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Introduction: Leptospirosis is a zoonotic disease caused by Leptospira
interrogans and represents a major public health and veterinary concern. The
persistence of the pathogen is closely associated with bio Im formation, yet
targeted therapeutics are currently unavailable. The GroEL chaperonin, a
conserved protein involved in bio Im formation and immunogenicity, was
investigated as a potential therapeutic target.

Methods: A structure-based virtual screening approach was performed using a
library of 543,503 natural compounds from the Life Chemicals database. Top-
ranked ligands were evaluated using molecular docking and physicochemical
and pharmacokinetic property analyses. Density functional theory calculations
were performed to assess electronic stability, followed by molecular dynamics
simulations to evaluate ligand—protein complex stability. Principal component
analysis and MM-PBSA binding free energy calculations were subsequently
applied to characterize conformational dynamics and binding af nity.

Results: Five compounds (F3385-2019, F1243-0200, F3139-0927, F2801-0179, and
F1864-0208) exhibited strong binding af nities toward GroEL, with docking energies
ranging from 10.34 to 8.26 kcal/mol. All shortlisted compounds complied with
Lipinski's Rule of Five and demonstrated favorable pharmacokinetic properties.
Molecular dynamics simulations and MM-PBSA analyses indicated stable ligand—
protein interactions. Among the candidates, F1864—0208 and F1243-0200
emerged as the most stable and promising leads, whereas the remaining
compounds showed moderate inhibition.

Discussion: This study provides computational evidence supporting GroEL as a
viable drug target in L. interrogans. The identi ed natural compounds may represent
promising scaffolds for the development of novel anti-leptospiral agents. Further in
vitro and in vivo studies are required to validate their therapeutic ef cacy and safety.
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density functional theory, free energy landscape, leptospirosis, molecular dynamics
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1 Introduction

Leptospirosis, a neglected and re-emerging zoonotic infection
caused by pathogenic spirochetes of the genus Leptospira, is a major
global health concern, with L. interrogans identi ed as the most
clinically signi cant species (Rajapakse et al., 2025). Its burden is
particularly pronounced in tropical and subtropical regions, where
environmental conditions and socioeconomic inequities drive its
widespread transmission. The World Health Organization (WHO)
estimates that leptospirosis affects over one million individuals
annually, resulting in approximately 60,000 deaths, with the
highest burden observed in low- and middle-income countries
(LMICs) across Southeast Asia, Latin America, and Oceania
(Douchet et al., 2022; Gizamba and Mugisha, 2023; Rajapakse
et al, 2025). In developed regions, leptospirosis is increasingly
categorized as an emerging infectious disease that is often linked
to environmental exposure and international travel. Transmission
occurs primarily through direct contact with the urine of infected
animals or contaminated water, particularly under warm and
humid conditions. Once in the host, Leptospira disseminates via
the bloodstream, targeting organs such as the kidneys, liver, and
lungs (Amamura et al., 2025). The ability of the pathogen to persist
in renal tubules leads to prolonged urinary shedding, contributing
to environmental contamination and continued transmission
(Evangelista and Coburn, 2010). Domestic dogs, as key reservoirs,
further amplify the zoonotic risk due to their prolonged shedding
and close contact with humans (Azocar-Aedo and Monti, 2022;
Guzman et al., 2023).

Currently, leptospirosis is treated with broad-spectrum
antibiotics such as doxycycline, penicillin, and third-generation
cephalosporins (Mendu et al,, 2025). However, the treatment
results vary in severe cases. New reports on antibiotic resistance
have raised concerns about its long-term effectiveness.
Furthermore, existing vaccines are limited and only protect
against certain serovars. Therefore, there is an urgent need to
identify novel and speci ¢ drug targets for the treatment of
leptospirosis. A major challenge in controlling leptospirosis is the
ability of the pathogen to form bio Ims, which confer resistance to
immune defenses and antibiotics (Davignon et al., 2023, 2024).
Bio Im formation, which is observed in both laboratory and natural
settings, plays a crucial role in the pathogen’s persistence and
transmission (Dias and Pinna, 2025). The molecular mechanisms
underlying bio Im formation remain incompletely understood but
likely involve bacterial stress responses and proteins such as GroEL
(Vinod Kumar et al., 2017).

