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Abstract: In recent years, the increasing spread of antibiotic-resistant bacteria has become one of the 

most significant public health problems. This resistance is largely due to the formation of biofilms and 

the expression of virulence factors, which are primarily controlled by a cell communication system 

called quorum sensing (QS). Therefore, screening a range of compounds for anti-biofilm or anti-QS 

activities is essential. In Pseudomonas aeruginosa (P. aeruginosa), a Gram-negative opportunistic 

human pathogen and one of the leading causes of hospital-acquired infections, QS is regulated by six 

proteins: LasR, LasI, RhlR, RhlI, PqsR, and PqsA. Stachys species are known for their antimicrobial 

activity. This study aimed to screen natural molecules from the Stachys database as potential inhibitors 

of these proteins. A total of 186 molecules from the Stachys database were virtually screened against 

the selected target proteins. Molecules that qualified were filtered based on Lipinski's rule of five and 

ADMET properties. Ten potential QS-inhibiting biomolecules were identified: 5-demethylnobiletin, 

chrysosplenetin, 3'-methoxycalycoptarin, 8-methoxycirsilinol, calycoptarin, casticin, 5-

hydroxyauranetin, 5,3',4'-trihydroxy-3,6,7,8-tetramethoxyflavone, syringic acid, and vanillic acid. 

These molecules were further docked against the six proteins using AutoDockTools to understand the 

molecular interactions and identify the most effective inhibitor among them. Based on the docking 

results, chrysosplenetin (ID 5281608) for LasI, 5-demethoxyflavone (ID 358832) for LasR, syringic 

acid (ID 10742) for RhlR, and 5,3',4'-trihydroxy-3,6,7,8-tetramethoxyflavone (ID 54799) for the 

proteins RhlI, PqsA, and PqsR were proposed as the best candidates for quorum sensing inhibition in 

terms of energy and interactions. 

Keywords: P. aeruginosa; quorum sensing; molecular docking; inhibitors; stachys; Lipinski's rule of 

five; ADME; virtual screening. 
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1. Introduction 

The growing ability of bacteria that cause disease to resist the antibiotics currently 

available is a significant challenge for public health [1]. As a result, it is essential to find new 

ways to fight drug-resistant bacteria, as conventional antimicrobial treatments are becoming 

less effective. In many types of bacteria that are resistant to multiple drugs, the formation of 

virulence factors and biofilms is often regulated by a mechanism known as quorum sensing 
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(QS), which allows bacteria to communicate with each other [2]. This control system allows 

bacteria to coordinate a collective response to resist the host's immune system and protect 

themselves from external stressors, including antimicrobial agents [3]. Pseudomonas 

aeruginosa (P. aeruginosa) is responsible for 57% of infections acquired in hospitals, 

particularly in individuals with compromised immune systems due to cystic fibrosis and burn 

wounds [3,4]. These communication circuits control the expression of a large number of genes 

that produce virulence factors, such as pyocyanin, proteases, exotoxin A, elastase B, and 

hydrogen cyanide [2,5,6]. In the Las system, the LasI synthase produces the autoinducer N-(3-

oxododecanoyl)-L-homoserine lactone (3-oxo-C12-HSL), which activates the expression of 

the lasR gene to produce virulence factors like lasB, apr, and toxA. 

Additionally, the Las system also positively regulates the Rhl system, which produces 

the autoinducer N-butanoyl-L-homoserine lactone (C4-HSL) and eventually leads to the 

production of rhamnolipid and pyocyanin. The third quorum sensing system, known as the 

Pseudomonas quinolone signal (PQS) system, provides a link between the LasR and RhlR 

systems and uses signaling molecules like alkyl-4-quinolones (AQs), specifically 2-heptyl-4-

hydroxyquinoline (HHQ) and 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS) [7,8]. Due to this, 

the three quorum sensing systems of P. aeruginosa are potential targets for developing new 

antimicrobial agents.  

Most antibiotics are designed to kill bacteria by targeting vital processes necessary for 

their growth [5]. However, this approach can lead to the development of antibiotic-resistant 

strains. In contrast, targeting the quorum sensing system, which controls non-essential 

functions related to a pathogen's virulence, is thought to avoid the problem of resistance [5]. 

Because of the significant role that quorum sensing plays in microbial pathogenicity, there have 

been several reported instances of anti-quorum sensing agents in plants and microbes that can 

weaken the quorum sensing circuit [9]. 

