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Abstract 
Antibiotic resistance is a critical global health issue, and Pseudomonas aeruginosa is a 

particularly challenging pathogen. This gram-negative bacterium is notorious for its high 

virulence and resistance to antimicrobial agents, making it a leading cause of nosocomial 

infections, significantly impacting public health. The adaptability and multidrug resistance 

of P. aeruginosa exacerbate treatment difficulties, resulting in increased morbidity and 

mortality rates worldwide. Consequently, targeting bacterial quorum sensing (QS) systems 

is a promising strategy for the development of novel antimicrobial compounds against 

this resilient pathogen. In this study, a structure-based virtual screening (SBVS) approach 

was employed to identify marine natural products (MNPs) as potential lead molecules 

targeting the biofilm-forming PqsR protein of P. aeruginosa. A total of ~37,000 MNPs were 

initially evaluated and ranked based on docking scores using high-throughput virtual 

screening (HTVS), Standard Precision (SP), and Extra Precision (XP) methods. Ten lead 

molecules (five from the CMNPD database and five from the MNPD database) were short-

listed based on their docking scores (<−10.0 kcal/mol) and binding free energy values 

(MM-GBSA ΔG <−40 kcal/mol). Their drug-likeness profiles were assessed using stringent 

criteria in the QikProp module of Schrödinger, and their chemical reactivity was evaluated 

through density functional theory (DFT) calculations. The structural and energetic interac-

tions between the identified MNPs and the PqsR-binding pocket were validated through 

molecular dynamics simulations (MDS) and binding free energy (BFE) calculations. 

Structural dynamic analyses revealed that the MNP-bound PqsR complexes demonstrated 

stable interactions within the binding pocket, with hydrophobic residues such as L208, 

I236, and I263 playing a crucial role in maintaining stability. Among the identified MNPs, 

CMNPD14329, CMNPD23880, MNPD13399, and MNPD13725 emerged as promis-

ing lead molecules for further research. These candidates can serve as foundations for 
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developing structural analogs with enhanced binding affinities for PqsR and other biofilm-

forming proteins. Further experimental validation is essential to confirm the therapeutic 

potential of these identified MNPs.

1  Introduction
Pseudomonas aeruginosa, a gram-negative pathogen, is a leading cause of hospital-acquired 
infections and significantly affects immunocompromised patients. It is implicated in a variety 
of infections, including dermatitis, urinary and respiratory tract infections, with a notable 
prevalence in individuals with cystic fibrosis [1]. The severity of infections caused by P. aeru-
ginosa is exacerbated by its resistance to antibiotics and wide array of virulence factors. These 
virulence factors encompass the production of potent toxins, extracellular invasive enzymes, 
and secondary metabolites such as pyocyanin [2]. Additionally, P. aeruginosa’s capacity to 
form resilient biofilms complicates treatment [3]. Due to its substantial threat to public health, 
the World Health Organization (WHO) has classified P. aeruginosa as a “critical-priority” 
pathogen, highlighting the urgent need for innovative therapeutic strategies [4].

Quorum sensing (QS), also known as cell-cell communication, plays a pivotal role in 
biofilm formation and antimicrobial resistance in bacteria, rendering it an attractive target 
for strategies aimed at controlling bacterial pathogenicity and virulence. In P. aeruginosa, the 
coordination of virulence factors and biofilm formation is regulated by the QS system [5]. P. 
aeruginosa employs multiple QS systems, with the LasI/R and RhlI/R systems being the most 
extensively studied and characterized. These systems are activated by the binding of acyl 
homoserine lactone autoinducers (AIs), which serve as chemical signals that facilitate com-
munication among bacterial cells [6]. Additionally, there exists a third QS system that relies 
on alkyl quinolone (AQ) molecules. These three QS systems are intricately interconnected 
with the Las signal directing the QS pathway, which activates both Rhl and Pqs [7]. The Las 
system also regulates the expression of the extracellular protease LasB, a zinc metalloprotease 
with strong proteolytic activity against various tissue substrates that is a key virulence factor 
in P. aeruginosa [8]. The interaction between these QS systems and their downstream effectors 
reveals a complex regulatory network that drives the pathogenicity and adaptability of P. aeru-
ginosa, highlighting potential therapeutic targets for combating Pseudomonas infections.

Chemical classes of AIs involved in bacterial QS exhibit significant structural diversity, 
reflecting the intricate nature of these communication systems. For instance, las and rhl QS 
systems in P. aeruginosa utilize N-acylated l-homoserine lactone derivatives. Conversely, 
the Pqs system depends on AQ compounds [7]. The biosynthesis of AQs, including cru-
cial signaling molecules such as 2-heptyl-3-hydroxy-4(1H)-quinolone and 2-heptyl-4-
hydroxyquinoline, requires a distinct set of enzymes: PqsA, PqsBC, PqsD, PqsE, and PqsH. 
The process starts with the substrates anthraniloyl-CoA and malonyl-CoA, which are trans-
formed through a series of enzymatic reactions into active AQ signaling molecules [9]. Both 
2-heptyl-3-hydroxy-4(1H)-quinolone and 2-heptyl-4-hydroxyquinoline bind to the LysR-type 
regulator, PqsR, causing conformational changes that trigger a positive feedback loop via 
transcriptional activation of the pqsABCDE operon. This feedback mechanism significantly 
increases AQ production and regulates the expression of numerous genes involved in viru-
lence and biofilm formation [10]. PqsR is a critical transcriptional regulator in the Pqs system, 
playing an essential role in the production of Pqs-controlled virulence factors. PqsR-deficient 
mutants are unable to produce key virulence determinants such as elastase and pyocyanin, 
underscoring its pivotal role in the pathogenicity and adaptability of P. aeruginosa [11]. Recent 
studies have demonstrated that molecular blockade of PqsR using small-molecule inhibitors 
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can achieve comparable effects. For instance, inhibitors such as vanillin [12] and quinoline‐
based derivatives [13] have been reported to effectively disrupt quorum sensing pathways, 
thereby suppressing the production of virulence factors. These findings highlight the thera-
peutic potential of PqsR-targeted strategies in mitigating bacterial pathogenicity. Targeting 
PqsR, specifically quorum-sensing inhibitors (QSIs), is a promising alternative strategy for 
suppressing P. aeruginosa virulence and halting biofilm formation.

Disrupting bacterial communication holds significant promise for reducing the virulence 
of P. aeruginosa and enhancing the efficacy of conventional antibiotics. QSIs represent a 
ground-breaking approach for combating antibiotic-resistant infections, particularly those 
involving bacterial biofilms. By interfering with QS, QSIs can potentiate the action of anti-
biotics, permitting the use of lower doses and minimizing dependence on broad-spectrum 
antibiotics [14]. A diverse range of natural QSIs has been identified, highlighting their poten-
tial to mitigate bacterial virulence and resistance. Compounds such as luteolin [15], coumarin 
[16], ginseng [17], butein, and sappanol [18] have demonstrated significant anti-quorum 
sensing activity. In addition to natural QSIs, synthetic compounds have also shown consid-
erable promise. Examples include meloxicam and piroxicam [19], diarylheptanoids [20], 
benzamide-benzimidazole derivatives [21], and aspirin [22]. However, the clinical application 
of current QSIs is limited by challenges such as low bioavailability, poor stability, and high 
toxicity [23]. Addressing these limitations is a critical focus of ongoing research, which aims 
to develop next-generation QSIs with improved pharmacokinetics, reduced toxicity, and 
enhanced effectiveness.

In recent years, marine ecosystems have been increasingly recognized as reservoirs of bio-
logically active molecules with significant potential for combating human infectious diseases 
[24,25]. Among these, marine natural products (MNPs), particularly those derived from 
microbial organisms, have emerged as promising sources of anti-biofilm agents [26]. Marine 
microbes constitute an underexplored source of secondary metabolites with potent antimi-
crobial properties. Owing to their distinct self-defense mechanisms and adaptation to extreme 
environmental conditions, MNPs encompass a diverse array of chemical compounds. These 
molecular scaffolds present new and distinctive structures that hold promise for the develop-
ment of alternative antibiotics effective against biofilms [27–29].

The present computational study aimed to identify potential lead molecules from a diverse 
array of MNPs housed within two distinct databases: the CMNPD and the MNPD. By leverag-
ing the vast chemical diversity and biological activity data contained in these repositories, we 
aimed to identify promising candidates for the development of new lead molecules against the 
therapeutic targets of PqsR from P. aeruginosa. This approach not only expands the spectrum 
of potential bioactive compounds, but also improves the efficiency of drug discovery. By 
employing advanced computational techniques such as virtual screening, molecular dynamics 
simulation (MDS), and binding free energy (BFE) calculations, this study screened and evalu-
ated an extensive repository of marine-derived molecules.

