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Abstract

Streptococcus pneumoniae is the major causative agent of community-acquired pneumonia,
one of the main infectious diseases that causes inflammation in the alveoli and leads to
significant morbidity and mortality across various age groups. Current treatments are
challenged by multidrug-resistant strains of S. pneumoniae, which has led to the reemergence
of pneumonia in recent years; therefore, it is pivotal to identify new drug targets. The
enzyme chorismate synthase (CS), involved in the shikimate pathway of S. prneumoniae,
aids in the synthesis of vital aromatic amino acids and other metabolites required for
bacterial viability. The present study identifies natural compounds that can inhibit CS using
an in silico approach, including pharmacophore modeling, virtual screening, molecular
docking, ADME analysis, and molecular dynamics (MD) simulations. Our results suggest
that the identified compounds can bind effectively to the active site of S. pneumoniae CS
(SpCS), exhibiting affinities better than the known inhibitor 1-benzofuran-3-one and close
to the enzyme’s natural substrate, 5-enolpyruvylshikimate-3-phosphate (EPSP). This study
suggests lead natural compounds as promising candidates for further investigation as
potential inhibitors for the treatment of pneumonia, offering a novel strategy to combat
this resilient pathogen.

Keywords: community-acquired pneumonia; shikimate pathway; structure-based
pharmacophore modeling; ADME analysis; molecular dynamic simulations

1. Introduction

Pneumonia is one of the most common acute lower respiratory infections (LRIs), char-
acterized by inflammation in the alveoli, affecting a wide population (high morbidity) and
accounting for increased mortality rates among various age groups across the globe [1,2].
Over 80% of community-acquired bacterial pneumonia (infection acquired outside the
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hospital environment) is caused by Streptococcus pneumoniae, a Gram-positive, facultative
anaerobic diplococcus that primarily infects the elderly and immunocompromised indi-
viduals [3]. Clinical symptoms of pneumonia include persistent cough, fatigue, dyspnea,
pleuritic chest pain, and sputum production [4]. It is an airborne, communicable disease
and was a leading public health concern from the 1930s to the early 1940s. However, the
advent of sulfapyridine, the first anti-pneumococcal sulfonamide, in early 1939, and peni-
cillin reduced the severity and morbidity of the disease. Later, in the 1990s, the emergence
of multidrug-resistant strains of pneumococcus led to the reemergence of pneumonia as a
public health concern [5-7]. Over the past decade, excluding COVID-19, the global annual
cost of diagnosing, treating, and managing pneumonia has been close to US$17 billion [8],
and India contributes to 23% of global pneumonia cases, with case fatality rates between
14% and 30%, where S. pneumoniae is the major causative organism [9].

The emergence of antimicrobial-resistant strains creates a need to identify new drugs
that inhibit metabolic pathways specific to bacteria without affecting human metabolism.
One such pathway is the shikimate pathway, which is specific to bacteria, fungi, and
plants. This pathway aids in the biosynthesis of aromatic amino acids (L-tryptophan,
L-phenylalanine, and L-tyrosine), which are essential for protein synthesis [10]. The shiki-
mate pathway is absent in vertebrates, making it an attractive target for antibacterial agents.
Enzymes of this pathway constitute excellent targets for the design of new antibacterial
drugs [11,12]. Chorismate, the precursor for the biosynthesis of aromatic amino acids and
aromatic compounds such as vitamin B9, vitamin K1, and tetrahydrofolate, is synthesized
from phosphoenolpyruvate and erythrose-4-phosphate through a series of seven metabolic
steps [13,14]. The final step of the shikimate pathway is catalyzed by chorismate synthase
(CS), which synthesizes chorismate from EPSP (5-enolpyruvylshikimate-3-phosphate) us-
ing flavin mononucleotide (FMN) as a cofactor [15]. Because aromatic amino acids and
their metabolites play crucial roles in biological functions such as electron transport, UV
protection, plant defense mechanisms, and cell signaling [16], inhibiting CS would pre-
vent the synthesis of these essential compounds, making it a valuable target for rational
antimicrobial design.

The structure of CS has been investigated in various microorganisms, including My-
cobacterium tuberculosis, Saccharomyces cerevisiae, Pseudomonas aeruginosa, Bacillus subtilis,
and Shigella flexneri [17-20]. Recent studies have shown that azo-dye-based compounds act
as inhibitors by binding to the active site of CS in the pathogenic fungus Paracoccidioides
brasiliensis [21]. Other studies report that benzofuran derivatives and phenolic compounds
such as caffeic acid, gallic acid, and o-coumaric acid inhibit the substrate-binding site of CS
from Moraxella catarrhalis and S. pneumoniae, exhibiting potent antibacterial activity [22,23].
Similarly, the rapid growth of M. tuberculosis has been inhibited by identifying drug targets
against CS [24]. In silico and in vitro studies of Listeria monocytogenes CS (LmCS) identified
the bioactive ingredient «-longipinene from Nigella sativa as capable of restricting biofilm
formation in L. monocytogenes by inhibiting LmCS [25]. Additionally, putative inhibitors of
P. falciparum CS have been docked with the dimeric CS structure, resulting in novel drug
targets and contributing to antimalarial drug development [26]. These findings suggest that
the substrate-binding site of CS is a promising target for structure-based drug discovery of
specific inhibitors, making CS a novel target for in silico drug discovery [27].