Plants use a variety of defense strategies to survive in the ecosystem and become a 

valuable source of antimicrobial agents and other pharmaceutical compounds [10,11]. The 

genus Stachys (Lamiaceae family) comprises 300 species widely distributed in tropical and 

subtropical countries. Different research has confirmed that extracts/constituents of Stachys 

plants have excellent antimicrobial, antioxidant, anxiolytic, anti-inflammatory, cancer-

inhibiting, and hypotensive activity [12]. Therefore, plants of the genus Stachys are considered 

a great source of phytochemical compounds with therapeutic and economic applications [13]. 

An example of this is a study conducted in 2009 by Dulger and Aki [14], where they looked at 

the antimicrobial properties of the plant Stachys pseudopinardii, which is native to Turkey. 

They used the MIC and Disc diffusion methods to test the plant's activity against certain 

pathogens. The results showed that the inhibition zones ranged between 6 and 24 mm. After 

finishing the micro-dilution test, the lowest concentrations were established as 16 mg/mL for 

Stachys pseudopinardii R. Bhattacharjee and 32 μg/mL for Hub.–Mor. (Lamiaceae). 

Phytochemical analysis of the plant revealed the presence of compounds such as diterpenes, 

phenylethanoid glycosides, flavanoids, and saponines. It is believed that the flavonoids in the 

plant may be responsible for its antibacterial activity. The study found that S. pseudopinardii 

had significant activity against bacteria and yeast cultures, possibly due to metabolic toxins or 

the previously mentioned compounds [14]. 

The present study screened a complete library of natural compounds from the Stachys 

database to identify potential quorum-sensing inhibitors[15]. The chemical structure of the 

ligands was obtained in 2D structure coordinates from the Stachys database. These ligands 
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were then converted into 3D structural coordinates using the Openbabel software. Virtual 

screening was performed using the PyRX software, and molecules were sorted using various 

filters, such as the Lipinski rule of five. The sorted molecules were then further analyzed for 

ADME and toxicity studies. The screened molecules were then docked against the active site 

of LasI/LasR, RhlI/RhlR, and PqsA/PqsR (Figure 1). 

 
Figure 1. Workflow of the steps followed for virtual screening and sorting of biomolecules from Stachys. 

2. Materials and Methods 

2.1. Protein preparation. 

The crystal structures of the target proteins LasI (PDB ID: 1RO5, resolution = 2.3 Å), 

LasR (PDB ID: 3IX3, resolution = 1.4 Å), PqsA (PDB ID: 5OE3, resolution = 1.43 Å) and 

PqsR (PDB ID: 4JVI, resolution = 2.9Å) from P. aeruginosa were obtained from the Protein 

Data Bank with their native ligand (https://www.rcsb.org/). The crystal structures of the target 

proteins RhII (UniProt ID: P54291) and RhlR (UniProt ID: P54292) were downloaded from 

the UniProt protein database (https://www.uniprot.org) because they were not available in the 

Protein Data Bank. Next, the water molecules and native ligands in the crystallographic 

structure were removed from the protein files, and Kollman charges, Gasteiger charges, and 

polar hydrogen were added [16]. 

2.2. Active site prediction. 

The prediction of active site residues within these receptors to guide the docking 

analysis towards these areas was performed using the PrankWeb online tool 

[https://prankweb.cz/] [17]. The results obtained from the Prankweb active site residue 

prediction were compared to findings in the literature and confirmed [18–21]. 

2.3. Ligand library preparation. 

The selected ligands as reference for the targets for docking validation and comparison 

of docking results were downloaded from PubChem in SDF format 

[https://pubchem.ncbi.nlm.nih.gov/]. They were converted to PDB format using Open Babel 

[22] and then minimized using Avogadro before being saved in PDBQT format [23]. The tested 
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natural ligands were downloaded from the Stachys database in PDB format [15]. The database 

contains about 186 natural compounds. 

2.4. Virtual screening. 

The virtual screening experiment was performed using PyRx software [24], which is 

based on AutoDock Vina [25]. This software was used to screen 186 natural compounds from 

the Stachys database against six selected targets: LasR, LasI, RhlR, RhlI, PqsR, and PqsA. The 

results of the screening were ranked based on the calculated binding energy. The binding 

energy of each target's reference ligand was used as a benchmark to establish a threshold score 

for evaluating the docking results. Only compounds with binding energies lower than the 

reference ligand were selected, while others were excluded. To further prioritize these 

molecules, secondary sorting criteria, such as Lipinski's rule of five, ADME properties, and 

toxicity, were applied [26,27]. 

2.5. Lipinski’s rule of five and ADMET evaluation. 

According to this rule, a compound has a good chance of being absorbed orally if it 

meets at least three of the following four parameters: molecular weight (MW) of less than or 

equal to 500 (g/mol), calculated LogP of less than or equal to 5, number of hydrogen bond 

acceptors (HBA) of less than or equal to 10, and number of hydrogen bond donors (HBD) of 

less than or equal to 5 [28]. For the ADME properties, five parameters were considered to 

evaluate the pharmacological activity of the selected candidates [29]. These parameters were 

calculated using the SwissADME server [30]. The analysis of toxicity (hepatotoxicity, 

carcinogenicity, and mutagenicity) was carried out using the Pro-Tox server [31]. 