2  Materials and methods
The SBVS methodology provides an effective and efficient approach for identifying poten-
tial lead molecules against PqsR, balancing reasonable accuracy with modest computational 
effort. Our computational pipeline integrated several advanced methodologies to enhance 
the screening process. This included an initial virtual screening study to identify promising 
candidates, followed by the prediction of ADMET properties to assess their drug-likeness, 
quantum mechanics calculations to delve deeper into the electronic properties of the lead 
molecules, and structural dynamics studies, incorporating MDS to provide insights into the 
stability and conformational dynamics of the drug-target complexes. These analyses were 
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further complemented by MM/PBSA binding energy calculations to estimate the free energy 
of binding, thus enhancing our understanding of the interaction potential and stability.

2.1  Structure-based virtual screening
The target protein, PqsR, and its co-inducer molecule (PDB ID: 4JVI) were obtained from 
the Protein Data Bank (https://www.rcsb.org/structure/4JVI) [30]. This structure underwent 
meticulous preprocessing steps for the virtual screening studies using the Maestro interface 
of the Schrödinger software suite (Protein Preparation Wizard, Schrödinger, LLC, New York, 
NY, 2017-1). The initial step involved adding hydrogen atoms to the structure to ensure its 
integrity and stability, followed by determination of the ionization states of any heterogeneous 
groups within the protein using Epik, with the pH set to 7.0 ± 2.0. This step ensured that the 
ionization states of the protein were accurately represented under physiological conditions. 
Hydrogen bond assignments were optimized to further refine the protein structure. Sub-
sequently, energy minimization was performed using the Optimized Potentials for Liquid 
Simulations_3 (OPLS) force field. This process refined the protein structure to ensure an 
optimal conformation for subsequent docking-based virtual screening studies. The binding-
site residues of the target protein were selected based on the native ligand-bound conforma-
tion observed in the crystal structure [30]. A receptor grid box encompassing the active site 
residues was generated to facilitate the docking process. This was accomplished using the 
‘Receptor Grid Generation Wizard’ within the GLIDE module. This grid box precisely defines 
the area of the protein to be targeted in the docking studies, ensuring accurate and efficient 
virtual screening.

Marine natural products were collected from two databases: CMNPD (https://www.cmnpd.
org, ~31,000 compounds) [31] and MNPD (http://docking.umh.es/downloaddb, ~6,000 com-
pounds) [32], with all datasets accessed in September 2022. These databases were specifically 
chosen for their comprehensive and well-curated collections of marine-derived compounds, 
renowned for their structural diversity and unique bioactivity. Together, they provide an 
extensive repository of marine natural products, highlighting their potential for drug discov-
ery and further enhancing the reliability and robustness of our virtual screening process. The 
chemical accuracy and optimization of the collected MNPs were ensured using the LigPrep 
module of the Schrödinger suite (LigPrep, Schrödinger, LLC, New York, NY, 2017-1). The 
optimized ligand datasets were sequentially docked into the binding pocket residues of PqsR 
using a hierarchical protocol comprising high throughput virtual screening (HTVS), Standard 
Precision (SP) and extra precision (XP), all with default parameters within the GLIDE module 
of the Schrödinger suite (Glide, Schrödinger, LLC, New York, NY, 2017-1). At each stage, the 
top 10% of the highest-ranked compounds were selected and advanced to the subsequent level 
of screening, ensuring a stringent selection process and enrichment of high-affinity binders 
for further analysis. Evaluation of the virtual screening results relied on docking scores and 
binding energies, focusing on docked complexes with a high number of molecular interactions 
observed during visual inspection, suggesting suitability for further analysis. Additionally, the 
co-crystallized PqsR ligand was redocked into the binding site to serve as a control molecule. 
The docking results of this co-crystallized ligand were compared with those of the identified 
MNPs to assess relative binding efficacy and interaction profiles.

2.2  Binding free energy calculation
The MM/GBSA (Molecular Mechanics/Generalized Born Surface Area) method is employed 
to precisely determine the BFEs of small molecules to biological macromolecules [33]. Using 
the Prime module (Prime, Schrödinger, LLC, New York, NY, 2017-1), the protein-ligand 
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complex underwent meticulous processing within the MM/GBSA framework. This method 
integrates the OPLS3 force field and the adaptable Variable-Dielectric Surface Generalized 
Born solvation model, thereby enhancing accuracy and reliability. The MM/GBSA analysis 
provides a detailed breakdown of the energy contributions of various factors. These include 
hydrophobic interactions, van der Waals forces, and solvation effects, with a particular 
emphasis on the Born electrostatic solvation energy. This thorough analysis showed MM/
GBSA as the preferred approach for precisely computing free binding energies (ΔG Bind), 
offering insights into the molecular interactions governing ligand binding efficacy.

2.3  Evaluation of drug-likeness properties and toxicity profile
Preclinical ADMET (absorption, distribution, metabolism, excretion, and toxicity) studies are 
vital for evaluating drug safety and efficacy. These studies identify pharmacokinetic and tox-
icological issues early in the drug development process. To optimize costs and streamline the 
drug development pipeline, various in silico methods have been developed to predict and ana-
lyze ADMET properties using advanced algorithms and databases. These approaches provide 
rapid and cost-effective assessments that simulate drug interactions to prioritize compounds 
with favorable profiles for further experimental validation. The QikProp module of the 
Schrödinger suite (QikProp, Schrödinger, LLC, New York, NY, 2017-1) was used to evaluate 
the drug-likeness properties of the identified natural products using the SBVS approach. First, 
the drug-likeness of all the selected compounds was evaluated using RO5, which identifies 
compounds with favorable pharmacokinetic properties suitable for oral administration. Addi-
tionally, several molecular descriptors were considered to comprehensively assess the suit-
ability of these compounds for further studies. These descriptors included molecular weight 
(≤500 Da), hydrogen bond donors (0–6), and hydrogen bond acceptors (2–20). MDCK cell 
permeability was categorized as low for values ≤25 and high for values >500. Parameters such 
as hERG inhibition (values below −5 indicate potential cardiotoxicity), Caco-2 cell permeabil-
ity (low for values ≤25 and high for values >500) to assess intestinal absorption, and the brain/
blood partition coefficient (−3.0 to 1.2) to evaluate the potential for central nervous system 
penetration were also analyzed. Additionally, the toxicity profiles of the identified products 
were analyzed using the ProTox-II pharmacokinetics server (https://comptox.charite.de/pro-
tox3/) [34], which accepts the SMILES structural notation of the compounds as input. This 
method provides a cost-effective and efficient way to assess the potential of drug candidates 
before advancing to further stages of development and testing.

2.4  Frontier molecular orbital (FMO) analysis
The FMO analysis employing DFT calculations was conducted to evaluate the chemical reac-
tivities and stabilities of the identified lead molecules. This comprehensive analysis used the 
Jaguar Module of the Schrödinger suite (Jaguar, Schrödinger, LLC, New York, NY, 2017-1). 
The obtained results were visualized in the Maestro interface, facilitating a deeper under-
standing of the electronic structures and potential reactivities of the molecules. The analysis 
involved various calculations, including electron density (ED) mapping, molecular electro-
static surface potential (MESP), and frontier orbital calculations such as the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). These 
computations were performed using Becke’s three-parameter exchange–correlation function 
combined with Lee-Yang-Parr and a 6-31G**++ basis sets. These features collectively aid in 
identifying the molecular properties, chemical reactivity, and stability of compounds [35,36]. 
In particular, FMO analysis was used to identify the HOMO and LUMO regions as potential 
sites for electrophilic and nucleophilic interactions, respectively. Electrons can be donated 
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to the receptor from the HOMO region, whereas they are accepted by the LUMO region. 
Furthermore, the energy difference between the HOMO and LUMO regions, known as the 
HOMO-LUMO energy gap (HLG), was calculated to assess the stability and bioactivity of the 
most active compounds.

2.5  Molecular dynamics simulation (MDS) and MM/PBSA
To gain insight into the structural stability of protein-ligand complexes, MD simulations were 
performed using the GROMACS 5.1.4 suite, incorporating the CHARMM27 force field [37]. 
This approach facilitates the dynamic exploration of complex behaviors over time, providing 
insights into their stability and interactions. The ligand topologies were obtained from the 
SWISSPARAM server (http://www.swissparam.ch/) [38]. Furthermore, the CHARMM27 
force field was applied to define protein topologies, ensuring an accurate representation of 
their structural properties. To construct the protein-ligand complexes, the topologies of both 
the protein and ligand molecules were merged. Subsequently, each resulting complex was 
positioned 1 nm from the protein surface within a dodecahedral box to ensure an optimal 
simulation environment. To mimic physiological conditions, water molecules were introduced 
via the TIP3P (Transferable Intermolecular Potential with 3 Points) model. Additionally, the 
required number of counter ions (Na+ and Cl–) were incorporated to neutralize any excess 
charge within the system, ensuring its overall neutrality. Following this setup, an energy mini-
mization step was executed using the steepest descent algorithm, followed by a conjugate gra-
dient algorithm for 50,000 steps. Subsequently, the system was subjected to two equilibration 
cycles. First, an NVT ensemble (with constant number of particles, volume, and temperature) 
was applied for 500 ps at a stable temperature of 300 K. This was followed by the NPT ensem-
ble (constant number of particles, pressure, and temperature), maintaining a pressure of 1 
bar. These equilibration steps ensured that the system reached a stable state before proceeding 
to further analysis. After equilibration, the production run was conducted for 100 ns. Subse-
quently, an analysis was performed using GROMACS-in-built models of the MD trajectories. 
Finally, the BFE and energy decomposition of each residue were calculated using 300 frames 
from 60 to 90 ns of the trajectory of each complex using the g_mmpbsa tool [39]. This proto-
col was based on our previous research [40–42].

