the complexes are more
probable to occur during their normal functioning. The
discovery of four minimal energy poses is a vital feature for
each complex, which was retrieved from the lower energy state.
These poses depict the most stable configurations that the
complex may assume. The superimposition of these poses with
their initial pose was created, as seen in Figure 8, offering a
visual and quantitative picture of the stability and conforma-
tional changes observed over the 200 ns simulation period.
Visual and quantitative comparison of the initial and end states
of the complexes is a critical stage in molecular dynamics
investigations. This phase provides valuable insights into the
dynamic behaviors and potential functional implications of the
complexes in their natural settings. We computed the collective

© 2024 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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Figure 7. FEL analysis of four selected complexes (a) PS_CID2813602, (b) PS_24357538, (c) PS_CID753354 (d) PS_CID4798023 and (e) control (PA) docked with
the PS protein.

root mean square deviation (RMSD) of these aligned positions.
The RMSD computation yields information on the extent to
which these poses differ from a reference structure, offering

suggests some conformational changes, possibly due to factors
like ligand binding or mutations, but not extensive alterations.

valuable insights into the complex’s flexibility and structural
changes.

The protein complex PS_CID2813602 demonstrated an
RMSD overall RMSD value of 1.324 angstroms (A), indicating a
moderate structural deviation from the reference model. This

ChemistrySelect 2024, 9, €202402091 (13 of 16)

The complex PS_24357538, with an overall RMSD of 1.271 A,
shows a closer alignment to the reference, implying a more
conserved structure or higher stability under similar conditions.

Conversely, PS_CID753354 exhibited an overall RMSD of
1.374 A, a value pointing to greater structural deviations. This
could be reflective of substantial conformational changes,

© 2024 The Author(s). ChemistrySelect published by Wiley-VCH GmbH
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Figure 8. This graph shows the superimposition that was taken from the state with the lowest energy, i.e. (a) PS_CID2813602, (b) PS_24357538, (c) PS_
CID753354, and (d) PS_CID 4798023. (e) Reference Compound Complex PA. It is divided into five parts: (a1, a2, a3, a4), (b1, b2, b3, b4), (c1, c2, 3, c4), (d1, d2,
d3, d4), and (e1, e2, e3, e4). Panel (a1, b1, c1, d1, and e1) depicts the arrangement of (a2, a3, a4), (b2, b3, b4), (c2, 3, c4), (d2, d3, d4), and (e2, e3, ed)

reflecting the lowest energy state.

possibly due to varied protein interactions or environmental
factors. The most significant deviation was observed in PS_CID
4798023, with an overall RMSD of 1.477 A. This high RMSD
might indicate major structural differences, crucial for under-
standing this protein’s functional aspects, possibly arising from
extensive conformational changes or alternative folding pat-
terns. The control complex, analyzed for comparative purposes,
showed an overall RMSD of 1.288 A. This serves as a benchmark,
providing a baseline to contextualize the structural variations
observed in the experimental complexes. These RMSD values
reveal the structural dynamics of these protein complexes,
shedding light on how various factors impact their 3D
conformations. Such understanding is key in fields like drug
design, protein engineering, and the study of molecular
mechanisms underlying diseases.

3. Discussion

In discussing the identified compounds and their complexes
with Pantothenate Synthetase in Mycobacterium tuberculosis, it's
vital to delve into the specific interactions and implications of
these findings for TB drug development. The compounds,
CID2813602, 24357538, CID753354, and CID 4798023, exhibited
notable binding affinities, highlighting their potential as

ChemistrySelect 2024, 9, €202402091 (14 of 16)

inhibitors of the enzyme. Additionally, the reference molecule
Pantoyl Adenylate (PA) was used to benchmark these inter-
actions. The pantothenate synthetase as a noval target was also
reported in similar research conducted by Pradhan and his
colleague.” CID2813602 compound showed a binding energy
of —10.9 kcal/mol, indicating a strong interaction with the
active site of Pantothenate Synthetase. The formation of a
complex with the enzyme suggests that CID2813602 could
effectively inhibit the enzymatic activity necessary for coenzyme
A biosynthesis. Its interaction might involve hydrogen bonding
and hydrophobic interactions, contributing to its high affinity
and potential specificity as an inhibitor. Compound 24357538
With a binding energy of —11.4 kcal/mol, 24357538 represents
one of the most promising candidates for inhibiting Pantothen-
ate Synthetase. The complex formed by this compound and the
enzyme likely disrupts the enzyme’s natural substrate binding,
inhibiting its function. Analyzing the precise interactions-such
as key amino acid residues involved in binding-can provide
insights into its mechanism of action and guide the optimiza-
tion of its inhibitory activity.®” The compound CID753354,
exhibited a binding energy of —11.3 kcal/mol, which suggests
another strong candidate for enzyme inhibition. The specific
interactions that facilitate this binding energy-potentially
including both electrostatic and van der Waals interactions-
underscore the compound’s potential efficacy. Understanding
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the complex formed between CID753354 and Pantothenate  CID753354 stands out with excellent absorption and an

Synthetase can reveal critical insights into the structural
requirements for effective inhibition.