2.6. Molecular docking validation. 

Ligands obtained after filtering for ADME and toxicity were further selected for 

docking against the active site of each protein to gain insight into the binding between inhibitors 

and proteins. The docking process was carried out using AutoDock 4 software [32].  

3. Results and Discussions 

3.1. Validation of the accuracy of molecular docking. 

The molecular docking protocol was validated by cross-docking co-crystallized ligands 

with the same parameters used for the studied compounds against different crystal structures 

(PDB IDs: 3IX3 for LasR, 4JVI for PqsR, and 5OE3 for PqsA). The root-mean-square 

deviation (RMSD) was calculated through superposition, yielding values below 2 Å, indicating 

the high quality of the docking program. 

3.2. Virtual screening. 

A preliminary database screening was conducted using virtual screening with the PyRX 

software. The reference ligand binding energies were SAM (-7.0 Kcal/mol) for LasI synthase, 

OHN (-8.0 kcal/mol) for LasR receptor, SAM (-6.5 Kcal/mol) for RhlI synthase, BHL (-6.6 

Kcal/mol) for RhlR receptor, 3UK (-9.7 Kcal/mol) for PqsA synthase, and QZN (-7.9 kcal/mol) 

for PqsR receptor. The screening results led to the selection of 89 molecules for LasI synthase, 
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64 molecules for LasR receptor, 127 molecules for RhlI synthase, 36 molecules for RhlR 

receptor, 80 compounds for PqsA synthase, and 73 molecules for PqsR receptor (Figure 2). 

 

Figure 2. The result of virtual screening, Lipinski, and ADMET filtration of the proteins LasI/LasR, RhlI/RhlR, 

and PqsA/PqsR. 

3.3. ADME and toxicity filters. 

The molecules obtained after virtual screening were subjected to Lipinski rule filters, 

and almost all of them passed the Lipinski filter, meaning they were within the acceptable 

range. However, 58 molecules for the LasI protein, 55 molecules for LasR, 84 molecules for 

RhlI, 32 molecules for RhlR, 65 molecules for PqsA, and 35 molecules for PqsR were selected 

for further study after sorting them based on hydrogen acceptors and hydrogen donors. ADME 

studies were carried out using SwissADME, which sorted the molecules based on GI 

absorption, LogKp, P-glycoprotein substrate, BBB permeability, and CYP2D6 inhibitor. 3 

molecules for LasI, 8 molecules for LasR, 8 molecules for RhlI, 4 molecules for RhlR, 1 

molecule for PqsA, and 1 molecule for PqsR passed the ADME filter and were further selected 

for toxicity studies using Pro-Tox server (Figure 2).  

Ten molecules were selected and found to be safe in toxicity testing. These molecules 

include 5-Hydroxyauranetin, 8-Methoxycirsilineol, Chrysosplenetin, 3'-Methoxycalycopterin, 

calycopterin, demethylnobiletin, 5,3',4'-trihydroxy-3,6,7,8-tetramethoxyflavone, casticin, 

syringic acid, and vanillic acid. The respective properties of these molecules are shown in Table 

1. 

Table 1. ADME characteristics and toxicity of the final screened compounds. 

Molecule 

Absorption Distribution Metabolism Toxicity 

GI 

absorption 

LogKp 

(cm/s) 

P-gp 

substrate 
BBB 

CYP2D6 

inhibitor 

Hepatoto

xicity 

Carcinoge

nicity 

Mutage

nicity 

5-

Hydroxyauranetin 
High -6.23 No No No Inactive Inactive Inactive 

8-

Methoxycirsilineol 
High -6.52 No No No Inactive Inactive Inactive 

Chrysosplenetin High -6.37 No No No Inactive Inactive Inactive 
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Molecule 

Absorption Distribution Metabolism Toxicity 

GI 

absorption 

LogKp 

(cm/s) 

P-gp 

substrate 
BBB 

CYP2D6 

inhibitor 

Hepatoto

xicity 

Carcinoge

nicity 

Mutage

nicity 

3'-

Methoxycalycopteri

n 

High -6.57 No No No Inactive Inactive Inactive 

Calycopterin High -6.37 No No No Inactive Inactive Inactive 

Demethylnobiletin High -6.38 No No No Inactive Inactive Inactive 

5,3',4'-Trihydroxy-

3,6,7,8-

tetramethoxyflavon

e 

High -6.72 No No No Inactive Inactive Inactive 

Casticin High -6.37 No No No Inactive Inactive Inactive 

Syringic Acid High -6.77 No No No Inactive Inactive Inactive 

Vanillic Acid High -6.31 No No No Inactive Inactive Inactive 

GI absorption: Gastrointestinal absorption; LogKp: Skin permeability value; P-gp: P-glycoprotein; BBB: Blood-

brain barrier permeability; CYP2D6 inhibitor: Likeliness of a drug to act as an inhibitor of cytochrome P450 

CYP2D6. 