3  Results and discussion
Although natural compounds, particularly those derived from marine environments, exhibit 
vast diversity and abundance, their potential as anti-biofilm agents targeting QS proteins 
remains relatively underexplored. Nevertheless, their extensive and diverse chemical footprint 
holds significant promise for novel therapeutic applications. In drug design and development, 
systematic screening of natural products sourced from marine environments against validated 
druggable targets has become a well-established strategy [35,43,44]. This process was further 
enhanced by in silico methodologies, including the prediction of pharmacokinetic properties 
and the study of structural dynamics through MD simulations and BFE calculations. These 
computational techniques provide valuable insights into the design, optimization, efficacy, 
and safety of potential drug candidates, thereby streamlining the drug discovery pipeline and 
increasing the probability of identifying effective anti-biofilm agents to combat biofilm-related 
infections and other medical conditions.

3.1  Virtual screening to identify potential marine natural products
SBVS is a widely recognized and commonly used technique in drug design and development. 
It plays a crucial role in identifying potential inhibitors that target various druggable proteins, 

http://www.swissparam.ch/
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particularly those associated with biofilm-related infections, thus aiding in the development of 
effective treatments to combat bacterial biofilms and associated diseases [45–47]. This study 
utilized SBVS to identify potential MNPs targeting PqsR, a critical regulator of P. aeruginosa 
biofilm formation. Datasets from two databases including CMNPD and MNPD were screened 
for PqsR-binding pocket residues. This approach facilitated the exploration of optimal dock-
ing conformations for each MNP, thereby identifying the lead molecules that offer the most 
effective binding interactions with the PqsR protein. Crystal structure of the PqsR co-inducer-
binding domain from P. aeruginosa complexed with inhibitor 3NH2-7Cl-C9QZN (S1 Fig) was 
employed for SBVS using the GLIDE module of the Schrödinger software suite. The residues 
required for GRID generation were determined based on the binding interactions of the 
inhibitor molecule, enabling precise modelling of the receptor site for effective virtual screen-
ing. The hierarchical virtual screening methodology (HTVS→SP→XP) identified ten poten-
tial lead molecules: five from the CMNPD (CMNPD4682, CMNPD14329, CMNPD28977, 
CMNPD23880, and CMNPD24734) and five from the MNPD (MNPD9355, MNPD9492, 
MNPD9493, MNPD13399, and MNPD13725) (S2 Fig). These hits demonstrated satisfactory 
docking and binding energy scores as well as favorable molecular interaction profiles with 
PqsR (Table 1).

3.2  Molecular interaction profile of identified marine natural products 
with PqsR
To gain a better understanding of the molecular interactions between the identified lead 
molecules and PqsR, the interaction profiles of the complexes were analyzed. The detailed 
analysis revealed that the main stabilizing interactions between the lead molecules and the 
PqsR protein were hydrogen bonds and hydrophobic contacts. These interactions are essen-
tial for maintaining the stability and affinity of the compounds within the binding pocket, 
highlighting their potential effectiveness as inhibitors. Initially, the re-docking of the reference 
inhibitor molecule with PqsR yielded a docking score of −8.2 kcal/mol and an MM/GBSA 
binding energy score of −39.36 kcal/mol. This redocking revealed molecular interactions sim-
ilar to those observed in the crystal structure, notably including a hydrogen bond interaction 
between residue Leu207 and the reference inhibitor molecule (Fig 1). Additionally, similar 
hydrophobic interactions involving residues Tyr258, Val170, Ile236, Thr265, and Leu208 were 
observed in the docked complexes of PqsR with the control inhibitor.

Table 1.  Comparative analysis of molecular interaction profiles of MNPs identified by virtual screening against a control molecule.

MNPs GLIDE Docking
Score (kcal/mol)

MM/GBSA binding energy score
(kcal/mol)

Molecular interactions
H-bond interaction Stacking interaction Salt bridge interaction

Control Molecule −8.20 −39.36 Leu207 - -
CMNPD4682 −11.59 −56.98 Gln194, Leu197, Leu208 and Ile236, - -
CMNPD14329 −11.80 −55.55 Gln194, Leu197, Leu208 and Ile236 - -
CMNPD28977 −11.85 −52.67 Ile186, Ser196, and Arg209 - -
CMNPD23880 −12.60 −60.41 Gln194, Leu197, Leu208 and Ile236 - -
CMNPD24734 −13.08 −56.29 Gln194, Leu207, and Arg209 Tyr258 -
MNPD9355 −12.57 −43.13 Gln194, Leu208 and Ile236 - -
MNPD9492 −13.07 −64.51 Gln194, Leu197, Leu207 Leu208 and Ile236 Tyr258 -
MNPD9493 −12.68 −64.53 Gln194, Leu197, Leu207 Leu208 and Ile236 Tyr258 -
MNPD13399 −12.44 −64.37 Gln194, Leu197, Leu208 and Ile236 - -
MNPD13725 −11.88 −56.80 Gln194, Leu197, Ile236, and Tyr258 - -

https://doi.org/10.1371/journal.pone.0319352.t001

https://doi.org/10.1371/journal.pone.0319352.t001
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The lead molecules from the CMNPD demonstrated a higher number of molecular interac-
tions, and improved docking and MM/GBSA binding energy scores compared to the control 
molecule (Table 1). Specifically, the docked complexes of CMNPD4682, CMNPD14329, 
and CMNPD23880 (Fig 1) with PqsR formed four hydrogen bonds (H bonds) within the 
network. In these complexes, the carbonyl group (C=O) established H-bonds with the polar 
residue Gln194 and the hydrophobic residue Ile236. The remaining H-bonds involve the 
hydrophobic residues Leu197 and Leu208 within these complexes. Moreover, CMNPD28977 
demonstrated three H-bonds with different residues of PqsR: the hydrophobic residue Ile186, 
the polar residue Ser196, and the charged residue Arg209, with contact distances of 2.12 Å, 
2.36 Å, and 2.2 Å, respectively. Compared to other complexes and the control molecule, the 
CMNPD24734-PqsR complex exhibited a higher number of molecular interactions, including 
four H-bonds and two stacking interactions, along with a notable docking score of −13.08 
kcal/mol. These intricate molecular interactions underscore the diverse and potent binding 
capabilities of these compounds for PqsR, suggesting their potential as effective inhibitors.

Furthermore, the docked conformations of the top lead molecules identified through 
virtual screening against the MNPD revealed substantial intermolecular interactions with 
the binding pocket residues of PqsR. Four key interactions were identified in the docked 

Fig 1.  Molecular interaction profile of identified MNPs from the CMNPD and MNPD along with the control molecule. Salt bridges are represented by blue or red 
lines, while hydrogen bonds are shown with purple arrows. The diagrams also distinguish different types of residues: polar amino acids (sky blue), negatively charged 
residues (orange), positively charged residues (blue), and hydrophobic amino acids (green).

https://doi.org/10.1371/journal.pone.0319352.g001

https://doi.org/10.1371/journal.pone.0319352.g001


PLOS ONE | https://doi.org/10.1371/journal.pone.0319352  March 28, 2025 9 / 20

PLOS ONE PqsR inhibitors from marine natural products

complexes of MNPD9355 and MNPD13399, including hydrogen bonding with the binding 
pocket residues Gln194, Leu208, and Ile236 of PqsR (Fig 1). Notably, Leu197 also contributed 
to the stabilization of the complex formed by MNPD13399 along with the aforementioned 
residues. Moreover, in the complexes of MNPD9492 and MNPD9493 with PqsR, five hydro-
gen bonds were formed involving the residues Gln194, Leu197, Leu207, Leu208, and Ile236. 
These complexes also exhibited stacking interactions with Tyr258, further stabilizing binding. 
Similarly, the MNPD13725-PqsR complex demonstrated strong structural stability with the 
formation of four hydrogen bonds, highlighting the reliability of these interactions.

An MM/GBSA binding energy analysis was employed as a post-docking scoring method to 
evaluate the binding affinity between MNPs and PqsR (Table 1). Initially, the binding affin-
ity of the control molecule within the PqsR binding pocket was assessed, yielding an MM/
GBSA binding energy score of −39.36 kcal/mol. In comparison, the MNPs from the CMNPD 
database exhibited significantly higher negative binding energy values, ranging from −52.67 
to −60.41 kcal/mol, while those from the MNPD database ranged from −43.13 to −64.53 kcal/
mol, both indicating stronger binding affinities than the control molecule. Among the com-
pounds from the CMNPD, CMNPD23880 displayed the highest MM/GBSA binding energy, 
suggesting the most stable interaction with the PqsR protein, whereas within the MNPD, 
MNPD9492 and MNPD9493 exhibited the highest binding energy, indicating a particularly 
strong binding affinity. These results underscored the potential efficacy of the identified lead 
molecules as potent PqsR inhibitors.