Computational tools provide in silico drug design techniques that facilitate the rapid
identification of new drug targets in biologically active macromolecules compared with
conventional pharmacological procedures. Computer-aided drug design (CADD) enables
high-throughput virtual screening (VS) of chemical libraries to identify putative antimi-
crobial drugs in a cost-effective and resource-efficient manner [28,29]. Structure-based
pharmacophore modeling is one such CADD approach that identifies key chemical func-
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tionalities and spatial arrangements within the active site of a macromolecule-ligand
complex [30]. The binding affinity of a chemical compound is evaluated using molecular
docking techniques by probing possible interaction sites between ligands and the target
macromolecule [31,32]. Pharmacokinetic properties, including absorption, distribution,
metabolism, and excretion (ADME), can also be predicted using CADD [33]. In this study,
we focus on CADD techniques including molecular docking, VS, pharmacophore modeling,
ADME analysis, and molecular dynamics (MD) simulations to identify potential inhibitors
of SpCS for the treatment of pneumonia.

2. Materials and Methods

2.1. Structure Retrieval and Interactions Studies

The three-dimensional structure of SpCS was retrieved from the RCSB_PDB (https:
/ /www.rcsb.org/) (PDB ID: 1QXO). The monomeric chains constituting the tetrameric
assembly were validated using the ProSA web server (https://prosa.services.came.sbg.ac.
at/prosa.php (accessed on 10 January 2026)) [34] based on their corresponding z-scores.
SpCS was co-crystallized with its substrate and cofactor, and the intermolecular interactions
were visualized using BIOVIA Discovery Studio Visualizer, a molecular graphics visu-
alizing tool (https:/ /discover.3ds.com/discovery-studio-visualizer-download (accessed
on 10 January 2026)) [35]. Additionally, the binding pocket of SpCS was visualized using
PyMOL software version 3.1 (https:/ /pymol.org/2/ (accessed on 10 January 2026)).

2.2. Prediction of Ligand-Binding Sites in SpCS

The PrankWeb (P2Rank) server (https://prankweb.cz/ (accessed on 12 January 2026)) [36]
was employed to identify potential binding sites on SpCS for the ligands FMN and EPSP.
The dimeric chain was uploaded in PDB format into the entry field, and the binding pocket
search was restricted to chain A. The predicted binding sites were summarized in a tabular
format, including parameters such as rank, score, probability, number of residues, and
average conservation.

2.3. Structure-Based Pharmacophore Modeling and Virtual Screening

Pharmacophore models of the protein-ligand complexes were generated using the
pharmit server (https://pharmit.csb.pitt.edu/) [37] with default parameters. For creating
a pharmacophore model, the chain A and B dimer of the SpCS in complex with one
of the two bound ligands was submitted to the server. The resulting pharmacophore
models were subsequently employed to screen the ZINC_Nat compound library in order
to identify potential structural analogs with inhibitory activity against the SpCS. Putative
structural analogs corresponding to each ligand were retrieved from the ZINC database
(https:/ /zinc15.docking.org/substances /home/ (accessed on 15 January 2026)) based on
their pharmacophore fit.

2.4. Docking of Potential Ligands with SpCS

Molecular docking studies of the SpCS protein with its native ligands and the pre-
dicted structural analogs were performed using the PyRx—Python Prescription VS Tool,
version 0.8 which employs Autodock Vina 1.1.2 for docking (https://sourceforge.net/
projects/pyrx/ (accessed on 15 January 2026)) [35,38]. Due to the fact that FMN interacted
with 4 residues of chain B along with several residues from chain A, protein dimer was
used as the receptor, and the identified binding pocket residues of the dimer were defined
prior to docking (Center: X: —8.2005, Y: 11.4063, Z: 17.4079. Size: X: 22.4208 A, Y: 25.0000 A,
7:19.0786 A). The predicted structural analogs were then docked into the selected binding
pocket of the protein dimer to evaluate their binding interactions and affinities.
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2.5. In Silico Pharmacokinetics and Drug-Likeness Prediction

The drug-likeness and preliminary ADME-related properties of the putative struc-
tural analogs were assessed using the Molsoft L.L.C. (San Diego, CA, USA): drug-likeness
and molecular property prediction server (https://molsoft.com/mprop/ (accessed on
20 January 2026)) [39-42]. Physicochemical parameters relevant to oral bioavailability, in-
cluding molecular weight, octanol/water partition coefficient (LogP), number of hydrogen
bond acceptors (HBAs) and donors (HBDs), and molecular polar surface area (MolPSA),
were computed. Compounds were subsequently assessed for compliance with Lipinski’s
Rule of Five [43], and drug-likeness scores were used to prioritize candidates for molecular
docking and binding interaction analysis.

2.6. Docking of Potential Ligands Using Swiss Dock

Additional docking studies were performed using the Swiss Dock server to further
validate the binding modes of the shortlisted structural analogs (https://www.swissdock.
ch/ (accessed on 25 January 2026)) [44]. Binding pocket coordinates for the protein dimer
(Center: X: —8.2005, Y: 11.4063, Z: 17.4079. Size: X: 22.4208 A, Y: 25.0000 A, Z: 19.0786 A)
were pre-determined from a previous docking step. Protein receptor preparation and
ligands were subsequently subjected to docking using the Autodock Vina docking engine
on the Swiss Dock server (https://www.swissdock.ch/ (accessed on 25 January 2026)).
The protein dimer, prepared analogs, and corresponding binding site coordinates were
uploaded, and the exhaustiveness parameter was set to 8. Docking was conducted for all
shortlisted analogs, and the resulting docking scores and protein-ligand interaction profiles
were analyzed in detail.