These 10 molecules were then docked against the active site of each protein using 

AutoDock 4 to understand molecular interactions and demonstrate the best possible inhibitor 

among these molecules. 

3.4. Molecular docking. 

The results of the interactions between the 10 molecules and the target proteins (LasI, 

LasR, RhlI, RhlR, PqsA, and PqsR) are reported in Table 2. Additionally, the native ligands 

SAM (ID34755) of LasI, OHN (ID3246941) of LasR, SAM (ID34755) of RhlI, BHL 

(ID10130163) of RhlR, 3UK (ID92044056) of PqsA, and QZN (ID71627415) of PqsR were 

docked against the active site to compare their interactions and binding energies (Table 2). 

These interactions and binding energies were analyzed using Discovery Studio [33]. 

Table 2. The binding energies and interacting residues for the final set of screened molecules and the native 

ligand for the proteins LasI/LasR, RhlI/RhlR, and PqsA/PqsR. 

Target 

proteins 

Molecule 

(PubChem 

ID) 

Binding 

energy 

(Kcal/mol) 

Hydrogen bonds Hydrophobic bonds Pi bonds 

LasI 

SAM 

(34755) 
-7,33 

ARG-30, PHE-105, 

ILE-107, THR-144, 

GLU-171 

VAL-26, ILE-107 VAL-26(Pi-sigma) 

Chrysosplen

etin 
-8.43 

ARG-30, PHE-105, 

ILE-107, VAL-143 

PHE-27, VAL-26, 

TRP-33 

ARG-30(Pi-cation) 

PHE-105(Pi-Pi stacking) 

VAL-26(Pi-sigma) 

TRP-33(Pi-Pi T-shaped) 

8-

Methoxycirs

ilineol 

-7.85 
ARG-30, PHE-105, 

ILE-107, VAL-143 

PHE-27, VAL-26, 

TRP-33 

ARG-30(Pi-cation) 

PHE-105(Pi-Pi stacking) 

VAL-26(Pi-sigma) 

TRP-33(Pi-Pi T-shaped) 

5-

Hydroxyaur

anetin 

-7.69 
ARG-30, ILE-107, 

THR-144 
TRP-33, VAL-143 

ARG-30(Pi-cation) 

VAL-26, PHE-105(Pi-

sigma) 

LasR 
OHN 

(3246941) 
-8.72 

TYR-56, TRP-60, ASP-

73, SER-129 

TYR-64, ALA-70, 

VAL-76, TRP-88, 

PHE-101, ALA-105, 

- 
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Target 

proteins 

Molecule 

(PubChem 

ID) 

Binding 

energy 

(Kcal/mol) 

Hydrogen bonds Hydrophobic bonds Pi bonds 

LEU-110, ALA-127. 

Demethylno

biletin 
-9.6 

TRP-60, ARG-61, 

THR-75, SER-129 

LEU-40, ALA-50, 

VAL-76, CYS-79, 

PHE-101, ALA-105, 

LEU-110, ALA-127 

TRP-88, LEU-36 (Pi-

sigma) 

Gly-38, TYR-64 (Pi-Pi 

stacking) 

5-

Hydroxyaur

anetin 

-9.56 
TRP-60, ARG-61, 

THR-115, SER-129 

LEU-40, ALA-50, 

VAL-76, PHE-101, 

ALA-105, LEU-110, 

ALA-127 

LEU-36, TRP-88 (Pi-

sigma) 

ASP-73 (Pi-Anion) 

TYR-64 (Pi-Pi stacking) 

3'-

Methoxycal

ycopterin 

-9.54 

TRP-60, ARG-61, 

THR-115, SER-129, 

LEU-125 

ALA-50, VAL-76, 

CYS-79, PHE-101, 

ALA-105, LEU-110, 

ALA-127 

LEU-36, TRP-88 (Pi-

sigma) 

TYR-64 (Pi-Pi stacking) 

Chrysosplen

etin 
-9.39 

TRP-60, ARG-61, 

THR-115, SER-129, 

LEU-125 

LEU-40, ALA-50, 

VAL-76, CYS-79 

PHE-101, ALA-105, 

LEU-110, ALA-127 

LEU-36, TRP-88 (Pi-

sigma) 