Compound CID4798023 exhibited a binding energy of
—10.2 kcal/mol, CID 4798023, while having a slightly higher
binding energy than the others, still holds promise as a
potential inhibitor. The compound-enzyme complex analysis
can identify the molecular determinants of binding affinity,
providing a basis for structural modifications to enhance
inhibitory activity."” The inclusion of Pantoyl Adenylate (PA) as
a reference molecule is crucial for benchmarking the effective-
ness and specificity of the identified compounds. PA’s inter-
action with Pantothenate Synthetase provides a comparative
baseline to assess the binding energies and inhibitory potentials
of the novel compounds. Understanding the binding mode and
affinity of PA can also offer insights into the structural features
important for effective inhibition, guiding the design of more
potent inhibitors.®” The identification of these compounds and
their complexes with Pantothenate Synthetase highlights the
potential for developing novel anti-TB drugs targeting a critical
enzymatic pathway in M. tuberculosis. These findings under-
score the importance of targeting enzyme functions essential
for bacterial survival, offering a strategic approach to combat
drug resistance. Future research should focus on experimental
validation of these compounds’ inhibitory effects, detailed
mechanistic studies of their interactions with Pantothenate
Synthetase, and optimization for improved pharmacokinetic
and pharmacodynamic properties. Additionally, exploring the
structural diversity among these compounds can aid in the
development of a robust pipeline of potential anti-TB agents,
addressing the urgent need for new therapies against drug-
resistant forms of tuberculosis.

4. Conclusions

This study represents a pivotal advancement in the fight against
tuberculosis a global health challenge exacerbated by the
emergence of drug-resistant strains of Mycobacterium tuber-
culosis. Our research utilized computational drug discovery
methods to identify four potential inhibitors, namely
CID2813602, CID24357538, CID753354, and CID4798023, target-
ing Pantothenate Synthetase, an enzyme critical for the
bacterium’s survival. These compounds demonstrated strong
binding energies and significant interactions, including hydro-
gen bonds, suggesting their strong binding affinity with the
target protein. The ADMET analysis of these compounds reveals
several promising attributes across their pharmacokinetic and
safety profiles, indicating strong potential for further develop-
ment and optimization. CID2813602 exhibits moderate absorp-
tion and distribution, effective systemic circulation, and high
plasma protein binding (PPB), contributing to prolonged
therapeutic effects. Its interactions with CYP enzymes offer
opportunities for fine-tuning to enhance bioavailability. Despite
lower solubility and permeability, CID24357538 shows signifi-
cant CYP enzyme interactions, which can be strategically
modified to improve absorption and therapeutic efficacy.

ChemistrySelect 2024, 9, €202402091 (15 of 16)

extended half-life, which makes it ideal for sustained therapeu-
tic action and reduces the need for frequent dosing.
CID4798023 is notable for its exceptional blood-brain barrier
penetration, making it a strong candidate for central nervous
system applications, with its high clearance rate ensuring
efficient elimination and reduced toxicity. The control com-
pound exhibits a well-balanced ADMET profile, with low CYP
interactions, good solubility, and reduced carcinogenic poten-
tial, suggesting a lower risk of adverse interactions and a
favorable safety profile. These findings highlight the unique
strengths of each compound, demonstrating their potential for
therapeutic development. The trajectory analysis of each
compound from the MD simulation exhibited promising results.
The RMSD and RMSF analysis confirmed the global and local
stability of each complex compared to the reference compound
Pantoyl Adenylate. The PCA-based Free Energy Landscape
analysis showed the presence of minimum energy regions with
narrow basins in most complexes, suggesting stable nature due
to global minima. The free binding energy obtained through
MM/GBSA calculation indicated significant contributions to
binding stability. These findings suggest that these selected
compounds have the potential to inhibit the target protein
essential for pathogen survival, forming the foundation for new
anti-TB agents. Additionally, this study underscores the poten-
tial of computational drug discovery in accelerating the
identification of new therapeutic targets, offering hope for
more effective treatments against TB and other infectious
diseases.
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