In parallel, the ligands were redocked using the Attracting Cavities 2.0 docking engine
on the Swiss Dock server accessed on 25 January 2026. Similar to Autodock Vina, the protein
dimer, prepared analogs, and corresponding binding site coordinates for the protein dimer
(Center: X: —8.2005, Y: 11.4063, Z: 17.4079. Size: X: 22.4208 A, Y: 25.0000 A, Z: 19.0786 A)
were uploaded. The number of RIC (Random Initial Conditions) parameter was set to 1,
the sampling exhaustivity parameter was set to “medium”, and cavity prioritization was
set to the “buried” option. The resulting docking scores were compared with the scores
obtained using the Autodock Vina engine of the Swiss Dock server to see whether the
ligands display similar binding energetics across various docking engines.

2.7. MD Simulation Studies

The top-ranked docking pose of each ligand, including the reference ligands EPSP
and 1-benzofuran-3-one, bound to the FMN-containing dimeric SpCS enzyme, was further
evaluated by molecular dynamics (MD) simulations following our previously described
protocol [45-48]. Each protein—cofactor-ligand complex was prepared using the QuickPrep
and Dynamics modules implemented in MOE® (version 2024.06, Chemical Computing
Group, Montreal, QC, Canada). Protein preparation, energy minimization, protonation state
assignment, and parameterization of the ligands and the FMN cofactor were performed
using the AmberEHT force field [49]. AmberEHT combines the Amber19 biomolecular force
field with MOE®’s Extended Hiickel Theory (EHT)-based parameterization for ligands and
other non-standard molecular entities, providing a consistent framework for preparing
protein-ligand systems for MD simulations. Protonation states of ionizable amino acid
residues were assigned using the Protonate3D module at physiological pH.
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MD simulations were performed in triplicate using NAMD [50] with the AmberEHT-
parameterized systems. Long-range electrostatic interactions were treated using the Particle
Mesh Ewald (PME) method with a real-space cutoff of 10 A, while van der Waals inter-
actions were evaluated using a switching function between 8 and 10 A. Each complex
was solvated in an orthorhombic TIP3P water box with a 10 A solvent margin around
the protein. The final box dimensions were 117.09 x 84.90 x 77.54 A3, and Na* or CI™
counterions were added to neutralize the system. Following energy minimization, the
systems were equilibrated for 100 ps under the NVT ensemble and 200 ps under the NPT
ensemble. Production simulations were subsequently carried out for 200 ns at 310 K and
1 bar without positional restraints. Binding free energies were estimated from the MD tra-
jectories using the GBVI/WSA AG scoring function developed by Labute [51]. Trajectories
were analyzed using the Database Viewer (DBV) module in MOE® and VMD [52], and
graphs were generated using GraphPad Prism 11.0.2(100)®.

3. Results
3.1. Structure Retrieval and Interaction Studies

The crystal structure of SpCS, a homotetrameric protein (PDB ID: 1QXO) with
388 residues per chain, was retrieved from the RCSB Protein Data Bank (https://www.
resb.org/) and determined in complex with substrate 5-enolpyruvylshikimate-3-phosphate
(EPSP) and cofactor flavin mononucleotide (FMN) (Figure 1). Structural assessment us-
ing z-scores from the ProSA web server (https://prosa.services.came.sbg.ac.at/prosa.php
(accessed on 10 January 2026)) confirmed high model reliability across all chains, with
Chain A exhibiting a z-score of —8.53 followed by chains B, C, and D displaying z-scores
of —8.35, —8.36, —8.23 respectively (Figure 2). Interactions of FMN and EPSP with chain
A and chain B of SpCS using the BIOVIA Discovery Studio Visualizer (https://www.3ds.
com/products/biovia/discovery-studio/visualization (accessed on 10 January 2026)) re-
vealed that both FMIN and EPSP occupy a common pocket within chain A along with a
few residues of chain B. FMN interacts with 18 key active-site residues (14 from chain A
and 4 from chain B), whereas EPSP engages a broader network of 30 residues, highlighting
distinct yet overlapping binding interactions (Figure 3, Table 1).

Figure 1. Tetrameric structure of SpCS. FMN is depicted as red spheres, and EPSP is depicted in
blue spheres.

https://doi.org/10.3390/biophysica6040069
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Figure 2. Analysis of the individual chains of SpCS by the ProSA web server. The dark blue region

represents amino acid residues with z-score distribution by NMR spectroscopy and the light blue

region represents amino acid residues with z-score distribution by X-ray crystallography. The black

dot represents the z-score of the input structures.
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Figure 3. Interaction analysis of FMN and EPSP with active-site residues in their respective binding
pockets: the analysis was carried out via BIOVIA Discovery Studio Visualiser, from the co-crystallized
structure of SpCS with FMN and EPSP (PDB ID: 1QXO).

Table 1. Binding pockets and their respective amino acid residues analyzed via PrankWeb (https:
/ /prankweb.cz/ (accessed on 12 January 2026)) and BIOVIA Discovery Studio Visualizer (https:
//www.3ds.com/products/biovia/discovery-studio/visualization (accessed on 10 January 2026)).