ASP-73 (Pi-Anion) 

TYR-64 (Pi-Pi stacking) 

Casticin -9.35 
TRP-60, ARG-61, 

TYR-47, TYR-56 

LEU-40, ALA-50, 

VAL-76, PHE-101, 

ALA-105, LEU-110, 

ALA-127 

LEU-36, TRP-88 (Pi-

sigma) 

Gly-38, TYR-64(Pi-Pi 

stacking) 

Calycopteri

n 
-9.19 

TYR-56, TRP-60, 

ARG-61, THR-115, 

SER-129, LEU-125 

ALA-50, VAL-76, 

CYS-79, PHE-101, 

ALA-105, LEU-110, 

ALA-127 

LEU-36 (Pi-sigma) 

TYR-64 (Pi-Pi stacking) 

ASP-73(Pi-Anion) 

TRP-88(Pi-sigma) 

8-

Methoxycirs

ilineol 

-9.15 

TYR-56, ARG-61, 

THR-115, SER-129, 

LEU-125 

ALA-50, VAL-76, 

CYS-79, TRP-88 

PHE-101, LEU-110, 

ALA-127 

LEU-36, TRP-88 (Pi-

sigma) 

Gly-38, TYR-64 (Pi-Pi 

stacking) 

ASP-73(Pi-Anion) 

5,3',4'-

Trihydroxy-

3,6,7,8-

tetramethox

yflavone 

-9.0 

TYR-56, ARG-61, 

THR-115, SER-129, 

LEU-125 

ALA-50, VAL-76,  

CYS-79 PHE-101, 

LEU-110, ALA-127 

LEU-36, TRP-88 (Pi-

sigma) 

Gly-38, TYR-64 (Pi-Pi 

stacking) 

RhlI 

SAM 

(34755) 
-6.87 

GLY-33, ASP-35, 

VAL-138, LYS-164 
LEU-80, LEU-168 TRP-34 (Pi-anion) 

5,3',4'-

Trihydroxy-

3,6,7,8-

tetramethox

yflavone 

-7.33 
ASP-35, VAL-138, 

ARG-104, LYS-164 

TRP-34, VAL-138, 

LYS-164 

TRP-34 (Pi-stacking) 

LEU-80 (Pi-sigma) 

Chrysosplen

etin 
-7.27 

ASP-35, VAL-138, 

LYS-164 

TRP-34, VAL-138, 

LYS-164, LEU-168 

TRP-34 (Pi-stacking) 

LEU-80 (Pi-sigma) 

3'-

Methoxycal

ycopterin 

-7.22 
ASP-35, VAL-138, 

ARG-104, LYS-164 

TRP-34, VAL-138, 

LYS-164 

TRP-34 (Pi-stacking) 

LEU-80 (Pi-sigma) 

Calycopteri

n 
-7.18 

ASP-35, VAL-138, 

LYS-164 

TRP-34, VAL-138, 

LYS-164 

TRP-34 (Pi-stacking) 

LEU-80 (Pi-sigma) 

Demethylno

biletin 
-7.15 

ASP-35, VAL-138, 

LYS-164 

TRP-34, VAL-138, 

LYS-164 

TRP-34 (Pi-stacking) 

LEU-80 (Pi-sigma) 

Casticin -7.13 
ASP-35, VAL-138, 

ARG-104 

TRP-34, VAL-138, 

LYS-164 

TRP-34 (Pi-stacking) 

LEU-80 (Pi-sigma) 

8-

Methoxycirs

ilineol 

-7.11 ASP-35, LYS-164 

TRP-34, LEU-80, 

VAL-138, LYS-164, 

LEU-168 

TRP-34 (Pi-stacking) 

5-

Hydroxyaur

anetin 

-7.1 ASP-35, LYS-164 
TRP-34, LEU-80, 

VAL-138, LYS-164 
TRP-34 (Pi-stacking) 

RhlR 

BHL 

(10130163) 
-6.46 Trp-68, Asp-81 

Ala-44, Val-60, Tyr-

72, Ile-84, Phe-101, 

Leu-107, Ala-111 

Trp-96 (Pi-sigma) 

 

Syringic 

Acid 
-4.66 TRP-68, THR-121 

TYR-64, ALA-83 

LEU-107, TRP-108 

PHE-101, ALA-111 

TYR-72(Pi-sigma) 

ASP-81 (Pi-Anion) 

TYR-96 (Pi-Pi stacked) 

Vanillic 

Acid 
-4.44 TRP-68, THR-121 

ALA-44, ALA-83 

ILE-84, VAL-133 

TYR-72(Pi-sigma) 