3.3  Pharmacokinetic profile assessment
Understanding pharmacokinetic profiles is essential for evaluating the characteristics of 
chemical scaffolds in biological systems. Pharmacokinetic attributes, including RO5 viola-
tions, blood-brain barrier impermeability, and HOA, play a pivotal role in this assessment 
(Table 2 and S2 Table). These physicochemical properties and medicinal chemistry profiles are 
indispensable for the development of lead molecules as potential drug candidates. Notably, 
all identified lead molecules exhibited molecular weights below 500 Da, which is a favorable 
indicator of target accessibility. Notably, none of the lead molecules violated the RO5, further 
validating their potential as viable drug candidates. The HOA value is a crucial factor in eval-
uating the bioavailability of a drug, providing insights into its ability to be absorbed into the 
bloodstream after oral administration. In this context, among the candidates, CMNPD23880 
stood out as particularly promising, with an HOA value of 100%, and was classified as class 3, 
confirming its potential for further drug development endeavors. Additionally, the hydrogen 
bond donor and acceptor ranges for all the compounds were within the acceptable limits of 
0–4 and 5–8, respectively. Furthermore, all the compounds demonstrated favorable CaCo-2 
and MDCK cell permeability values, indicating good absorption and permeability profiles. In 
particular, CMNPD23880 exhibited high CaCo-2 and MDCK cell permeability, suggesting a 
significant oral bioavailability advantage. Collectively, these properties underscore the poten-
tial efficacy and suitability of these molecules as drug candidates.

3.4  Toxicity analysis
Evaluation of toxicity reveals a spectrum of risks and safety profiles associated with lead 
molecules, pivotal to determining their therapeutic suitability. The ProTox-II web server, 
was employed to comprehensively assess the toxicity profiles of the identified molecules. The 
ProTox-II server utilizes advanced computational models to predict the toxicity of compounds 
based on 2D similarity analysis between the molecules under scrutiny and those already 
present in its extensive library, which includes compounds with established LD50 values. This 
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approach provides valuable insights into potential toxicity risks by comparing structural and 
chemical properties. The ProTox-II server divides chemical compounds into various toxic-
ity classes according to the Globally Harmonized System regulations, ranging up to Class 
VI, based on their LD50 values (mg/kg body weight). The detailed LD50 values of the iden-
tified MNPs are listed in S1 Table. Notably, three MNPs from the CMNPD (CMNPD4682, 
CMNPD14329, and CMNPD23880) were classified as Class V, indicating a low likelihood of 
toxicity. In contrast, the remaining two MNPs, CMNPD28977 and CMNPD24734, fell into 
Class IV, suggesting that they are harmful if ingested. Similarly, compounds from the MNPD, 
such as MNPD9492, MNPD9493, and MNPD13725, were classified as Class IV with LD50 
values of 555, 555, and 841 mg/kg, respectively. MNPD9355 was classified as a low toxicity 
compound with an LD50 value of 3000 mg/kg, whereas MNPD13399 was categorized as a toxic 
compound with a low toxicity classification in Class II. These classifications and LD50 values 
provide a clear understanding of the potential risks associated with these compounds. Addi-
tionally, as shown in S1 Table, all the identified MNPs were expected to exhibit no hepato-
toxicity, cytotoxicity, carcinogenicity, mutagenicity, or immunotoxicity. This comprehensive 
safety profile indicates that the selected MNPs are safe for biological use. Furthermore, their 
lack of toxicity, coupled with their potential efficacy, suggests that these MNPs could be prom-
ising candidates for the development of anti-biofilm inhibitors.

3.5  Frontier molecular orbital analysis
The study of FMOs is essential for gaining a comprehensive understanding of molecular reac-
tivity and stability. A key aspect of this analysis is the pivotal role of the outermost electrons 
in facilitating interactions between the chemical scaffolds and target protein. In particular, 
examining the HOMO and LUMO provide deeper insights into compound chemical reactiv-
ity. The HOMO indicates a molecule’s propensity to donate electrons, while the LUMO shows 
its ability to accept electrons. The energy gap between these orbitals, known as the orbital 

Table 2.  Pharmacokinetic profile assessment of MNPs identified by virtual screening through QikProp analysis in Schrödinger software.

MNPs Molecular 
Weight

Rule of Five 
Violation

Donor
HB

Accept
HB

HOA classification 
with percentage

QPlog-
Po/w

QPlogH-
ERG

QPPPM-
DCK

QPPCaCo QPlogBB

CMNPD4682 332.4 Nil 1 6.7 91.24
(High)

3.130 −4.835 168.94 370.01 −1.558

CMNPD14329 400.5 Nil 1 6.7 95.17
(High)

4.173 −4.818 124.91 279.88 −1.722

CMNPD28977 448.5 Nil 3 6.7 90.13
(High)

3.889 −4.635 78.11 181.28 −1.888

CMNPD23880 400.5 Nil 1 6.7 100
(High)

4.343 −4.931 209.46 451.53 −1.504

CMNPD24734 396.4 Nil 4 8 63.06
(Medium)

1.856 −5.460 57.43 136.40 −1.678

MNPD9355 204.22 Nil 2 5 62.61
(Medium)

-0.481 −0.718 270.56 141.29 −0.560

MNPD9492 362.4 Nil 2 6.9 92.87
(High)

3.387 −5.793 171.97 376.23 −1.810

MNPD9493 362.4 Nil 2 6.9 92.20
(High)

3.359 −5.765 160.43 352.80 −1.834

MNPD13399 402.5 Nil 2 6.4 96.41
(High)

4.309 −4.908 132.90 296.41 −1.762

MNPD13725 456.5 Nil 0 8 92.27
(High)

4.145 −4.915 85.41 196.91 −2.013

https://doi.org/10.1371/journal.pone.0319352.t002

https://doi.org/10.1371/journal.pone.0319352.t002
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energy gap, highlights efficient charge transfer mechanisms and enhances molecule polariz-
ability. The FMO analysis was used to predict the most reactive regions within the identified 
MNPs. The HOMO and LUMO energies of the MNPs and their respective orbital energies 
are listed in Table 3. Fig 2 provide visual representations of the most reactive regions in these 
compounds, with red and blue indicating the positive and negative phase distributions in the 
molecular orbital wave function, respectively. Understanding the localization of the HOMO 
and LUMO in a ligand is crucial as it provides insights into how the molecule interacts with a 
target receptor.

In CMNPD4682, the HOMO is localized within the functional group, whereas the 
LUMO occupied the furan ring, resulting in an orbital energy gap of 0.165 eV (Fig 2A). In 
CMNPD14329, the HOMO was predominantly associated with the carbon atoms in the 
functional group, whereas the LUMO was distributed across the ring carbon and oxygen 
atoms. For CMNPD28977, both the HOMO and LUMO were occupied by the aromatic ring 
carbon and oxygen atoms. For CMNPD23880, the HOMO was dispersed across the functional 
groups of the molecule, whereas the LUMO was localized in the carbonyl (C=O) and hydroxyl 
(-OH) groups attached to the furan ring. Both the HOMO and LUMO in CMNPD24734 were 
occupied within the fused six-membered aromatic rings, specifically the benzene and pyrimi-
dine rings. Among the MNPs, CMNPD24734 exhibited the highest HOMO energy and largest 
orbital energy gap, indicating its high chemical stability and significant electron-donating capa-
bility. This high electron-donating capability suggests strong functional group interactions with 
binding site residues within the PqsR protein. Thus, the results of the DFT calculations bolster 
the findings of the docking-based screening, providing a comprehensive understanding of the 
molecular interactions and reinforcing the potential efficacy of these MNPs.

The results of FMO analysis conducted on the MNPs obtained from the MNPD, are 
illustrated in Fig 2B. This analysis revealed that, in MNPD9355, both the HOMO and LUMO 
were predominantly localized within the benzene ring. This localization suggests strong 
electron interactions within the ring structure. Additionally, the high orbital energy gap score 
of 0.236 eV observed for MNPD9355 indicated a significant electron transfer process, high-
lighting the potential of the molecule for high chemical stability and reactivity in molecular 
interactions. Compounds MNPD9492 and MNPD9493, which have similar scaffolds, also 
showed HOMO and LUMO localization at the aromatic ring carbon and oxygen atoms, with 
an orbital energy gap of 0.161 eV. For MNPD13399 and MNPD13725, the HOMO was dis-
tributed over the functional group carbon atoms, whereas the LUMO occupied the aromatic 
ring atoms. This distribution suggests that the specific electronic properties and potential 

Table 3.  Frontier molecular orbital analysis of MNPs identified via virtual screening using DFT calculation.