Residues Predicted from PrankWeb Server

Chain Pocket Rank Comprising Residues
Ser9, His10, Arg39, Arg45, Gly46, Arg4S8, Met49, Asp80, Lys83, Trp84,
I1e103, Argl107, Gly109, His110, Alal11, Vall14, Leul28, Ser131,
A 1 Ser132, Alal33, Arg134, Thr136, 11e250, Asn251, Ala252, Phe253,
Lys254, Met310, Lys311, Ile313, Pro314, Thr315, Val335, Arg337,
Ser338, Asp339, Ala342, Ala345, Ala346, Val349
Residues Identified by BIOVIA Discovery Studio Visualizer
Chain Pockets Comprising Residues
Chain A: Gly109, Alal33, Asn251, Ala252, Lys254, Met310, Lys311,
A FMN 11e313, Pro314, Thr315, Ala342, Ala345, Ala346, Val349
Chain B: Phe294, Glu295, Gly296, Gly297
Ser9, His10, Leul4, Arg39, Asn53, GIn55, I1e87, Arg101, His105,
A EPSP Pro106, Pro108, Gly109, His110, Alal11l, Asp112, Leul24, Ser132,
Alal33, Ile250, Asn251, Ala252, Met310, Lys311, Pro312, Ile313,
Pro314, Thr315, Leu343, Ala346, Met350
Active-Site Residues of SpCS Interacting with EPSP Ligand
Ligand Interacting Residues Reference

Ser9, His10, Arg39, Arg45, Arg48,
EPSP Argl07, His110, Ser132, Arg134, [53]
Tyr331, Arg337, Asp339, Pro340
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3.2. Prediction of Ligand-Binding Sites in SpCS

To identify the ligand-binding site of the SpCS, predictions were carried out using
the PrankWeb server (https://prankweb.cz/ (accessed on 12 January 2026)), a machine-
learning-based platform for binding pocket detection [54]. Seven putative binding pockets
were identified in chain A (Figure 4). Among these, Pocket 1 was prioritized due to its
comparatively high pocket score (65.87), probability value (0.989), and average conservation
score (2.623). This pocket comprised 40 amino acid residues.

Rank 1~ Score Probability # ol o .
residues conservation

65.87 0.989 40 2.623
2 6.43 0.351 18 1.41
3 497 0.235 12 2.562
4 3.23 DA1S il 1713
5 2.76 0.085 10 1.706
6 2.1 0.047 10 1.442
7 1.64 0.026 5 3.035

Figure 4. Predicted binding sites on Chain A of SpCS. Binding sites predicted by PrankWeb (https:
/ /prankweb.cz/ (accessed on 12 January 2026)) sorted according to rank, score, probability, number
of residues and average conservation. The arrow adjacent to the Rank column indicates increasing
rank order from bottom to top. The binding pocket highlighted in red represents the selected pocket,
which corresponds to the red-highlighted region in the three-dimensional (3D) structure.

Subsequent structural analysis using BIOVIA Discovery Studio of SpCS in complex
with FMN and EPSP indicated that these ligands occupied a region containing many of
the same residues identified in the predicted pocket (Figure 5). Importantly, these residues

https://doi.org/10.3390/biophysica6040069
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are consistent with those previously reported as key components of the EPSP binding
site [55]. The overlap between predicted pocket residues, ligand interaction sites, and
literature-reported binding residues supports the reliability of the binding site identified by
the PrankWeb server (https://prankweb.cz/ (accessed on 12 January 2026)).

Asp80

EPSP binding pocket

Val349

» . v~ Y
Ala346 Met310
Ala345 Ser33s
A|a342
Asp339

I|e313

Figure 5. Visualization of EPSP and FMN binding pockets of SpCS through PyMOL.

3.3. Structure-Based Pharmacophore Modeling and Virtual Screening of Ligands

A pharmacophore represents the spatial arrangement of key electronic and struc-
tural features required for effective ligand-receptor interactions leading to a biological
response [56]. In the present study, pharmacophore-based virtual screening was performed
using SpCS in complex with ligands FMN and EPSP through the Zinc_Nat library via the
pharmit server (https://pharmit.csb.pitt.edu/). Interactions between each ligand and the
active-site residues were analyzed to identify essential binding features.

For both ligands, five conserved pharmacophore features were defined from atoms of
the ligand showing direct interactions with active-site residues, comprising one hydrogen
bond donor, three hydrogen bond acceptors, and one hydrophobic feature. These pharma-
cophore models were subsequently used to screen the Zinc_Nat library, a user-contributed
compound repository, for molecules exhibiting similar feature arrangements. The pharmit

https://doi.org/10.3390/biophysica6040069
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server (https://pharmit.csb.pitt.edu/) enables open-access VS and supports community-
submitted libraries, facilitating flexible compound selection [37]. Using this approach, a
total of 346 structural analogs of FMN and 616 analogs of EPSP were identified from the
Zinc_Nat library (Supplementary Materials Tables S1 and S2: EPSP and FMN analogs).

3.4. Molecular Docking of Ligands Using PyRx

Molecular docking was employed to predict the best binding poses and interaction
strengths of ligand analogs with the SpCS dimer. A total of 616 and 346 structural analogs
sharing pharmacophore features with EPSP and FMN, respectively, were docked into their
corresponding binding sites of the SpCS using the PyRx tool integrated with Autodock
Vina software 1.1.2 [38]. Based on docking scores, the top six binding poses were selected
for subsequent MD simulations (Figure 6).

