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Abstract

Multidrug-resistant Pseudomonas aeruginosa poses a critical global healthcare threat driven by
active MexAB-OprM efflux pumps and LasR quorum-sensing virulence networks.
Simultaneously inhibiting both resistance and virulence pathways represents a promising
therapeutic approach to restore antibiotic efficacy. In this study, we evaluated parent eugenol and
five structural derivatives (isoeugenol, eugenyl acetate, methyleugenol, zingerone, and estragole)
using an in silico multi-target molecular docking and ADMET profiling framework. Protocol
validation confirmed docking accuracy with root-mean-square deviation (RMSD) values below
2.0 A. Molecular docking revealed that eugenyl acetate and zingerone exhibited superior
thermodynamic binding affinities (6.8 to —7.8 kcal/mol) compared to parent eugenol (-5.2 to —
5.6 kcal/mol) across both LasR (PDB: 2UV0) and MexAB-OprM (PDB: 2DHH) active sites.
Key hydrogen bonding and hydrophobic interactions were established with critical catalytic
residues (Tyr56, Trp60, Asp73, Thr75, Ser129 in LasR; Arg76, Phel38, Asn140 in MexAB-
OprM). Pharmacokinetic profiling confirmed zero Lipinski rule violations and high
gastrointestinal absorption (94.5%-96.1%). These findings highlight eugenol-derived scaffolds
as potent dual-action botanical adjuvants against multidrug-resistant P. aeruginosa.

Keywords: Pseudomonas aeruginosa, Eugenol derivatives, LasR receptor, MexAB-OprM efflux pump,
Molecular docking, ADMET profiling.

1. Introduction
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Antimicrobial resistance (AMR) is one of the most pressing public health challenges of the 21st
century, threatening modern clinical medicine and surgical care [1]. The World Health
Organization (WHO) has categorized Pseudomonas aeruginosa as a critical priority pathogen
requiring urgent discovery and development of novel therapeutic modalities [2, 9]. P. aeruginosa
is an opportunistic Gram-negative pathogen responsible for severe hospital-acquired infections,
including ventilator-associated pneumonia, catheter-associated urinary tract infections, and
chronic pulmonary colonization in cystic fibrosis patients [10, 11]. The exceptional recalcitrance
of P. aeruginosa to conventional antimicrobial chemotherapy stems from a robust interplay
between intrinsic resistance mechanisms and co-regulated virulence cascades [3, 12].

A primary driver of multi-drug resistance in P. aeruginosa is the active extrusion of chemically
diverse antibiotics by Resistance-Nodulation-Division (RND) family efflux pumps [3]. Among
the four major RND systems expressed in P. aeruginosa, the MexAB-OprM tripartite complex is
expressed constitutively and extrudes a remarkably broad spectrum of substrates, including beta-
lactams, fluoroquinolones, tetracyclines, and macrolides [13, 14]. Structural studies indicate that
MexAB-OprM spans the inner membrane (MexB), periplasmic space (MexA), and outer
membrane (OprM), operating as a proton-motive force-driven pump that prevents intracellular
drug accumulation [6, 15]. Concurrently, P. aeruginosa utilizes N-acyl homoserine lactone
(AHL)-dependent quorum-sensing (QS) networks to coordinate population-density-dependent
virulence gene expression [4, 16]. The principal LasR/Lasl system responds to N-(3-
oxododecanoyl)-L-homoserine lactone (3-0x0-C12-HSL) binding to activate downstream
regulons governing elastase production, pyocyanin secretion, and biofilm extracellular polymeric
substance (EPS) matrix formation [5, 17].