GroEL, a member of the highly conserved HSP60 family of
molecular chaperones, plays a central role in bacterial proteostasis by
facilitating proper folding of nascent and stress-denatured proteins (Ho
et al,, 2021; Singh et al., 2024). In Leptospira interrogans, GroEL is
essential for survival under host-induced stress conditions, such as
elevated temperatures and oxidative damage, thereby signi cantly
contributing to the pathogen’s virulence, bio Im formation, and
environmental persistence (Ho et al., 2021). Beyond its chaperone
function, GroEL mediates adhesion to host tissues and induces the
release of proin ammatory cytokines, underscoring its involvement in
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pathogen-host interactions (Ho et al., 2021). GroEL is also highly
immunogenic and has been detected in the sera of patients with
leptospirosis (Vinod Kumar et al., 2017). In contrast to other
leptospiral antigens, such as LigA and LipL32, which exhibit
antigenic variability and limited protective ef cacy (Lucas et al.,
2011), GroEL is evolutionarily conserved and indispensable for
bacterial viability across diverse species. Disruption of GroEL
function has been shown to impair protein homeostasis, stress
tolerance, and cellular survival, resulting in defective bacterial growth
(Fayet et al., 1989; Taguchi and Koike-Takeshita, 2023; Wang et al.,
2025). Consistently, experimental and pharmacological studies
demonstrate that small-molecule inhibition of GroEL suppresses
bacterial proliferation and virulence in both Gram-positive and
Gram-negative pathogens, con rming its suitability as a druggable
target (Abdeen et al., 2016; Godek et al., 2024; Zhang et al., 2025).
Collectively, these ndings provide a strong biological and
experimental rationale for prioritizing GroEL as a target for
structure-based inhibitor discovery in the development of anti-
leptospiral drugs.

In this context, computational drug discovery has emerged as
an ef cient strategy for the rapid identi cation of antibacterial leads
through structure-based modeling, stability evaluation, and
binding-energy analysis (Sadybekov and Katritch, 2023).
These approaches have increasingly been applied to natural-
product—derived antibacterial agents; for instance, Verma et al.
employed structure-based virtual screening of Allium sativum
phytocompounds to identify novel antimicrobial candidates
(Verma et al, 2024). Within this framework, targeting GroEL
using this approach is particularly promising, and natural
products provide an excellent source of candidates because of
their unique scaffolds, proven bioactivity, and generally favorable
safety pro les. In this study, we employed a comprehensive in silico
drug discovery pipeline to identify natural product-based inhibitors
that target GroEL in L. interrogans. A structurally diverse library of
natural compounds was screened against GroEL using structure-
based virtual screening (SBVS), followed by detailed binding af nity
and interaction pro ling of the top-ranked ligands. The electronic
and chemical characteristics of the ligands were mapped using
density functional theory (DFT). ADME property prediction was
used to evaluate drug-likeness, oral bioavailability, and
pharmacokinetic pro les. In addition, molecular dynamics
simulations (MDS) were performed to analyze the structural
stability and dynamic behavior of the selected complexes, whereas
principal component analysis (PCA) was used to investigate the
essential motions of GroEL and the impact of ligand binding on its
conformational landscape. Binding free energy estimations were
performed using the MM-PBSA method to assess the
thermodynamic favorability of the protein—ligand interactions.

Overall, this integrated computational strategy enabled the
identi cation of natural product-based ligands with high binding
af nities, favorable pharmacokinetic properties, and the ability to
stabilize the GroEL structure. These ndings provide a strong
foundation for future experimental validation and highlight the
therapeutic potential of targeting GroEL in the development of
novel treatments for leptospirosis.
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2 Materials and methods

2.1 GroEL structure and active site
prediction

The sequence of the GroEL protein (P61439), which comprises
a total of 546 amino acids, was retrieved from the UniProt database
in FASTA format (The UniProt Consortium, 2017). Subsequently,
the 3D structure of GroEL was predicted using the AlphaFold
program (Jumper et al., 2021) (Figure 1). To identify potential active
site residues in GroEL, six complementary structure-based
prediction tools were employed: COACH (Yang et al.,, 2013),
TM-SITE (Yang et al., 2013), S-SITE, COFACTOR (Roy et al.,
2012), FINDSITE (Brylinski and Skolnick, 2008), ConCavity (Capra
et al., 2009), and CASTP (Tian et al., 2018). The outputs of these
tools were used to generate a consensus list of residues for
subsequent virtual screening experiments.