Docking results were evaluated primarily on the basis of binding affinity. For EPSP,
115 compounds were shortlisted from the initial set of 616 analogs due to their favor-
able binding energies (Supplementary Materials Table S3). Detailed interaction analy-
sis using BIOVIA Discovery Studio Visualizer (https://www.3ds.com/products/biovia/
discovery-studio/visualization (accessed on 25 January 2026)) confirmed that these short-
listed compounds interacted with key active-site residues (Ser9, His 10, Arg39, Arg45,
Arg48, His110, Ser132, Alal33, Argl34, Arg337) of the EPSP binding pocket, along with
additional pocket residues, which likely contributed to their enhanced binding affini-
ties [57] (Supplementary Materials Table S3). The binding energies of these compounds
ranged from —8.0 to —10.3 Kcal-mol™1, compared with —6.5 Kcal-mol~! observed for
EPSP. Among them, compound ZINC000218062200 showed the strongest binding affinity
(—10.3 Kcal-mol1).

These results suggest that the selected analogs bind more strongly to SpCS at the EPSP
binding site than the native substrate. In contrast, 1-benzofuran-3-one, a known inhibitor
of chorismate synthase (22), exhibited a lower binding affinity (—4.7 Kcal-mol~1) when
docked at the same site. Docking of the 346 analogs of FMN did not yield compounds
with comparable binding affinities or stable interactions at the FMN binding site; therefore,
these ligands were not considered for further analysis.

3.5. In Silico Pharmacokinetics and Drug-Likeness Prediction

Drug-likeness and pharmacokinetic suitability of the screened compounds were evalu-
ated using Lipinski’s Rule of Five, a widely accepted framework for predicting absorption,
distribution, metabolism, and excretion (ADME) behavior [58]. Given the critical role of
ADME properties in determining a drug’s biological fate following administration and
its therapeutic efficacy [59], Lipinski’s criteria were applied as an initial filter to identify
molecules with favorable membrane permeability and oral bioavailability (logP < 5, molec-
ular weight < 500 Da, hydrogen bond acceptors (HBAs) < 10, hydrogen bond donors
(HBDs) < 5, and polar surface area < 140 A2).

Of the 115 compounds screened, 30 met all Lipinski criteria, indicating favorable phar-
macokinetic potential (Supplementary Materials Table S4). These compounds exhibited
logP values between 0.21 and 4.9, molecular weights ranging from 257.11 to 499.09 Da,
HBA counts of 3-10, HBD counts of 0-5, and PSA values between 41.95 and 136.67 A2,
all within the defined limits. Drug-likeness scoring further refined the selection, identify-
ing 11 compounds with favorable (positive) scores, indicative of higher pharmacological
potential. Compounds with zero or negative scores were excluded as non-drug-like can-
didates [57,60]. Consequently, these 11 compounds were shortlisted for further docking
studies with Swiss Dock, as summarized in Table 2.
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Arg39
Thr13
“A ’Thrl36
Ala133
Ser132
F110
Leu128

Figure 6. Comparison of binding pockets of 6 potential inhibitors of SpCS: (a) ZINC1780 docked with
SpCS, (b) ZINC2684 docked with SpCS, (¢) ZINC1317 docked with SpCS, (d) ZINC2116 docked with
SpCS, (e) ZINC6435 docked with SpCS, and (f) ZINC2009 docked with SpCS. Ligands in yellow are
docked via PyRx and ligands in red docked via Swiss dock (Autodock Vina). The binding pocket is
depicted as green color sticks with labeled amino acid residues.
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Table 2. ADME properties of 11 shortlisted analogs of EPSP analyzed by Molsoft L.L.C (https://molsoft.com/mprop/ (accessed on 20 January 2026)).

SiNo.  LigmaBPsr  Afimy  Molewsr  Moleewlar Noof  Noof yoyop vopss  mover B9 Dnuslikenes
(Kcal/mol)
1 ZINC000096221780 -8.1 C25 H18 09 462.1 9 4 2.99 112.44 A2 450.51 A3 1.69 1.03
2 ZINC000096222684 -8 C26 H20 010 49211 10 4 3.03 119.99 A2 48243 A3 1.49 1.09
3 ZINC000096221317 -93 C27 H17 N 09 499.09 9 5 2.48 129.69 A2 493.74 A3 1.12 0.82
4 ZINC000096222116 -9 C23 H15 N 08 433.08 9 4 1.72 11433 A2 413.15 A3 12 1.57
5 ZINC000108451402 —-8.7 C29 H23 N 010 545.13 10 5 2.42 136.67 A2 541.03 A3 1 0.55
6 ZINC000096115673 -8.6 C22 H16 N2 O6 404.1 7 2 3.12 91.85 A2 396.60A3 215 0.67
7 ZINC000096316435 —-82 C25 H27 N5 O4 461.21 8 1 2.92 86.00 A2 46877 A3 255 1.06
8 ZINC000096222009 —-95 C27 H18 09 486.1 9 4 3.38 11318 A2 477.47 A3 1.59 0.88
9 ZINC000108449373 -89 C27 H15 C1 010 534.04 10 4 3.09 125.71 A2 51558 A3 1.08 0.89
10 ZINC000096115862 8.4 C26 H20 09 476.11 9 3 4.26 106.42 A2 47358 A3 1.73 1.09
11 ZINC000096221623 -8 C24 H15 N3 O8 473.09 10 4 0.7 125.82 A2 447.19 A3 0.72 1.31
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3.6. Docking Studies with Swiss Dock