MNPs HOMO energy
(eV)

LUMO energy
(eV)

Energy Gap
(eV)

MESP (kcal/mol)
Most negative potential Most positive potential

CMNPD4682 −0.2221 −0.0564 0.165 −58.13 325.60
CMNPD14329 −0.2235 −0.0563 0.167 −53.75 410.68
CMNPD28977 −0.2281 −0.0498 0.178 −66.38 393.61
CMNPD23880 −0.2225 −0.0561 0.166 −54.56 399.69
CMNPD24734 −0.2390 −0.0487 0.190 −59.39 346.39
MNPD9355 −0.2422 −0.0061 0.236 −46.89 208.28
MNPD9492 −0.2165 −0.0551 0.161 −54.53 341.78
MNPD9493 −0.2164 −0.0547 0.161 −54.62 342.20
MNPD13399 −0.2252 −0.0580 0.167 −54.46 400.83
MNPD13725 −0.2278 −0.0567 0.171 −63.40 422.40

https://doi.org/10.1371/journal.pone.0319352.t003

https://doi.org/10.1371/journal.pone.0319352.t003
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reactivity patterns are unique to each compound, emphasizing their potential roles in molecu-
lar interactions.

The MESP map, which is a 3D representation of charge distribution on the molecules, 
was plotted using the 6-31G**++ basis set. In recent years, MESP has become a powerful tool 
for exploring molecular interactions, offering valuable insights into electrostatic properties 
and reactive sites. The MESP plot shows various regions using distinct colors. Red and yellow 
surfaces indicate areas of high electron density correlating with nucleophilic sites, whereas blue 
signifies regions of low electron density linked to electrophilic sites. The green surfaces denote 
regions with zero potential. For the molecules sourced from the CMNPD, the most negative 
electrostatic potential value was observed for CMNPD28977 (−66.38 kcal/mol), and the most 
positive for CMNPD14329 (410.68 kcal/mol). Similarly, among the molecules obtained from 
the MNPD, MNPD13725 exhibited the highest negative (−63.40 kcal/mol) and positive (422.40 
kcal/mol) electrostatic potential values. The MESP analysis revealed that the atoms involved in 
hydrogen bond interactions were surrounded by both positive and negative electrostatic poten-
tials, which is consistent with the molecular interaction profiles of the identified molecules.

Fig 2.  Frontier molecular orbital analysis of identified marine natural products (MNPs) from the CMNPD (A) and MNPD (B) databases, including representa-
tions of HOMO, LUMO, and MESP maps. The red and blue regions in the molecular orbital diagrams indicate positive and negative phase distributions, respec-
tively. The MESP map, shown in a rainbow format, highlights electron-rich and electron-poor regions on the molecular surface.

https://doi.org/10.1371/journal.pone.0319352.g002

https://doi.org/10.1371/journal.pone.0319352.g002
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3.6  Mechanistic insights into marine natural product structural stability 
with PqsR
To gain mechanistic insights into the structural stability of MNPs complexed with PqsR, we 
performed MD simulations on a 100 ns time scale. The structural dynamics of the complexes 
based on the initial qualitative analysis were depicted in Fig 3. Using the MD trajectories, 
we calculated the time-dependent RMSDs of the backbone atoms with respect to the initial 
structure. The RMSD analyses for all systems bound to CMNPD and MNPD molecules are 
depicted in Figs 3A and 3B, respectively. The backbone RMSD plots revealed a consistent 
trend across all the complexes, demonstrating a stable equilibrated pattern, with the RMSD 
values remaining below ~0.35 nm. This stability was observed in both the control and iden-
tified lead molecule-bound complexes, indicating strong structural integrity throughout the 
simulations. Next, the structural stability of the MNPs within the binding pocket of PqsR 
was assessed by calculating the ligand RMSD (Figs 3C and 3D). The RMSD values, which 
were consistently below 0.4 nm, demonstrated the strong binding affinity of the MNPs in the 
binding pocket throughout the simulation. A similar RMSD trend was observed for both the 
control and CMNPD24734, with their RMSD values being nearly identical, indicating compa-
rable stability and binding behavior. Specifically, CMNPD4682 and CMNPD23880 exhibited 
the maximum positional deviations (>0.25 nm) within the binding pocket of PqsR, with two 
distinct equilibration phases observed during the simulation. In contrast, CMNPD14329 
showed a consistent equilibration pattern and the highest stability, with RMSD values remain-
ing below approximately 0.2 nm. Additionally, ligand superimposition of the initial and 

Fig 3.  Molecular dynamic trajectory analysis: Backbone (A, B) and Ligand (C, D) RMSD of all the complexes.

https://doi.org/10.1371/journal.pone.0319352.g003

https://doi.org/10.1371/journal.pone.0319352.g003
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low-energy structures for each complex of the trajectory is illustrated in Fig 4, which suggest 
that the MNPs are not largely deviated or move out from the binding pocket, however, the 
initial conformation is slightly varied within the binding pocket due to the size of the pocket. 
Overall the above results corroborating the conformational stability of the MNP-bound PqsR 
complexes.

The structural compactness of all MNP-bound complexes was subsequently monitored by 
calculating Rg throughout the production simulation, as illustrated in S3 Fig. The average Rg 
for complexes containing CMNPD molecules with PqsR ranged from ~1.77 nm to 1.84 nm, 
and varied from ~1.77 nm to 1.86 nm for complexes containing MNPD molecules. This 
consistent range of Rg values indicated that the binding of MNPs did not induce any signif-
icant changes in the structural compactness of the complexes. To further complement the 
stability analysis H-bond interactions between PqsR and the identified MNPs were examined 

Fig 4.  The superimposition of the initial (light blue color) and low energy (wheat) complexes were performed to show the ligand deviation from the binding 
pocket. The RMSD between the initial and final complexes are given in brackets. For clarity, only ligands are shown.

https://doi.org/10.1371/journal.pone.0319352.g004

https://doi.org/10.1371/journal.pone.0319352.g004
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throughout the simulation. The number of H-bonds formed was computed to provide addi-
tional insight into the stability of the protein-ligand complexes. A comprehensive analysis of 
the prominent H-bonds is illustrated in S4 Fig and S5 Fig, which highlights the crucial role 
of these interactions in maintaining the structural integrity of the complexes. It is evident 
that all the MNP-bound complexes exhibited a significantly higher number of H-bonds than 
the control molecule. This increased number of H-bonds enhanced the electrostatic interac-
tions between PqsR and the MNPs, contributing to the overall stability and robustness of the 
protein-ligand complexes.

3.7  Energetics of marine natural products binding affinity
To explore the efficacy of the identified MNPs against PqsR, MM/PBSA-based calculations 
were performed to assess their BFEs, offering valuable insights into ligand affinity and 
elucidating the specific energetic contributions that facilitate binding. We identified key 
residues essential for stabilizing protein-ligand complexes, enhancing our understanding 
of their interaction dynamics. A comprehensive summary of the BFE interaction profile 
and its energy components is presented in Table 4. As shown, the polar solvation energy 
(ΔGpol) disfavors the binding of MNPs. In contrast, the other energy components, including 
van der Waals energy (ΔGvdW), electrostatic energy (ΔGelec), and solvent-accessible surface 
area energy, are favorable towards protein-ligand complexes. Notably, the van der Waals 
energy (ΔGvdW) is the dominant factor, contributing significantly to the total binding free 
energy. Further analysis of the BFE profile revealed that the calculated binding affinities of 
CMNPD14329, CMNPD23880, MNPD13399, and MNPD13725 to PqsR were significantly 
higher than those of the control molecule and other MNP-bound complexes, suggesting that 
these specific MNPs formed more stable interactions with PqsR. In contrast, MNPD9355 
exhibited the lowest binding affinity (−39.44 +/- 9.68 kJ/mol) within the complexes, 
attributed to its low van der Waals energy component, indicating it is not an effective binder 
against PqsR. These results were corroborated by docking and MM/GBSA binding energy 
scores (Table 1). Notably, molecules MNPD13725 and CMNPD23880 demonstrated the 
highest binding affinity scores of −148.10 +/- 11.82 kJ/mol and −137.85 +/- 14.61 kJ/mol, 
respectively. These findings highlight CMNPD23880 and MNPD13725 as promising candi-
dates for targeting PqsR.

Table 4.  MM/PBSA-derived energetic components of BFE for PqsR of Pseudomonas aeruginosa in complex with MNPs.