2.2 Structure-based virtual screening

Virtual screening is a computational method that uses high-
performance computing systems to identify, Iter, and evaluate
potential molecular conformations of chemical compounds from
extensive databases. The structure of GroEL was prepared for
virtual screening using the Protein Preparation Wizard in the
Schr dinger Suite (Schr dinger, LLC, New York, NY, 2017-1)
(Sahoo et al., 2024a; Sethi et al., 2024). The preparation steps
included reconstructing the missing side chains and loops,
assigning bond orders, adding hydrogen atoms at neutral pH, and
removing non-essential water molecules. The structure was then
subjected to energy minimization to resolve steric clashes and
optimize the geometry. A compound library of 543,503 small
molecules was obtained from the Life Chemicals Database. The
ligands were processed using the LigPrep module of the
Schr dinger Suite to generate low-energy conformations, assign
ionization states, and optimize geometries. Docking grids were
created around the predicted active-site residues of GroEL. SBVS
was conducted using the GLIDE module. Three levels of precision
were employed sequentially: High-Throughput Virtual Screening
(HTVS) for rapid initial screening, Standard Precision (SP) for
re nement, and Extra Precision (XP) for detailed ligand—receptor
interaction assessment. The top-ranking compounds from XP
docking were retained for further analysis. Molecular interactions
and binding poses were visualized using UCSF Chimera (Pettersen
et al., 2004) and the GLIDE 2D interaction diagram tool. Figure 2
presents the overall computational work ow adopted for the
structure-based virtual screening of GroEL.

2.3 Drug-likeness analysis

The absorption, distribution, metabolism, and excretion
(ADME) properties of all selected chemical scaffolds were
evaluated using the QikProp module from the Schr dinger Suite
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(Schr dinger, LLC, New York, NY, 2017-1). This extensive
assessment provides valuable insights into their potential as drug
candidates by examining essential pharmacokinetic parameters.
Key molecular descriptors were considered, including compliance
with the Rule of Five (Ro5) (Lipinski et al., 1997). Together, these
evaluations provided an integrated understanding of both the
pharmacokinetic behavior and potential safety liabilities, thereby
supporting a more reliable assessment of the drug-like properties of
the compounds for subsequent studies.

2.4 Frontier molecular orbital analysis

Quantum mechanical calculations were performed using DFT
to investigate the electronic characteristics and geometric
con gurations of the target compounds using the Jaguar module
of the Schr dinger Suite (version 8.7) (Bochevarov et al., 2013). This
computational approach provides an ef cient and accurate
framework for determining molecular electronic structures,
optimized geometries, and physicochemical properties at the
ground state level. The calculations focused on identifying critical
electronic descriptors, including the highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO),
HOMO-LUMO energy gap (DE), and molecular electrostatic
potential (MEP) surfaces. All of the computations employed the
B3LYP hybrid density functional in conjunction with the 6-31++G
(d,p) basis set (Lee et al.,, 1988; Bhatta et al., 2015). These
comprehensive analyses provided valuable insights into the
electronic reactivity, charge distribution, and potential binding
characteristics of the designed molecules.