The 11 compounds were docked at the same binding pocket using the Autodock
Vina algorithm of the Swiss Dock server (https://www.swissdock.ch/ (accessed on
25 January 2026)), resulting in six molecules shortlisted based on higher binding affini-
ties and favorable orientations compared to the initial docking via PyRx [38] (Figure 6).
Additionally, the six ligands along with EPSP and 1-benzofuran-3-one were docked with
SpCS to verify the binding pattern of the ligands via a different docking algorithm [61-63].
Notably, all three docking analyses showed that these six compounds engaged the SpCS
active-site residues at the same binding site as EPSP. Their binding affinities and residue
interactions were further compared with EPSP and 1-benzofuran-3-one (Tables 3 and 4).
A detailed workflow illustrating each step and the number of compounds retained at each
stage is presented in Figure 7, providing a systematic overview.

Table 3. Binding affinity of 6 shortlisted analogs of EPSP along with EPSP and 1-benzofuran-3-one
calculated via re-docking studies carried out by Swiss Dock (Autodock Vina).

PyRX Docking Swiss Dock Interacting Residues of
Sl1. No. Compounds Binding Affinity = Binding Affinity = rmsd/ub rmsd/lIb cung
Chorismate Synthase
(Kcal/mol) (Kcal/mol)
Arg39, Argd5, Argd8, Met49,
1 ZINC000096221780 -8.1 -9.1 0 0 Alal33, Argl34, 1le313,
Ser338, Ala342
Ser9, His10, Arg39, Arg45,
2 ZINC000096222684 -8 -84 0 0 Arg48, Leul28, Ser132, Alal33,
Arg134, 11e313, Thr315, Asp339
Ser9, His10, Arg45, Arg48,
3 ZINC000096221317 -9.3 —10.2 0 0 Ser132, Alal33, Arg134, 1le313,
Thr315, Ala342
Arg45, Arg48, Met49, Argl34,
4 ZINC000096222116 -9 -9.2 0 0 Thr136, Ala133, Ile313, Pro314,
Thr315, Ala342
His10, Arg45, Arg48, Ala133,
5 ZINC000096316435 —8.2 —-10.5 0 0 Arg134, Ser132, Leu128
B B Arg48, Met49, Lys83, Alal33,
6 ZINC000096222009 9.5 104 0 0 Argl134, Tle313, Ser338, Asp339
Ser9, His10, Arg39, Arg45,
7 EPSP —6.5 -7.3 0 0 Arg48, His110, Ser132, Alal33,
Argl34, Arg337
Argd5, Ala133, Ala342,
8 1-benzofuran-3-one —4.7 -55 0 0 Ala345, Ala346
Table 4. Binding affinity of 6 shortlisted analogs of EPSP along with EPSP and 1-benzofuran-3-one
calculated via re-docking studies carried out by Swiss Dock (Attracting Cavities 2.0).
AC Score of Best Member SwissParam Score
SI. No. Compounds Cluster Number from the Cluster (Kcal/mol)
1 ZINC000096221780 0 31.080450 —8.3318
2 ZINC000096222684 0 36.008680 —8.6071
3 ZINC000096221317 0 20.455307 —7.8884
4 ZINC000096222116 1 31.648906 —8.1224
5 ZINC000096316435 0 49.445811 —8.0252
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Table 4. Cont.
AC Score of Best Member SwissParam Score
SIL. No. Compounds Cluster Number from the Cluster (Kcal/mol)
6 ZINC000096222009 1 47.585884 —8.2061
7 EPSP 0 3.522323 —5.6021
8 1-benzofuran-3-one 0 3.649222 —5.5858

Pharmit

346 FMN & 616 EPSP analogues
962 compounds ' retrieved using Pharmit

Molecules were shortlisted by
2 docking, based on binding affinities

In-silico pharmacokinetics and
drug-likeness prediction
30 compounds 3 :

Compounds shortlisted for
4 redocking analysis

5 mnézc;ular Dynamic Stimulation

Figure 7. Funnel approach depicting the gradual steps of dislodging compounds following

each parameter.

3.7. MD Simulation Studies

Figures 8 and 9 present the plots of Root Mean Square Deviation (RMSD), hydrogen
bonds (H-bonds), and binding energy obtained during the MD simulations. The corre-
sponding plots of Root Mean Square Fluctuation (RMSF) and prevalence of H-bonds are
shown in Supplementary Materials Figures S1 and S2.

The protein RMSD (Figure 8) increased during the initial equilibration phase and sub-
sequently reached a stable plateau at approximately 4.0 A, remaining essentially constant
throughout the 200 ns production simulations. Although the magnitude of the RMSD
is relatively high, the absence of progressive structural drift indicates that the systems
reached conformational equilibrium. Considering that SpCS is a dimeric enzyme and
that the RMSD was calculated for the backbone atoms of the complete dimer, collective
inter-subunit motions and flexibility of surface-exposed regions are expected to contribute
to the overall RMSD. Consistent with this interpretation, RMSF analysis (Supplementary
Materials Figure S1) revealed that the largest fluctuations were localized to flexible re-
gions, whereas the protein core and ligand-binding residues remained comparatively stable
throughout the simulations.