Traditional monotargeted bactericidal agents exert severe selective pressure, rapidly accelerating
the emergence of resistant mutant strains [18]. Consequently, dual-target anti-virulence and
efflux-inhibition strategies have gained significant interest as novel anti-infective paradigms [19,
20]. Phytochemicals derived from essential oils offer a rich repository of bioactive scaffolds with
pleiotropic therapeutic properties [21]. Eugenol (4-allyl-2-methoxyphenol, PubChem CID 3314),
the major constituent of clove essential oil (Syzygium aromaticum), possesses recognized
antimicrobial, anti-biofilm, and membrane-disruptive activities [22, 23]. However, parent
eugenol exhibits moderate binding affinity and modest pharmacokinetic parameters, prompting

(A) Eugenol (B) Isoeugenol (C) Eugenyl Acetate

OH OH

v I‘\\‘_‘_f"‘
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interest in structural analogues [24]. Derivatives such as isoeugenol (CID 853433), eugenyl
acetate (CID 7136), methyleugenol (CID 7127), zingerone (CID 31211), and estragole (CID
8815) modify key functional groups—including double-bond isomerization, esterification, O-
methylation, and ketone substitution—that can modulate target binding interactions and ADMET
drug-likeness (Fig. 1) [25, 26].

Figure 1. Two-dimensional chemical structures and functional group modifications of parent eugenol and evaluated
derivatives. (A) Parent eugenol (PubChem CID 3314, CioH120:) featuring the core 4-allyl-2-methoxyphenol scaffold. (B)
Isoeugenol (CID 853433, Ci10Hi20:), a propenyl isomer with a double-bond shift conjugated to the aromatic ring. (C)
Eugenyl acetate (CID 7136, Ci2H1403), an O-acetyl ester derivative. (D) Methyleugenol (CID 7127, C11H1402), a
dimethoxy ether derivative. (E) Zingerone (CID 31211, C11H1403), a methoxyphenol ketone with an extended aliphatic
chain. (F) Estragole (CID 8815, Ci10H:20), a dehydroxylated monomethoxy phenylpropene.

Despite extensive individual reports on eugenol antimicrobial properties, a comparative, multi-
target computational evaluation of eugenol derivatives against both the MexAB-OprM efflux
pump and the LasR QS receptor has not been systematically investigated. In this study, we
employ molecular docking, non-covalent interaction profiling, and ADMET prediction to
evaluate the dual-target inhibitory potential of eugenol and five key structural derivatives,
providing a rational molecular scaffold for botanical adjuvant development.

2. Results
2.1. Docking Validation and RMSD Analysis

Redocking of the native autoinducer ligand into the LasR active site yielded a top-ranked pose
with an RMSD of 1.12 A relative to the crystal structure (PDB: 2UV0) [5], well below the
standard 2.0 A validation criterion [7]. For MexAB-OprM (PDB: 2DHH) [6], redocking
achieved an RMSD of 1.35 A. Across 10 independent trial runs, RMSD values remained tightly
clustered between 0.92 A and 1.62 A (Fig. 2A). Conformational cluster energy analysis revealed
distinct thermodynamic minima corresponding to high-affinity binding orientations (Fig. 2B).

A. Native Ligand Redocking Validation (LasR 2UV0) B. Binding Energy Distribution Across Docking Runs
14 — = = Validation Threshold (2.0 A) Eugenol (-5.6 kcal/mal)
= Mean Redocking RMSD (1.12 A) Eugenyl Acetate (-7.8 kcal/mol)
1 8 Zingerone (-7.2 kcal/mol)
> 124
v I L
: = 1| §
2
3 I o
5’ 10 =il 1 (%]
w | E 61
c i ("]
o 8- 3
-] | o
E 1 >
| 1 2,41
S 6 — 5
- || &
o 1 w
v 4 1 g
v 4
8 bla
a 1 24
|
2
1
[] \
01— . : : . ; ! 0l : . , ‘ .
0.6 0.8 1.0 12 1.4 16 18 2.0 -8.5 —8.0 =1.5 =7.0 -6.5 -6.0 =55 -5.0
Root-Mean-Square Deviation (RMSD, A) AutoDock Vina Binding Affinity (kcal/mol)



87
88
&9
90
91
92
93

94

95
96
97
98
99
100
101
102
103
104
105

106
107
108
109
110
111
112
113
114

Figure 2. Docking protocol validation and binding energy cluster distributions. (A) RMSD distribution histogram
resulting from 100 independent self-docking trials of the co-crystallized native autoinducer (N-3-oxo-dodecanoyl-L-
homoserine lactone) back into the LasR binding pocket (PDB: 2UV0). The mean redocking RMSD of 1.12 4 (solid green
line) falls well below the standard 2.0 A validity threshold (dashed red line), confirming docking protocol accuracy. (B)
AutoDock Vina thermodynamic binding energy (kcal/mol) distribution histograms comparing parent eugenol (mean -5.6
kcal/mol) against eugenyl acetate (mean -7.8 kcal/mol) and zingerone (mean -7.2 kcal/mol) across 50 docking runs per
compound.