Complexes Energy Components
Van der Waal energy (kJ/mol) Electrostatic energy (kJ/mol) Polar solvation energy (kJ/mol) SASA energy (kJ/mol) Binding energy (kJ/mol)

Control_4JVI −168.49 +/- 9.88 −14.53 +/- 6.2 83.60 +/- 8.87 −19.37 +/- 0.91 −118.78 +/- 10.6
CMNPD4682 −153.53 +/- 15.46 −7.95 +/- 8.16 89.68 +/- 14.63 −21.01 +/- 1.34 −92.81 +/- 12.54
CMNPD14329 −194.37 +/- 9.97 −17.52 +/- 7.59 113.31 +/- 9.05 −22.65 +/- 0.91 −121.24 +/- 11.65
CMNPD28977 −197.64 +/- 10.55 −13.64 +/- 7.16 124.57 +/- 10.80 −22.44 +/- 1.00 −109.14 +/- 11.22
CMNPD23880 −198.75 +/- 11.30 −26.99 +/- 8.84 111.81 +/- 20.68 −23.92 +/- 0.99 −137.85 +/- 14.61
CMNPD24734 −136.37 +/- 11.61 −36.70 +/- 9.45 111.17 +/- 15.51 −16.54 +/- 1.11 −78.44 +/- 10.47
MNPD9355 −96.47 +/- 8.94 −27.18 +/- 10.82 96.91 +/- 12.43 −12.70 +/- 0.74 −39.44 +/- 9.68
MNPD9492 −180.28 +/- 10.80 −19.40 +/- 7.87 121.50 +/- 11.87 −22.60 +/- 0.88 −100.79 +/- 11.45
MNPD9493 −174.70 +/- 15.03 −26.47 +/- 9.00 125.31 +/- 17.02 −22.37 +/- 0.88 −98.24 +/- 12.46
MNPD13399 −202.31 +/- 10.98 −29.49 +/- 8.71 120.93 +/- 15.78 −24.88 +/- 0.89 −135.76 +/- 14.22
MNPD13725 −220.23 +/- 12.14 −41.10 +/- 9.71 140.60 +/- 11.76 −27.36 +/- 1.00 −148.10 +/- 11.82

Note: SASA, solvent-accessible surface area.

https://doi.org/10.1371/journal.pone.0319352.t004

https://doi.org/10.1371/journal.pone.0319352.t004
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A per-residue energy decomposition analysis was conducted to identify hot-spot resi-
dues, defined as those contributing more than −4 kcal/mol to the binding energy, which 
are critical for strong binding interactions with PqsR. Energy decomposition plots (Fig 5A 
and 5B) highlight the essential residues within the complexes. Additionally, their specific 
positions within the binding pocket provided a detailed map of the key interaction sites 
responsible for enhanced binding affinity (Fig 5C). It is evident that residues L208 and I263 
are favorable hot-spot residues commonly present in PqsR complexes with CMNPD4682, 
CMNPD14329, CMNPD28977, and CMNPD23880. For CMNPD24734, four favorable 
binding residues (L189, R209, V211, and Y258) were identified as crucial for maintaining 
structural stability within the complex. Similarly, in all complexes except for MNPD9355, 
three hot-spot residues (L208, I236, and I263) predominantly contributed to the binding 
energy profile, significantly enhancing the structural stability of the complexes. Van der 
Waals interactions with these residues play a vital role in the overall binding affinity of 
the MNPs. In contrast, only a single hot-spot residue (L208) was identified in the PqsR-
MNPD9355 complex, further confirming the weak binding of MNPD9355 to the complexes. 
These findings underscore the importance of hot-spot residues in enhancing the binding 
affinity and stability of MNPs to PqsR.

Fig 5.  Energy decomposition. Per residue energy decomposition shown for all the complexes (A) CMNPD, (B) MNPD, (C) The hot-spot residues maintaining the 
criteria of greater than ±4 are identified on the structure. Residues with positive values are shown in blue and negative are shown in red.

https://doi.org/10.1371/journal.pone.0319352.g005

https://doi.org/10.1371/journal.pone.0319352.g005
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4  Conclusion
In summary, this study aimed to counter antimicrobial resistance by exploring potential MNPs 
from two different databases to identify promising lead molecules targeting the biofilm-forming 
protein PqsR from P. aeruginosa. Using hierarchical virtual screening methodologies and 
structural dynamics studies, we identified several promising candidates as effective lead mole-
cules against this resilient pathogen. Among the ten identified lead molecules, CMNPD14329, 
CMNPD23880, MNPD13399 and MNPD13725 stood out as potential compounds for future 
research. These molecules can serve as the basis for developing structural analogs with enhanced 
binding affinities for PqsR and other biofilm-forming proteins. However, it is crucial to note that 
the computational findings of this study require further experimental validation to confirm the 
efficacy of the identified lead molecules in inhibiting biofilm formation. Future studies should 
focus on rigorous in vitro and in vivo testing to ensure that these candidates effectively combat P. 
aeruginosa and contribute to controlling antimicrobial resistance.

Supplementary information
S1 Fig.  Crystal structure of the PqsR co-inducer binding domain from Pseudomonas 
aeruginosa complexed with an inhibitor (PDB ID: 4JVI). The enlarged view highlights the 
interactions between the inhibitor and the binding pocket residues of PqsR. 
(TIF)

S2 Fig.  2D-chemical structures of identified hit-molecules from the structure based virtual 
screening (SBVS) approach. 
(TIF)

S3 Fig.  The radius of gyration of all the complexes. 
(TIF)

S4 Fig.  The total number of hydrogen bonds observed between CMNPD and PqsR. 
(TIF)

S5 Fig.  The total number of hydrogen bonds observed between MNPD and PqsR. 
(TIF)

S1 Table.  Predicted toxicity properties of virtual screening identified MNPs through 
ProTox-II server. 
(DOCX)

S2 Table.  Top-ranked marine natural products (MNPs) selected based on stringent assess-
ment criteria, including docking scores, MM-GBSA binding energy, and pharmacokinetic 
property predictions using the QikProp module of Schrödinger software. 
(DOCX)

Author contributions
Conceptualization: Manikandan Jayaraman, vijayakumar gosu.
Formal analysis: Manikandan Jayaraman, vijayakumar gosu.
Investigation: Manikandan Jayaraman, vijayakumar gosu, Rajalakshmi Kumar.
Supervision: vijayakumar gosu, Donghyun Shin.
Writing – original draft: Manikandan Jayaraman, vijayakumar gosu.
Writing – review & editing: vijayakumar gosu, Jeyakanthan Jeyaraman, Hak-kyo Lee, 

Donghyun Shin.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319352.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319352.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319352.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319352.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319352.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319352.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319352.s007


PLOS ONE | https://doi.org/10.1371/journal.pone.0319352  March 28, 2025 18 / 20

PLOS ONE PqsR inhibitors from marine natural products

References
	 1.	 Rossi E, La Rosa R, Bartell JA, Marvig RL, Haagensen JAJ, Sommer LM, et al. Pseudomonas aeru-

ginosa adaptation and evolution in patients with cystic fibrosis. Nat Rev Microbiol. 2021;19(5):331–42. 
https://doi.org/10.1038/s41579-020-00477-5 PMID: 33214718

	 2.	 Jurado-Martín I, Sainz-Mejías M, McClean S. Pseudomonas aeruginosa: An Audacious Patho-
gen with an Adaptable Arsenal of Virulence Factors. Int J Mol Sci. 2021;22(6):3128. https://doi.
org/10.3390/ijms22063128 PMID: 33803907

	 3.	 Sharma G, Rao S, Bansal A, Dang S, Gupta S, Gabrani R. Pseudomonas aeruginosa biofilm: poten-
tial therapeutic targets. Biologicals. 2014;42(1):1–7. https://doi.org/10.1016/j.biologicals.2013.11.001 
PMID: 24309094

	 4.	 Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet DL, et al. Discovery, research, 
and development of new antibiotics: the WHO priority list of antibiotic-resistant bacteria and tuber-
culosis. Lancet Infect Dis. 2018;18(3):318–27. https://doi.org/10.1016/S1473-3099(17)30753-3 PMID: 
29276051

	 5.	 Zhao X, Yu Z, Ding T. Quorum-Sensing Regulation of Antimicrobial Resistance in Bacteria. Microor-
ganisms. 2020;8(3):425. https://doi.org/10.3390/microorganisms8030425 PMID: 32192182

	 6.	 Mukherjee S, Moustafa D, Smith CD, Goldberg JB, Bassler BL. The RhlR quorum-sensing recep-
tor controls Pseudomonas aeruginosa pathogenesis and biofilm development independently of 
its canonical homoserine lactone autoinducer. PLoS Pathog. 2017;13(7):e1006504. https://doi.
org/10.1371/journal.ppat.1006504 PMID: 28715477

	 7.	 Lee J, Zhang L. The hierarchy quorum sensing network in Pseudomonas aeruginosa. Protein Cell. 
2015;6(1):26–41. https://doi.org/10.1007/s13238-014-0100-x PMID: 25249263

	 8.	 Leduc D, Beaufort N, de Bentzmann S, Rousselle J-C, Namane A, Chignard M, et al. The Pseudomo-
nas aeruginosa LasB metalloproteinase regulates the human urokinase-type plasminogen activator 
receptor through domain-specific endoproteolysis. Infect Immun. 2007;75(8):3848–58. https://doi.
org/10.1128/IAI.00015-07 PMID: 17517866

	 9.	 Drees SL, Fetzner S. PqsE of Pseudomonas aeruginosa Acts as Pathway-Specific Thioesterase in 
the Biosynthesis of Alkylquinolone Signaling Molecules. Chem Biol. 2015;22(5):611–8. https://doi.
org/10.1016/j.chembiol.2015.04.012 PMID: 25960261

	10.	 Wade DS, Calfee MW, Rocha ER, Ling EA, Engstrom E, Coleman JP, et al. Regulation of Pseudo-
monas quinolone signal synthesis in Pseudomonas aeruginosa. J Bacteriol. 2005;187(13):4372–80. 
https://doi.org/10.1128/JB.187.13.4372-4380.2005 PMID: 15968046