2.5 Molecular dynamics simulation

MDS were conducted to examine the structural stability and
dynamic behavior of the top-ranked protein-ligand complexes.
Simulations were performed using the GROMACS 2022.3 software
package with the CHARMMS36 force eld, which is widely recognized
for its reliability in all-atom protein-ligand modeling (Bekker et al.,
1993; Van Der Spoel et al., 2005). Ligand topologies were generated
using the CGenFF server (Vanommeslaeghe et al., 2010) and
integrated with the protein topology les prepared using the
CHARMMS36 force eld (Bjelkmar et al., 2010). Each protein-
ligand complex was positioned within a cubic simulation box,
maintaining a 1nm buffer between the solute and box boundaries.
The system was solvated using the TIP3P water model to simulate a
realistic aqueous environment (Jorgensen et al., 1983). A two-step
energy minimization process was performed to remove steric clashes
and achieve an energetically favorable conformation. The steepest
descent algorithm was rst applied, followed by the conjugate
gradient method, with 50,000 minimization steps. Following energy
minimization, the system was equilibrated under both the NVT and
NPT ensembles for 100 picoseconds (ps) each. Temperature was
controlled using the Berendsen thermostat (Berendsen et al., 1984),
and pressure was regulated using the Parrinello-Rahman barostat
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showing the overall fold, N- and C-terminal domains, and the active-site region highlighted in red, with an enlarged view of key binding-pocket
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(Parrinello and Rahman, 1981). After the equilibration phase, MDS
were executed for 100 ns for each protein-ligand complex. The
coordinates of each complex were recorded at regular intervals of 2
fs. The nal resulting trajectory les were analyzed using built-in
GROMACS tools to assess the stability of the GroEL-ligand
complexes. Parameters such as the root-mean-square deviation
(RMSD), root-mean-square uctuation (RMSF), radius of gyration
(Rg), hydrogen bonding interactions, and solvent-accessible surface
area (SASA) were examined to determine the dynamic behavior and
conformational stability of the complexes throughout the simulation,
as described in our previous studies (Sahoo et al., 2024b, 2025).

2.6 PCA-based free energy landscape
analysis

PCA, a robust method for multivariate statistical analysis, was
employed to identify and characterize the primary motions within
the protein-ligand complexes. This approach involves calculating
the dominant motions using eigenvalues and eigenvectors, as
previously described (Sahoo et al., 2023; Samantaray et al., 2025).
The analysis used the nal 50 ns of the MDS trajectories to
construct a covariance matrix, focusing on the backbone atoms of
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the protein in each complex. The cosine content for the leading
eigenvectors was computed to evaluate simulation convergence, and
eigenvalues were subsequently obtained (Amadei et al., 1993). FEL
analysis was performed to visualize the energy minima and their
corresponding conformational states, allowing the identi cation of
stable and metastable regions within the protein-ligand complexes
(Maisuradze and Leitner, 2007). This approach provides insight
into the system’s response to ligand binding by elucidating the
underlying energetics and quantifying the overall thermodynamic
stability of the complexes. The FEL was constructed using the rst
two principal components (PC1 and PC2), obtained from PCA,
using the g_sham module in GROMACS (Lindahl et al., 2001). The
resulting FEL plots were generated and visualized using
Mathematica software.

2.7 MM-PBSA based binding af nity
assessment

The Molecular Mechanics Poisson-Boltzmann Surface Area
(MM-PBSA) method was employed to calculate the protein-ligand
complex hinding free energies (BFE) (Genheden and Ryde, 2015).
The MM-PBSA is a widely used computational approach in drug
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design that combines molecular mechanics force elds, continuum
solvent models, and solvation energy terms to estimate the
thermodynamic properties of protein-ligand interactions. The BFE
is derived from three main energy components: non-polar solvation
energy, polar solvation energy, and vacuum potential energy. To
assess the stability of the complexes, MDS were run for last 50 ns of
the trajectory information, and the g_mmpbsa tool was used with
default settings and a solute dielectric constant of 2.0 (Kumari et al.,
2014). This method allows the decomposition of the binding free
energy into various contributions, such as van der Waals interactions,
electrostatic forces, solvation energy, and entropy, aiding in
understanding the individual interactions that in uence binding
af nity. MM-PBSA calculations are critical for evaluating ligand
binding af nities, comparing ligand poses, and optimizing drug
candidates, and can be validated by experimental binding data to
ensure the reliability of the computational predictions.