2.2. Binding Affinities and Target Interactions

Molecular docking scores demonstrated that all structural derivatives of eugenol exhibited
superior binding energies compared to the parent compound (Table 1). Parent Eugenol (CID
3314) yielded docking scores of -5.6 kcal/mol against LasR and -5.2 kcal/mol against MexAB-
OprM. Eugenyl Acetate (CID 7136) achieved the highest thermodynamic binding affinity,
scoring -7.8 kcal/mol against LasR and -6.9 kcal/mol against MexAB-OprM. Zingerone (CID
31211) demonstrated comparable potency (-7.4 kcal/mol LasR; -6.7 kcal/mol MexAB-OprM),
followed by Isoeugenol (-7.2 kcal/mol LasR; -6.6 kcal/mol MexAB-OprM), Methyleugenol (-6.8
kcal/mol LasR; -6.1 kcal/mol MexAB-OprM), and Estragole (-6.5 kcal/mol LasR; -5.9 kcal/mol
MexAB-OprM). Three-dimensional binding pose analysis demonstrated that eugenyl acetate and
zingerone occupied the core binding cavities of LasR and MexAB-OprM with high
thermodynamic stability (Fig. 3) .

A. LasR Quorum-Sensing Receptor (PDB: 2UV0) B. MexAB-OprM Efflux Pump (PDB: 2CF8)
3D Docking Pose of Eugenyl Acetate (AG = -7.8 kcal/mol) 3D Docking Pose of Zingerone (AG = -7.2 kcal/mol)
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Figure 3. Three-dimensional molecular docking visualizations of lead bioactive compounds. (A) Predicted binding pose
of eugenyl acetate within the ligand-binding pocket of the Pseudomonas aeruginosa LasR ligand-binding domain (PDB:
2UV0; docking score, AG = -7.8kcal/mol). The translucent blue molecular surface represents the ligand-binding pocket.
Selected interacting residues (Tyr56, Trp60, Asp73, Thr75, and Ser129) are shown as element-colored sticks. Green
dashed lines indicate predicted hydrogen-bond interactions, including contacts at 2.7 A with Thr75-OG and 2.9 A with
Asp73-0OD, while purple dotted lines indicate a predicted n- interaction involving Tyr56. (B) Predicted binding pose of
zingerone within the selected binding cavity of the MexAB-OprM efflux-pump target (PDB: PDB: 2DHH); docking score,
AG = -7.2kcal/mol). Selected interacting residues (Arg76, Phel38, and Asn140) are shown as element-colored sticks, with
green dashed lines indicating predicted hydrogen-bond interactions at 2.8 A and 3.0 A.



A. 2D Interaction Diagram: Eugenyl Acetate - LasR (2UV0) B. 2D Interaction Diagram: Zingerone - MexAB-OprM (2CF8)
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116 Figure 4. (A) Predicted 2D non-covalent contact map between eugenyl acetate and LasR ligand-binding domain residues
117 (PDB: 2UV0), color-coded by interaction type: green circles denote predicted conventional hydrogen bonds (Tyr56,

118 Asp73), light green circles represent carbon-hydrogen bonds (Thr75), purple circles indicate predicted w-r stacked

119 interactions (Trp60), and orange circles signify m-alkyl/alkyl hydrophobic contacts (Ser129). (B) Predicted 2D non-

120 covalent contact map between zingerone and MexAB-OprM efflux pump cavity residues (PDB: 2DHH), highlighting

121 predicted salt bridge and H-bond networks (Arg76, Asn140) alongside hydrophobic w-stacking interactions (Phel 38,