ASP-81 (Pi-Anion) 
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Target 

proteins 

Molecule 

(PubChem 

ID) 

Binding 

energy 

(Kcal/mol) 

Hydrogen bonds Hydrophobic bonds Pi bonds 

TYR-96 (Pi-Pi stacked) 

8-

Methoxycirs

ilineol 

-4.12 TRP-68, GLN-73 

ASP-81, ALA-83 

ILE-84, TRP-96 

VAL-133 

VAL-60(Pi-sigma) 

LEU-69(Pi-sigma) 

TYR-72 (Pi-Pi stacked) 

5,3',4'-

Trihydroxy-

3,6,7,8-

tetramethox

yflavone 

-1.23 
TRP-68, GLN-73, 

THR-58, SER-135 

LEU-69, ALA-83 

ILE-84, VAL-133 

TRP-96 

VAL-60(Pi-sigma) 

TYR-72 (Pi-Pi stacked) 

PqsA 

3UK 

(92044056) 
-9.35 

GLY-279, ASP-299, 

GLY-300, THR-304, 

ASP382 

ALA-278, PRO-281, 

ILE-301 

GLU-305 (Pi-Anion) 

SER-280, HIS-308 (Pi-Pi 

stacked) 

5,3',4'-

Trihydroxy-

3,6,7,8-

tetramethox

yflavone 

-9.04 
GLY-279, ASP-299, 

THR-323 

TYR-211, ALA-278, 

PRO-281, VAL-309 
ILE-301 (Pi-sigma) 

PqsR 

QZN 

(71627415) 
-7.36 LEU-207 

Ala-102, Pro-129, Ile-

149, Ala-168, Leu-

197, Leu-208, Phe-

221, Pro-238 

Ile-236 (Pi-sigma) 

5,3',4'-

Trihydroxy-

3,6,7,8-

tetramethox

yflavone 

-7.58 
LEU-207, ALA-102, 

THR-265 

PRO-210, VAL-211 

PRO-238, PHE-221 

MET-224 

ILE-149 (Pi-sigma), 

ALA-168(Pi-sigma), 

LYS-167 (Pi-Pi stacked) 

For the LasI protein, the 3 selected molecules underwent re-docking against the protein. 

A single conformation was chosen for each molecule based on superposition with the reference 

ligand SAM, which had a binding energy of -7.33 Kcal/mol and formed hydrogen bonds with 

5 active site residues of LasI (ARG-30, PHE-105, ILE-107, THR-144, GLU-171). The formed 

complex (LasI-SAM) was stabilized by 3 hydrophobic interactions (Figure 3). A crystal 

structure study found that the N-terminal residue of LasI, consisting mainly of Phe27, Arg30, 

and Trp33, forms the SAM binding pocket, and Phe105 is a conserved residue for the acyl-

chain binding tunnel [34]. The selected candidates showed lower affinity energy than the 

reference ligand, with Chrysosplenetin having the strongest binding affinity of -8.43 Kcal/mol 

towards LasI. This molecule formed hydrogen bonds with key active site residues, ARG-30, 

PHE-105, and ILE-107, which are crucial for stabilizing the complex and forming a SAM 

binding pocket [35]. The interaction of Chrysosplenetin with the AHL synthase of P. 

aeruginosa has a positive effect, suggesting that it may disrupt the synthesis of the autoinducer 

and impact quorum sensing. 

LasR is the activating transcription factor for the virulence genes in P. aeruginosa [36]. 

Molecular docking results showed that the native ligand 3-oxo-C12-HSL had a strong binding 

energy of -8.72 Kcal/mol. This was due to the formation of four hydrogen bonds between OHN 

and LasR active sites involving TYR-56, TRP-60, ASP-73, and SER-129 residues (Figure 3). 

These interactions play a crucial role in the correct folding of LuxR family proteins [37]. The 

results match those published in the literature [38,39]. Other hydrophobic interactions 

involving TYR-64, ALA-70, VAL-76, TRP-88, PHE-101, ALA-105, LEU-110, and ALA-127 

residues also stabilize the formed complex. Of the 8 selected molecules, Demethylnobiletin 

showed the best binding energy (-9.6 kcal/mol) towards LasR, formed by hydrogen bonds with 

TRP-60, ARG-61, THR-75, and SER-129 residues. The attachment of 3-oxo-C12-AHL to 

LasR triggers the transcription of various virulence genes in P. aeruginosa [40]. The docking 
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simulations indicated that Demethylnobiletin might interfere with the binding of 3-oxo-C12-

AHL to LasR, thus decreasing the expression of QS-controlled genes. 