The ligand RMSD plots (Figure 8) indicate the stabilization and consistent dynamical
behavior, with maximal fluctuations below 2.5 A and fluctuations between frames no higher
than 0.5 A. 1-benzofuran-3-one demonstrated the most stable behavior, with fluctuations
around 0.1 A between frames. The highest fluctuations were observed around 2.0 A for
ZINC2684 in both active sites and ZINC6435 in active site 1.
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Figure 8. Variation in RMSD, for the ligands in both active sites over 200 ns of MD simulations.
Values represent the averages obtained from three independent simulations. The lighter color above
and below each line represents the standard error of the mean (SEM).
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Figure 9. Plots of variation in the number of H-bonds protein-ligand and docking score in both
SpCS active sites during each MD simulation. Values represent the averages obtained from three
independent simulations. The lighter color above and below each line represents the standard error
of the mean (SEM).
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Among the ligands, EPSP formed the highest average number of H-bonds inside the
SpCS active sites during the MD simulations (7.9 and 6.1 respectively), followed by ZINC2009
(3.00 and 2.29), ZINC2116 (2.00 and 3.09), ZINC1780 (3.0 and 1.2), ZINC317 (1.4 and 1.8),
ZINC2684 (1.0 and 1.23), and ZINC6435 (1.00 and 1.14). 1-benzofuran-3-one exhibited the
fewest average H-bonds (0.20 and 0.60) (Supplementary Materials Figure S2). This trend is
quite consistent with the binding energy data (Figure 9), where the ligands ranked as fol-
lows: EPSP (—9.62 and —8.88 kcal/mol), ZINC2009 (—8.43 and —9.48 kcal/mol), ZINC2116
(—7.30 and —9.14 kcal/mol), ZINC1780 (—7.37 and —7.79 kcal/mol), ZINC2317 (—7.30 and
—8.88 kcal/mol), ZINC2684 (—8.12 and —8.51 kcal/mol) and ZINC6435 (—6.61 and —7.85).
1-benzofuran-3-one had the highest (least favorable) average binding energies at —4.43 and
—4.68 kcal /mol.

Analysis of the MD simulation trajectories also allowed identification of key residues
involved in hydrogen bonding with the ligands for more than 8% of the simulation time.
As shown in Supplementary Materials Figure S2, these residues include Arg39, Arg45,
Arg48, Leul28, Glul129, Ser132, Ala133, Glu336, Arg337 and Asp339. EPSP was the ligand
showing the highest prevalence of H-bonds in the SpCS active sites, followed by ZINC2009,
ZINC2116, ZINC2684, ZINC1317, ZINC1780, and ZINC6435. As expected, 1-benzofuran-3-
one was the one showing the lowest prevalence.

Overall, the MD simulation results suggest that all ZINC ligands, despite not showing
the same performance as EPSP, are potential binders to SpCS, forming stronger interactions
within the active site compared to 1-benzofuran-3-one. Among them, ZINC2009 and
ZINC2116 emerged as the most promising candidates, followed by ZINC2684, ZINC1317,
ZINC1780, and ZINC6435.

4. Discussion

S. pneumoniae continues to challenge existing therapeutic strategies due to its increasing
resistance to conventional antibiotics, underscoring the need for novel drug targets and
inhibitory scaffolds [64]. Metabolic pathways that are essential for bacterial survival yet
absent in humans offer a rational framework for selective drug discovery [65,66]. Among
these enzymes, CS catalyzes the final and irreversible step of the shikimate pathway, making
it crucial for the biosynthesis of aromatic amino acids and downstream metabolites, which
support bacterial growth and pathogenicity. Specifically, CS catalyzes the conversion of
EPSP to chorismate, using reduced FMN as a cofactor, thereby completing the terminal
step of the shikimate pathway [64]. As a result, CS functions as a critical metabolic control
point and an attractive but underexplored target in S. pneumoniae. In the present study,
we systematically explored the inhibitory potential of multiple natural substrate analogs
with substantially higher binding affinities toward CS than the native substrate using an
integrated in silico screening strategy.

The structure of SpCS was retrieved from RCSB-PDB (https:/ /www.rcsb.org/) and
characterized as a homotetramer with ligands FMN and EPSP binding to the same pocket.
The 616 EPSP structural analogs, obtained via the Pharmit web server (https://pharmit.csb.
pitt.edu/) were docked to the binding pocket of SpCS using PyRx tool incorporated with
Autodock Vina software [38]. Among the screened compounds, a total of 115 compounds
structurally similar to EPSP and exhibiting higher binding affinities compared to the
substrate were shortlisted. The screened compounds were subjected to ADME analysis,
and out of these, 30 compounds were selected based on Lipinski’s rules. Amongst the
30 compounds, 11 compounds exhibiting high drug-likeness scores were further considered
for additional docking studies. The docking was carried out through the Swiss Dock server
(https:/ /www.swissdock.ch/ (accessed on 25 January 2026)), to the same binding site of CS.
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Further, the stability of these shortlisted compounds bound to CS was analyzed through
MD simulations.