	11.	 Kitao T, Lepine F, Babloudi S, Walte F, Steinbacher S, Maskos K, et al. Molecular Insights into Func-
tion and Competitive Inhibition of Pseudomonas aeruginosa Multiple Virulence Factor Regulator. 
mBio. 2018;9(1):e02158-17. https://doi.org/10.1128/mBio.02158-17 PMID: 29339431

	12.	 Mok N, Chan SY, Liu SY, Chua SL. Vanillin inhibits PqsR-mediated virulence in Pseudomonas aerugi-
nosa. Food Funct. 2020;11(7):6496–508. https://doi.org/10.1039/d0fo00046a PMID: 32697213

	13.	 Huang X-H, She M-T, Zhang Y-H, Liu Y-F, Zhong D-X, Zhang Y-H, et al. Novel quinoline-based 
derivatives as the PqsR inhibitor against Pseudomonas aeruginosa PAO1. J Appl Microbiol. 
2022;133(4):2167–81. https://doi.org/10.1111/jam.15601 PMID: 35490292

	14.	 Bhardwaj AK, Vinothkumar K, Rajpara N. Bacterial quorum sensing inhibitors: attractive alternatives 
for control of infectious pathogens showing multiple drug resistance. Recent Pat Antiinfect Drug Dis-
cov. 2013;8(1):68–83. https://doi.org/10.2174/1574891x11308010012 PMID: 23394143

	15.	 Geng YF, Yang C, Zhang Y, Tao SN, Mei J, Zhang XC, et al. An innovative role for luteolin as a nat-
ural quorum sensing inhibitor in Pseudomonas aeruginosa. Life Sci. 2021;274:119325. https://doi.
org/10.1016/j.lfs.2021.119325 PMID: 33713665

	16.	 D’Almeida RE, Molina RDI, Viola CM, Luciardi MC, Nieto Peñalver C, Bardón A, et al. Comparison of 
seven structurally related coumarins on the inhibition of Quorum sensing of Pseudomonas aeru-
ginosa and Chromobacterium violaceum. Bioorg Chem. 2017;7337–42. https://doi.org/10.1016/j.
bioorg.2017.05.011 PMID: 28599132

	17.	 Song Z, Kong KF, Wu H, Maricic N, Ramalingam B, Priestap H, et al. Panax ginseng has anti-infective 
activity against opportunistic pathogen Pseudomonas aeruginosa by inhibiting quorum sensing, a 
bacterial communication process critical for establishing infection. Phytomedicine. 2010;17(13):1040–
6. https://doi.org/10.1016/j.phymed.2010.03.015 PMID: 20554187

	18.	 Zhong L, Ravichandran V, Zhang N, Wang H, Bian X, Zhang Y, et al. Attenuation of Pseudomo-
nas aeruginosa Quorum Sensing by Natural Products: Virtual Screening, Evaluation and Biomo-
lecular Interactions. Int J Mol Sci. 2020;21(6):2190. https://doi.org/10.3390/ijms21062190 PMID: 
32235775

https://doi.org/10.1038/s41579-020-00477-5
http://www.ncbi.nlm.nih.gov/pubmed/33214718
https://doi.org/10.3390/ijms22063128
https://doi.org/10.3390/ijms22063128
http://www.ncbi.nlm.nih.gov/pubmed/33803907
https://doi.org/10.1016/j.biologicals.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24309094
https://doi.org/10.1016/S1473-3099(17)30753-3
http://www.ncbi.nlm.nih.gov/pubmed/29276051
https://doi.org/10.3390/microorganisms8030425
http://www.ncbi.nlm.nih.gov/pubmed/32192182
https://doi.org/10.1371/journal.ppat.1006504
https://doi.org/10.1371/journal.ppat.1006504
http://www.ncbi.nlm.nih.gov/pubmed/28715477
https://doi.org/10.1007/s13238-014-0100-x
http://www.ncbi.nlm.nih.gov/pubmed/25249263
https://doi.org/10.1128/IAI.00015-07
https://doi.org/10.1128/IAI.00015-07
http://www.ncbi.nlm.nih.gov/pubmed/17517866
https://doi.org/10.1016/j.chembiol.2015.04.012
https://doi.org/10.1016/j.chembiol.2015.04.012
http://www.ncbi.nlm.nih.gov/pubmed/25960261
https://doi.org/10.1128/JB.187.13.4372-4380.2005
http://www.ncbi.nlm.nih.gov/pubmed/15968046
https://doi.org/10.1128/mBio.02158-17
http://www.ncbi.nlm.nih.gov/pubmed/29339431
https://doi.org/10.1039/d0fo00046a
http://www.ncbi.nlm.nih.gov/pubmed/32697213
https://doi.org/10.1111/jam.15601
http://www.ncbi.nlm.nih.gov/pubmed/35490292
https://doi.org/10.2174/1574891x11308010012
http://www.ncbi.nlm.nih.gov/pubmed/23394143
https://doi.org/10.1016/j.lfs.2021.119325
https://doi.org/10.1016/j.lfs.2021.119325
http://www.ncbi.nlm.nih.gov/pubmed/33713665
https://doi.org/10.1016/j.bioorg.2017.05.011
https://doi.org/10.1016/j.bioorg.2017.05.011
http://www.ncbi.nlm.nih.gov/pubmed/28599132
https://doi.org/10.1016/j.phymed.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20554187
https://doi.org/10.3390/ijms21062190
http://www.ncbi.nlm.nih.gov/pubmed/32235775


PLOS ONE | https://doi.org/10.1371/journal.pone.0319352  March 28, 2025 19 / 20

PLOS ONE PqsR inhibitors from marine natural products

	19.	 Soheili V, Bazzaz BSF, Abdollahpour N, Hadizadeh F. Investigation of Pseudomonas aeruginosa 
quorum-sensing signaling system for identifying multiple inhibitors using molecular docking and 
structural analysis methodology. Microb Pathog. 2015;89:73–8. https://doi.org/10.1016/j.mic-
path.2015.08.017 PMID: 26358567

	20.	 Ilic-Tomic T, Sokovic M, Vojnovic S, Ciric A, Veljic M, Nikodinovic-Runic J, et al. Diarylheptanoids from 
Alnus viridis ssp. viridis and Alnus glutinosa: Modulation of Quorum Sensing Activity in Pseudomo-
nas aeruginosa. Planta Med. 2017;83(1–02):117–25. https://doi.org/10.1055/s-0042-107674 PMID: 
27220074

	21.	 Starkey M, Lepine F, Maura D, Bandyopadhaya A, Lesic B, He J, et al. Identification of anti-virulence 
compounds that disrupt quorum-sensing regulated acute and persistent pathogenicity. PLoS Pathog. 
2014;10(8):e1004321. https://doi.org/10.1371/journal.ppat.1004321 PMID: 25144274

	22.	 El-Mowafy SA, Abd El Galil KH, El-Messery SM, Shaaban MI. Aspirin is an efficient inhibitor of 
quorum sensing, virulence and toxins in Pseudomonas aeruginosa. Microb Pathog. 2014;74:25–32. 
https://doi.org/10.1016/j.micpath.2014.07.008 PMID: 25088031

	23.	 Kalia VC, Wood TK, Kumar P. Evolution of resistance to quorum-sensing inhibitors. Microb Ecol. 
2014;68(1):13–23. https://doi.org/10.1007/s00248-013-0316-y PMID: 24194099

	24.	 Karthikeyan A, Joseph A, Nair BG. Promising bioactive compounds from the marine environment 
and their potential effects on various diseases. J Genet Eng Biotechnol. 2022;20(1):14. https://doi.
org/10.1186/s43141-021-00290-4 PMID: 35080679

	25.	 Bhatia S, Makkar R, Behl T, Sehgal A, Singh S, Rachamalla M, et al. Biotechnological Innovations 
from Ocean: Transpiring Role of Marine Drugs in Management of Chronic Disorders. Molecules. 
2022;27(5):1539. https://doi.org/10.3390/molecules27051539 PMID: 35268639

	26.	 Amaning Danquah C, Amankwah Baffour Minkah P, A. Agana T, Moyo P, Tetteh M, Osei Duah 
Junior I, et al. Natural Products as Antibiofilm Agents. Focus on Bacterial Biofilms. 2022. https://doi.
org/10.5772/intechopen.104434

	27.	 Xiong ZQ, Wang JF, Hao YY, Wang Y. Marine Drugs. 2013;11:700–17.

	28.	 Xiong Z-Q, Wang J-F, Hao Y-Y, Wang Y. Recent advances in the discovery and development of marine 
microbial natural products. Mar Drugs. 2013;11(3):700–17. https://doi.org/10.3390/md11030700 PMID: 
23528949

	29.	 Srinivasan R, Kannappan A, Shi C, Lin X. Marine drugs. Marine Drugs. 2021;19:530.

	30.	 Srinivasan R, Kannappan A, Shi C, Lin X. Marine Bacterial Secondary Metabolites: A Treasure House 
for Structurally Unique and Effective Antimicrobial Compounds. Mar Drugs. 2021;19(10):530. https://
doi.org/10.3390/md19100530 PMID: 34677431