3 Results and discussion

3.1 Virtual screening and interaction
mapping

Structure-based virtual screening (SBVS) remains a pivotal
strategy in contemporary drug discovery, particularly for
identifying novel inhibitors of key protein targets involved in
pathogenic processes, such as bio Im formation (Oselusi et al.,
2024). In the present study, SBVS was employed to explore potential
inhibitors targeting the GroEL protein of Leptospira interrogans, a
molecular chaperone known to be involved in bio Im development
and host-pathogen interactions. Active site prediction tools
collectively identi ed 26 candidate residues, including T29, L30,
G31, P32, D86, G87, T88, T89, T90, S149, G413, and G414. Several
residues were consistently predicted by all six methods, reinforcing
their reliability. A comparison with previously reported conserved
regions revealed a strong overlap. Speci cally, residues T29-P32
were located near the apical domain (191-202), suggesting a role in
substrate recognition; residues D86-S149 corresponded to the
intermediate domain (residues 362-381), associated with
conformational exibility, and residues G413-G414 were mapped
to the equatorial domain (401-415), a region that is essential for
ATP hydrolysis and chaperone activity (Ho et al., 2021). The
residual evolutionary conservation pro le of GroEL, highlighting
the active site residues and conserved variants considered for MD
simulation, is illustrated in Figure 2A and Figure 2B. A compound
library consisting of 543,503 small molecules from the Life
Chemicals database was screened against the GroEL active site.
The screening protocol utilized hierarchical docking within the
GLIDE module, progressively ltering candidates using HTVS, SP,
and XP protocols. This work ow enabled the systematic
enrichment of compounds with high binding potential at the
predicted active site of GroEL. The multi-step screening pipeline
successfully reduced the compound library to the top 10% of
molecules with the most favorable binding scores. Structural
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visualization highlighted key binding residues within the
predicted GroEL active site. In particular, residues G413 and
G414, which were identi ed by all prediction tools and located
within a conserved functional domain, emerged as potential
anchoring sites for ligand binding.

Following the XP docking stage, ve lead compounds F3385-
2019, F1243-0200, F3139-0927, F2801-0179, and F1864—0208 were
shortlisted based on their favorable docking scores (all less than -8.0
kcal/mol), indicating strong binding potential and high af nity for
the GroEL binding site (Table 1). Among these, F3385-2019
exhibited the most favorable binding characteristics, achieving a
docking score of 10.343 kcal/mol. F3385-2019 formed three
hydrogen bonds with the key residues Thr90, Asnl152, and
Asp397; and establishes hydrophobic contacts with Leu30, Gly31,
Pro32, Lys50, Asp51, Thr89, Gly87, Ile149, and Ser150, indicating a
robust and well-anchored interaction within the active site of the
GroEL protein. Compound F1243-0200 closely followed a docking
score of 9.668 kcal/mol, stabilized by four hydrogen bonds
involving Asp86, Gly87, Thr90, and Asn152. Its hydrophobic
interaction pro le was extensive, involving multiple conserved
residues, including Gly31, Lys50, Leu30, Pro32, Asp493, Val491,
and others, suggesting deep and stable accommodation within the
binding pocket. F3139-0927 achieved a docking score of 8.445
kcal/mol, forming hydrogen bonds with Gly31, Gly87, Thr88, and
1le149, and hydrophobic interactions with Arg394, Lys50, Asp86,
and Leu30, indicating moderate but potentially meaningful binding.
Similarly, F2801-0179 demonstrated a docking score of 8.364
kcal/mol and was stabilized through hydrogen bonding with
Asn152 and Ala478, supported by hydrophobic contacts involving
residues like Thr29, Gly87, Ile149, and Val491, contributing to
favorable ligand positioning and binding strength. Finally, F1864—
0208 displayed a docking score of 8.257 kcal/mol. Despite being
the lowest among the top ve, it formed two hydrogen bonds with
Thr89 and Thr90 and engaged in extensive hydrophobic
interactions with key residues, including Asp493, Ser150, Asp86,
Gly414, and Asn477, thereby retaining its binding favorability.
Overall, detailed molecular interaction analyses suggested that
these ve lead compounds effectively interacted with GroEL, with
F3385-2019 being the top candidate. These ndings reinforce the
potential of these small molecules as inhibitors of GroEL-mediated
bio Im formation by Leptospira interrogans. The two-dimensional
chemical architectures of the identi ed scaffold compounds are
shown in Figure 3. The binding interactions were systematically
characterized, with particular emphasis on hydrogen bond
networks, hydrophobic contacts, and p-p stacking arrangements
that contribute to complex stabilization (Figure 4).

3.2 ADME and drug-likeness property
prediction

Evaluation of ADME properties is essential for identifying

potential drug candidates with optimal pharmacokinetic and
safety pro les. In this study, the QikProp module of the
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FIGURE 2

GroEL inhibitors.