 

Figure 3. (A.1): 2D representation of the interactions of the ligand SAM with the key residues of the active site 

of LasI; (A.2): 2D representation of the interactions of the potential candidate (Chrysosplenetin) with the active 

site residues of LasI; (B.1): 2D representation of the interactions of the ligand OHN with the key residues of the 

active site of LasR; (B.2): 2D representation of the interactions of the potential candidate (Demethylnobiletin) 

with the active site residues of LasR. 

 
Figure 4. (A.1) 2D representation of the interactions of the ligand SAM with the key residues of the active site 

of RhlI; (A.2): 2D representation of the interactions of the potential candidate (ID 54799-5,3',4'-Trihydroxy-

3,6,7,8-tetramethoxyflavone) with the active site residues of RhlI; (B.1): 2D representation of the interactions of 

the ligand BHL with the key residues of the active site of RhlR; (B.2): 2D representation of the interactions of 

the potential candidate (ID 10742- Syringic Acid) with the active site residues of RhlR. 

The molecular docking results for protein RhlI showed that the native ligand (SAM) 

has a low binding energy of -6.87 Kcal/mol and interacts with 4 active site residues (GLY-33, 

ASP-35, VAL-138, and LYS-164) through hydrogen bonds. SAM also interacts with LEU 80 

https://doi.org/10.33263/LIANBS142.090
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and LEU 168 through alkyl hydrophobic interactions and with TRP 34 through pi-anion 

interactions, contributing to the stability of the complex. Of the 8 selected molecules, 5,3',4'-

Trihydroxy-3,6,7,8-tetramethoxyflavone had the lowest binding energy (-7.33 Kcal/mol) and 

formed four hydrogen bonds with ASP-35, VAL-138, ARG-104, and LYS-164. The RhlI-

5,3',4'-Trihydroxy-3,6,7,8-tetramethoxyflavone complex was also stabilized by hydrophobic 

interactions with TRP-34, VAL-138, and LYS-164 and by Pi stacking and Pi sigma interactions 

with TRP 34 and LEU 80 (Figure 4). 

The molecular docking results for protein RhlR showed that the native ligand BHL had 

a low binding energy of -6.46 Kcal/mol due to two hydrogen bonds with active site residues 

Trp-68 and Asp-81. The stability of the complex was also due to hydrophobic interactions with 

residues like Ala-44, Val-60, Tyr-72, Ile-84, Phe-101, Leu-107, and Ala-111 and a pi-sigma 

bond with residue TRP 96. Our results correlate with the results published in the literature [21]. 

The four selected molecules had a lower affinity towards RhlR, with binding energies ranging 

from -4.66 to -1.23 Kcal/mol, compared to BHL. Of these, syringic acid had the lowest binding 

energy of -4.66 Kcal/mol and formed a complex with RhlR that was stabilized by hydrogen 

bonds with TRP-68 and THR-121 and hydrophobic interactions (Figure 4). 

 
Figure 5. (A.1): 2D representation of the interactions of the ligand 3UK with the key residues of the active site 

of PqsA; (A.2): 2D representation of the interactions of the potential candidate (ID 54799-5,3',4'-Trihydroxy-

3,6,7,8-tetramethoxyflavone) with the active site residues of PqsA; (B.1) 2D representation of the interactions of 

the ligand QZN with the key residues of the active site of PqsR; (B.2): 2D representation of the interactions of 

the potential candidate (ID 54799) with the active site residues of PqsR. 

The molecular docking results for the PqsA protein showed that the compound 3UK 

had a strong binding energy of -9.35 Kcal/mol. This strong binding was due to the formation 

of stable hydrogen bonds with five active site residues of PqsA (Figure 5). The PqsA/3UK 

complex was also stabilized by alkyl-type hydrophobic interactions with ALA-278, PRO-281, 

and ILE-3019 residues, as well as pi-anion and pi-stacked interactions with GLU-305, SER-

280, and HIS-308 residues. These results are in line with published literature [41]. The 

molecular docking of molecule ID54799-5,3',4'-Trihydroxy-3,6,7,8-tetramethoxyflavone 

showed that it had a good interaction energy of -9.04 kcal/mol. This interaction was due to the 

forming of three hydrogen bonds with the active site residues of PqsA (GLY-279, ASP-299, 
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and THR-323). This molecule had a similar hydrogen bonding pattern with three amino acids 

compared to the reference ligand, which interacted with 5 key residues of the PqsA active site 

(Figure 5). 