	31.	 Lyu C, Chen T, Qiang B, Liu N, Wang H, Zhang L, et al. CMNPD: a comprehensive marine nat-
ural products database towards facilitating drug discovery from the ocean. Nucleic Acids Res. 
2021;49(D1):D509–15. https://doi.org/10.1093/nar/gkaa763 PMID: 32986829

	32.	 Lei J, Zhou J. A marine natural product database. J Chem Inf Comput Sci. 2002;42(3):742–8. https://
doi.org/10.1021/ci010111x PMID: 12086536

	33.	 Genheden S, Ryde U. The MM/PBSA and MM/GBSA methods to estimate ligand-binding affinities. 
Expert Opin Drug Discov. 2015;10(5):449–61. https://doi.org/10.1517/17460441.2015.1032936 PMID: 
25835573

	34.	 Banerjee P, Kemmler E, Dunkel M, Preissner R. ProTox 3.0: a webserver for the prediction of toxicity 
of chemicals. Nucleic Acids Res. 2024;52(W1):W513–20. https://doi.org/10.1093/nar/gkae303 PMID: 
38647086

	35.	 Jayaraman M, Gosu V, Kumar R, Jeyaraman J. Computational insights into potential marine natural 
products as selective inhibitors of Mycobacterium tuberculosis InhA: A structure-based virtual screen-
ing study. Comput Biol Chem. 2024;108:107991. https://doi.org/10.1016/j.compbiolchem.2023.107991 
PMID: 38086160

	36.	 Jayaraman M, Loganathan L, Muthusamy K, Ramadas K. Virtual screening assisted discovery of 
novel natural products to inhibit the catalytic mechanism of Mycobacterium tuberculosis InhA. Journal 
of Molecular Liquids. 2021;335:116204. https://doi.org/10.1016/j.molliq.2021.116204

	37.	 Bjelkmar P, Larsson P, Cuendet MA, Hess B, Lindahl E. Implementation of the CHARMM Force Field 
in GROMACS: Analysis of Protein Stability Effects from Correction Maps, Virtual Interaction Sites, and 
Water Models. J Chem Theory Comput. 2010;6(2):459–66. https://doi.org/10.1021/ct900549r PMID: 
26617301

	38.	 Zoete V, Cuendet MA, Grosdidier A, Michielin O. SwissParam: a fast force field generation tool for 
small organic molecules. J Comput Chem. 2011;32(11):2359–68. https://doi.org/10.1002/jcc.21816 
PMID: 21541964

https://doi.org/10.1016/j.micpath.2015.08.017
https://doi.org/10.1016/j.micpath.2015.08.017
http://www.ncbi.nlm.nih.gov/pubmed/26358567
https://doi.org/10.1055/s-0042-107674
http://www.ncbi.nlm.nih.gov/pubmed/27220074
https://doi.org/10.1371/journal.ppat.1004321
http://www.ncbi.nlm.nih.gov/pubmed/25144274
https://doi.org/10.1016/j.micpath.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25088031
https://doi.org/10.1007/s00248-013-0316-y
http://www.ncbi.nlm.nih.gov/pubmed/24194099
https://doi.org/10.1186/s43141-021-00290-4
https://doi.org/10.1186/s43141-021-00290-4
http://www.ncbi.nlm.nih.gov/pubmed/35080679
https://doi.org/10.3390/molecules27051539
http://www.ncbi.nlm.nih.gov/pubmed/35268639
https://doi.org/10.5772/intechopen.104434
https://doi.org/10.5772/intechopen.104434
https://doi.org/10.3390/md11030700
http://www.ncbi.nlm.nih.gov/pubmed/23528949
https://doi.org/10.3390/md19100530
https://doi.org/10.3390/md19100530
http://www.ncbi.nlm.nih.gov/pubmed/34677431
https://doi.org/10.1093/nar/gkaa763
http://www.ncbi.nlm.nih.gov/pubmed/32986829
https://doi.org/10.1021/ci010111x
https://doi.org/10.1021/ci010111x
http://www.ncbi.nlm.nih.gov/pubmed/12086536
https://doi.org/10.1517/17460441.2015.1032936
http://www.ncbi.nlm.nih.gov/pubmed/25835573
https://doi.org/10.1093/nar/gkae303
http://www.ncbi.nlm.nih.gov/pubmed/38647086
https://doi.org/10.1016/j.compbiolchem.2023.107991
http://www.ncbi.nlm.nih.gov/pubmed/38086160
https://doi.org/10.1016/j.molliq.2021.116204
https://doi.org/10.1021/ct900549r
http://www.ncbi.nlm.nih.gov/pubmed/26617301
https://doi.org/10.1002/jcc.21816
http://www.ncbi.nlm.nih.gov/pubmed/21541964


PLOS ONE | https://doi.org/10.1371/journal.pone.0319352  March 28, 2025 20 / 20

PLOS ONE PqsR inhibitors from marine natural products

	39.	 Kumari R, Kumar R, Open Source Drug Discovery Consortium, Lynn A. g_mmpbsa--a GROMACS 
tool for high-throughput MM-PBSA calculations. J Chem Inf Model. 2014;54(7):1951–62. https://doi.
org/10.1021/ci500020m PMID: 24850022

	40.	 Gosu V, Sasidharan S, Saudagar P, Radhakrishnan K, Lee H-K, Shin D. Deciphering the intrinsic 
dynamics of unphosphorylated IRAK4 kinase bound to type I and type II inhibitors. Comput Biol Med. 
2023;160:106978. https://doi.org/10.1016/j.compbiomed.2023.106978 PMID: 37172355

	41.	 Gosu V, Sasidharan S, Saudagar P, Lee H-K, Shin D. Computational Insights into the Structural 
Dynamics of MDA5 Variants Associated with Aicardi-Goutières Syndrome and Singleton-Merten 
Syndrome. Biomolecules. 2021;11(8):1251. https://doi.org/10.3390/biom11081251 PMID: 34439917

	42.	 Jayaraman M, Ramadas K. An integrated computational investigation to unveil the structural 
impacts of mutation on the InhA structural gene of Mycobacterium tuberculosis. J Mol Graph Model. 
2020;101:107768. https://doi.org/10.1016/j.jmgm.2020.107768 PMID: 33032201

	43.	 Mazri R, Bourougaa L, Zekri A, Ouassaf M, Alhatlani BY. Discovery of N-Aryl-Benzimidazolone 
Analogs as Novel Potential HSP90 Inhibitors: A Computational Approach. Applied Sciences. 
2024;14(23):10817. https://doi.org/10.3390/app142310817

	44.	 Pan B, Wang Y, Su J, Liu Y, Yang J, Zhou Y, et al. Based on molecular docking and real-time PCR 
technology, the two-component system Bae SR was investigated on the mechanism of drug resis-
tance in CRAB. BMC Microbiol. 2024;24(1):126. https://doi.org/10.1186/s12866-024-03286-5 PMID: 
38622558

	45.	 Morris SD, Kumar VA, Biswas R, Mohan CG. Identification of a Staphylococcus aureus amidase 
catalytic domain inhibitor to prevent biofilm formation by sequential virtual screening, molecular 
dynamics simulation and biological evaluation. Int J Biol Macromol. 2024;254(Pt 2):127842. https://
doi.org/10.1016/j.ijbiomac.2023.127842 PMID: 37924909

	46.	 Kalia M, Singh PK, Yadav VK, Yadav BS, Sharma D, Narvi SS, et al. Structure based virtual screening 
for identification of potential quorum sensing inhibitors against LasR master regulator in Pseudomo-
nas aeruginosa. Microb Pathog. 2017;107:136–43. https://doi.org/10.1016/j.micpath.2017.03.026 PMID: 
28351711

	47.	 Yu J, Jiang F, Zhang F, Pan Y, Wang J, Han P, et al. Virtual Screening for Novel SarA Inhibitors to 
Prevent Biofilm Formation of Staphylococcus aureus in Prosthetic Joint Infections. Front Microbiol. 
2020;11:587175. https://doi.org/10.3389/fmicb.2020.587175 PMID: 33224124

https://doi.org/10.1021/ci500020m
https://doi.org/10.1021/ci500020m
http://www.ncbi.nlm.nih.gov/pubmed/24850022
https://doi.org/10.1016/j.compbiomed.2023.106978
http://www.ncbi.nlm.nih.gov/pubmed/37172355
https://doi.org/10.3390/biom11081251
http://www.ncbi.nlm.nih.gov/pubmed/34439917
https://doi.org/10.1016/j.jmgm.2020.107768
http://www.ncbi.nlm.nih.gov/pubmed/33032201
https://doi.org/10.3390/app142310817
https://doi.org/10.1186/s12866-024-03286-5
http://www.ncbi.nlm.nih.gov/pubmed/38622558
https://doi.org/10.1016/j.ijbiomac.2023.127842
https://doi.org/10.1016/j.ijbiomac.2023.127842
http://www.ncbi.nlm.nih.gov/pubmed/37924909
https://doi.org/10.1016/j.micpath.2017.03.026
http://www.ncbi.nlm.nih.gov/pubmed/28351711
https://doi.org/10.3389/fmicb.2020.587175
http://www.ncbi.nlm.nih.gov/pubmed/33224124