Conceptual overview of the structure-based virtual screening and post-screening computational analyses applied for the discovery of potential

Schr dinger Suite was used to predict the key ADME descriptors
and drug-likeness characteristics of the top-ranking hit compounds
(Table 2). These computational predictions provide preliminary
insight into the oral bioavailability, permeability, and systemic
exposure potential of the selected molecules. All ve compounds
were assessed for compliance with Ro5 criteria, which is a
benchmark for drug-likeness prediction based on molecular
weight, lipophilicity, and hydrogen bonding potential. Notably,
none of the compounds violated the Ro5 criteria, indicating
favorable physicochemical properties and supporting their

potential as orally available drug-like molecules. The predicted
human oral absorption (HOA) values were above 80% for all
compounds except F3139-0927, which showed a comparatively
lower value of 52.24%. Particularly, F2801-0179 demonstrated the
highest HOA (96.10%), suggesting excellent oral absorption
potential. The remaining compounds, including F3385-2019 and
F1243-0200, also exhibited high HOA values of 90.91% and 82.31%,
respectively. Membrane permeability predictions using MDCK
(QPPMDCK) and Caco-2 (QPPCaCo) models indicated strong
cellular permeability for most compounds. F2801-0179 exhibited

TABLE 1 Comparative assessment of molecular interaction patterns between shortlisted natural compounds and the target protein based on virtual
screening results.

. . Hydrogen
Molecular lide dockin . .
Compounds ng r(:tu(aDa) Sc:re (I?(?allrr?ol) bond Hydrophobic interaction
9 interaction
1 F3385-2019 318.33 10343 Thr90, Asn152, Leu30, Gly31, Pro32, Lys50, Asp51, Thr89, Gly87, 1le149,
Asp397 Ser150
Asp86, Gly87, Thr90, | Gly31, Lys50, Asp51, Thr88, Leu30, Pro32, Asp397, Ser150, lle
2 F1243-0200 42651 —9.668 Asn152 149, Val498, Val497, Asp493, Gly414, Asn477, Vala9l
3 F3139-0927 23421 _ga45 Gly31, Gly87, Thr88, | Arg 394, Asn152, Lys50, Asp51, Thr29, Asp397, Asp86, Leu30,
lle 149 Leu30
Pro32, Gly31, Lys50, Thr29, Thr90, Leu30, Gly87, Ser150,
4 F2801-0179 34943 8364 AsniS2, Ala478 Asp493, Asp86, 11ed52, 116149, Gly414, Valdl, Asnd77
Pro32, Asn 153, Asp493, Leu30, Gly87, Asp86, Asp51, Asp397,
5 F1864-0208 34942 8257 Thréo, Thre0 (2) Thr88, Ser150, 1le149, Gly414, Asn477, Ala478, Val491
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FIGURE 3

Three-dimensional molecular representations of the highest-ranking compounds showing their spatial conformations and orientation within the
binding pocket. (A) F3385-2019, (B) F1243-0200, (C) F3139-0927, (D) F2801-0179, and (E) F1864-0208.

the highest permeability, with QPPMDCK and QPPCaCo values of
300.27 and 573.84, respectively, followed by F3385-2019
(QPPMDCK: 214.34, QPPCaCo: 461.25), highlighting their
ef cient potential for intestinal and blood-brain barrier passage.
The logP (QPlogPo/w) values ranged between 0.559 and 3.481,
indicating acceptable lipophilicity for all compounds. Interestingly,
F3139-0927 had a negative logP, suggesting higher hydrophilicity,

which may explain its lower HOA and permeability values. The
hydrogen bond donor and acceptor counts were also within
favorable limits, ranging from 1-4 and 5.25-7.65, respectively.
These values suggest that balanced polar surface characteristics
are essential for bioavailability and target engagement. Collectively,
the ADME predictions demonstrate that F2801-0179 and F3385—
2019 possessed pharmacokinetic and drug-likeness pro les,

FIGURE 4

Molecular interaction diagrams for the lead compounds (A) F3385-2019, (B) F1243-0200, (C) F3139-0927, (D) F2801-0179, and (E) F1864-0208. Salt
bridges are depicted using blue or red lines, whereas hydrogen bonding is illustrated with purple arrows. Amino acid residues are color-coded based
on their properties: polar residues (light blue), acidic residues (orange), basic residues (blue), and nonpolar residues (green).
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