The molecular docking result of the protein PqsR revealed that the molecule QZN has 

a binding energy of -7.36 Kcal/mol. This value results from the formation of a single hydrogen 

bond between QZN and PqsR active site (LEU-207), and the stability of the complex is further 

enhanced by alkyl-type hydrophobic interactions with residues ALA-102, PRO-129, ILE-149, 

ALA-168, LEU-197, LEU-208, PHE-221, and PRO-238 and pi-sigma interactions with residue 

ILE-236. These results are in line with the results published in the literature [42]. Molecule 

ID54799-5,3',4'-Trihydroxy-3,6,7,8-tetramethoxyflavone, was docked against PqsR and 

showed better energy of -7.58 Kcal/mol, with hydrogen interactions with residues LEU-207 

and ALA-102 and alkyl-type hydrophobic and pi-sigma interactions with residues represented 

in Figure 5. 

The results demonstrated that the molecules from the Stachys database could interact 

with our target proteins. To ensure their bioavailability, molecules with affinity energies lower 

than those of the reference ligands for each target were subjected to a pharmacological 

evaluation based on Lipinski's rule of five and ADMET properties. Since the same molecule 

can show good results for more than one target, we found that a total of 10 molecules distributed 

as follows: 3 molecules for protein LasI, 8 for LasR, 8 for RhlI, 4 for RhlR, 1 for PqsA, and 1 

for PqsR, were found to be in compliance with the rule of five and possess a good 

pharmacological profile. 

The selected molecules underwent re-docking against the proteins to identify the best 

molecule for each protein. The results showed that Chrysosplenetin was the optimal molecule 

for LasI, Demethylnobiletin for LasR, 5,3',4'-Trihydroxy-3,6,7,8-tetramethoxyflavone for 

RhlI, PqsA, and PqsR, and Syringic Acid for RhlR. These molecules exhibited the highest 

affinity and most favorable interactions compared to the other molecules. These findings 

highlight the potential of these molecules as promising candidates for further research and 

development as anti-quorum sensing agents. 

 
Figure 6. The 2D structures of four selected candidates: (ID 5281608-Chrysosplenetin) for LasI; (ID 358832- 

Demethylnobiletin) for LasR; (ID 54799-5,3',4'-Trihydroxy-3,6,7,8-tetramethoxyflavone) for RhlI, PqsA, and 

PqsR; and (ID 10742-Syringic Acid) for RhlR. 

Our results indicate that the four molecules belonging to the genus Stachys exhibit 

promising anti-quorum sensing properties. These findings suggest that these molecules have 

the potential to be considered as candidates for further research and development as anti-

quorum sensing agents. Chrysosplenetin (ID 5281608) is a tetramethoxyflavone found in 

Stachys. aegyptiaca, Demethylnobiletin (ID 358832), and 5,3',4'-Trihydroxy-3,6,7,8-

tetramethoxyflavone (ID 54799) are both flavonoid compounds found in Stachys aegyptiaca, 
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and Syringic Acid (ID 10742) is a phenolic acid present in Stachys cretica subsp [43,44] (Figure 

6).  

Chrysosplenetin is used to treat breast cancer and anti-enterovirus infections by having 

antitumor properties and regulating microtubule depolymerization to induce apoptosis of 

cancer cells [45,46]. Syringic acid, a phenolic compound, displays multiple therapeutic 

benefits, including antioxidant, anti-inflammatory, anticancer, antidiabetic, antiendotoxic, 

neuroprotective, cardioprotective, and hepatoprotective properties [47]. Demethylnobiletin 

exhibits a range of pharmacological effects, including anticancer properties [48], anti-

inflammatory effects, antioxidant capabilities, antimicrobial properties, neuroprotective 

effects, and anti-atherogenic activities [49–53]. Finally, flavonoid 5,3',4'-Trihydroxy-3,6,7,8-

tetramethoxyflavone has been shown to possess anti-cancer activity [54]. 

4. Conclusions 

The aim of this study was to discover new inhibitors of quorum sensing that come from 

natural sources. A collection of natural derivatives from the Stachys database was tested against 

certain proteins (LasI, LasR, RhlI, RhlR, PqsA, and PqsR) found in P. aeruginosa. The 

molecules that were successful were then evaluated for their potential as drugs. Since these 

molecules originate from natural sources, they have the potential to be both safe and affordable 

inhibitors of quorum sensing. According to the virtual screening results and considering 

parameters such as Lipinski's rule, ADME, and toxicity, as well as molecular docking 

calculation, the molecules Chrysosplenetin (ID 5281608) for LasI, 5-demethoxyflavone (ID 

358832) for LasR, Syringic acid (ID 10742) for RhlR, and 5,3',4'-Trihydroxy-3,6,7,8-

tetramethoxyflavone (ID 54799) for the proteins RhlI was selected. Further research is needed 

to confirm these results through in vitro and in vivo studies. 
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