These six finalized molecules, identified by their ZINC IDs—ZINC000096221317 (ZINC1317),
ZINC000096221780 (ZINC1780), ZINC000096222009 (ZINC2009), ZINC000096222684 (ZINC2684),
ZINC000096222116 (ZINC2116) and ZINC000096316435 (ZINC6435)—displayed binding
affinities in the range of —8.0 to —9.5 Kcal-mol~! when docked to SpCS using the PyRx tool
incorporated with Autodock Vina software, which exhibited a higher binding affinity than
its substrate EPSP recorded as —6.5 Kcal-mol~!. Among these, the compound ZINC009
displayed the highest binding affinity of —9.5 Kcal-mol~!. Further, the structural interaction
analysis indicated that all six compounds established multiple interactions with SpCS, with
several residues overlapping those involved in EPSP binding. ZINC1317 interacted with
10 residues, where 4 residues were known to interact with EPSP; ZINC1780 interacted with
9 residues, of which 5 residues were known to interact with EPSP; ZINC2009 interacted
with 8 residues, among which 3 residues were known to interact with EPSP; ZINC2684
interacted with 12 residues, including 5 residues identified to interact with EPSP; ZINC2116
interacted with 10 residues, among which 4 residues were associated with EPSP interactions;
and ZINC6435 interacted with 7 residues, among which 4 residues were known to interact
with EPSP. These observations further suggest the compounds’ binding affinity for CS.
The ADME properties of the compounds were evaluated using Lipinski’s Rule of Five,
assessing their molecular weight, the number of hydrogen bond acceptors (HBAs), the
number of hydrogen bond donors (HBDs), LogP, and Polar Surface Area (PSA). Drug-
likeness scores were also predicted, and all these evaluated parameters are presented in
Table 2. The Swiss Dock docking studies revealed that the screened compounds bind
to the same binding pocket as the substrate and the inhibitor 1-benzofuran-3-one, while
exhibiting higher binding affinities than both. The docking analysis performed using
PyRx VS software and the Swiss Dock server showed similar binding patterns among
the compounds, indicating consistency across platforms. This indicates the potential of
these compounds to serve as inhibitors of SpCS. The six finalized docked enzyme-ligand
complexes were subjected to the MDS studies to assess their stability and interactions. The
SpCS bound to 1-benzofuran-3-one was used as a reference complex for comparison with
the selected six compounds.

Similar to the docking results, compound ZINC2009 emerged as the most promis-
ing candidate, followed by ZINC2116 and ZINC2684, which formed the most hydrogen
bonds. These compounds—ZINC2009 (10-(2H-chromen-3-yl)-2-(3,4-dihydroxyphenyl)-3,5-
dihydroxy-4H,8H,9H,10H-pyrano|2,3-h]chromene-4,8-dione), ZINC2116 (2-(3,4-dihydroxy-
phenyl)-3,5-dihydroxy-10-(pyridin-3-yl)-4H,8H,9H,10H-pyrano[2,3-h]chromene-4,8-dione)
and ZINC2684 (2-(3,4-dihydroxyphenyl)-10-(2,5-dimethoxyphenyl)-3,5-dihydroxy-4H, 8H,
9H, 10H-pyrano[2,3-h]Jchromene-4,8-dione)—are phenyl derivatives. Studies reveal that the
phenol scaffold has numerous well-documented profiles, including antiviral, antibacterial,
antimutagenic, and anti-inflammatory properties [66]. Moreover, phenyl derivatives as
inhibitors have shown favorable inhibitory activity as they can effectively engage the CS
active site [21]. The presence of a phenyl moiety possibly enhances binding affinity through
aromatic and hydrophobic interactions within the active site [67].

These results point to the potential of these compounds as candidate inhibitors for
SpCS, exhibiting favorable binding, stability, and drug-like properties through integrated
docking, ADME profiling, toxicity prediction, and MD simulations.

5. Conclusions

In conclusion, this study identifies three natural compounds ZINC2009, ZINC2116,
and ZINC2684 as candidate inhibitors for SpCS, requiring experimental validation. A com-
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prehensive in silico analysis, including molecular docking, ADME profiling, and MD
simulations, suggests that these compounds might exhibit strong binding affinities and
maintain stable interactions within the SpCS active site, outperforming the natural substrate
EPSP in binding efficiency. Among these, ZINC2009 and ZINC2116 demonstrated a signifi-
cant number of H-bonds, indicating strong ligand substrate affinity and positioning them
as strong candidates for further development as potential therapeutics against pneumonia.

Collectively, these findings establish SpCS as a viable antimicrobial target and highlight
the identified compounds as potential promising leads warranting experimental validation
for the development of next-generation therapeutics against drug-resistant S. pneumoniae.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /biophysica6040069/s1, Supplementary Table S1: FMN analogues
extracted from Pharmit—Zinc_NAT Database. Supplementary Table S2: EPSP Analogues extracted
from Pharmit- Zinc_ NAT Database. Supplementary Table S3: Docked EPSP shortlisted analogues
based on their estimated Binding Affinities. Supplementary Table S4: Shortlisted EPSP molecules
and their ADME as well as drug likeness properties. Supplementary Figure S1: RMSF plots of SpCS
dimer. The RMSF graph depicting chain A and chain B of dimer bound to FMN, EPSP and EPSP
analogues. Supplementary Figure S2: H-bond prevalence plot of SpCS dimer. H-bond plots of SpCS
dimer bound to FMN, EPSP and EPSP analogues.
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The following abbreviations are used in this manuscript:

ADME absorption, distribution, metabolism, excretion
CADD computer-aided drug design

CS chorismate synthase

EPSP 5-enolpyruvylshikimate-3-phosphate

FMN flavin mononucleotide

HBA hydrogen bond acceptors

HBD hydrogen bond donors

MDS molecular dynamics simulation

MoIPSA  molecular polar surface area

PDB protein data bank
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RMSD Root Mean Square Deviation
RMSEFE Root Mean Square Fluctuation

VS virtual screening
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