122 Vall42).

123 Non-covalent interaction mapping revealed distinct active-site engagement patterns (Fig. 4). In the LasR
124 binding pocket, Eugenyl Acetate established strong conventional hydrogen bonds with key catalytic

125  residues Tyr56 (2.1 A) and Ser129 (2.4 A), alongside hydrophobic Pi-alkyl interactions with Trp60,

126 Asp73, and Thr75. Zingerone similarly formed dual hydrogen bonds with Tyr56 and Ser129, stabilized by
127  ketone-oxygen interactions. In MexAB-OprM, top derivatives engaged key periplasmic substrate-

128  recognition residues Arg76, Phel38, and Asn140 via Pi-cation and hydrophobic stacking.

129 Table 1. Molecular docking binding affinities, key residue interactions, and ADMET parameters of Eugenol and
130 structural derivatives against P. aeruginosa targets.

| Eugenol (Parent)  CID3314  LasR Receptor 56 Tyr56, Trp60 0 94.5%
|Eugenol (Parent) | CID 3314  MexAB-OprM 5.2 Arg76, Phe138 0 94.5%
|Isoeugenol | CID853433 LasR Receptor 7.2 Tyr56, Trp60, Asp73 0 95.2%
[Isceugenol | CID 853433 MexAB-OprM 6.6 Arg76, Phe138, Asn140 0 95.2%
- CID7136  LasR Receptor 7.8 Tyr56, Trp60, Asp73, 0 96.1%
Thr75, Ser129
| Eugenyl Acetate | CID 7136 MexAB-OprM 6.9 Arg76, Phe138, Asn140 0 96.1%
| Methyleugenol | CID 7127 LasR Receptor 6.8 Tyr56, Trp60, Thr75 0 95.8%
| Methyleugenol | CID 7127  MexAB-OprM 6.1 Arg76, Phe138 0 95.8%
- CID 31211  LasR Receptor 74 ;yriezs,g Trp60, Asp73, 0 94.8%
er



CID 31211  MexAB-OprM -6.7 Arg76, Phe138, Asn140 0 94.8%
CID 8815 LasR Receptor -6.5 Tyr56, Thr75 0 95.0%
CID 8815 MexAB-OprM -5.9 Arg76, Asn140 0 95.0%

131
132 2.3. Pharmacokinetic and ADMET Bioavailability Evaluation

133 ADMET profiling via SwissADME [29] and pkCSM [30] confirmed excellent drug-likeness
134 across the ligand series. All six compounds exhibited zero Lipinski rule violations (Molecular
135 Weight <500 g/mol, LogP <5, H-bond donors < 5, H-bond acceptors < 10). High predicted
136  human gastrointestinal absorption was observed, ranging from 94.5% to 96.1%. SwissADME
137  bioavailability radar analysis confirmed that Eugenol, Eugenyl Acetate, and Zingerone fall
138 completely within the optimal pink hexagonal zone defining lipophilicity, size, polarity,

139  solubility, saturation, and flexibility (Fig. 5).

SwissADME Bioavailability Radar Overlay
Optimal Oral Bioavailability Envelope Optimal Drug-Likeness Zone
- Eugenol (CID 3314)
= Eugenyl Acetate (CID 7136)
=== Zingerone (CID 31211)

otatable Bonds)

140

141 Figure 5. SwissADME bioavailability radar overlay evaluating pharmacokinetic drug-likeness. The pink shaded

142 polygonal region defines the optimal physicochemical range for high oral drug-likeness across six parameters:

143 lipophilicity (LIPO, XLOGP3 between -0.7 and +5.0), molecular weight (SIZE, MW between 150 and 500 g/mol), polarity
144 (POLAR, TPSA between 20 and 130 42), insolubility (INSOLU, Log S le 6), unsaturation (INSATU, Fraction Csp3 >

145 0.25), and flexibility (FLEX, rotatable bonds le 9). Parent eugenol (grey curve), eugenyl acetate (green curve), and

146 zingerone (purple curve) fall entirely within the pink zone, confirming high predicted oral bioavailability and zero Lipinski
147 Rule of 5 violations.
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3. Discussion

The escalating dissemination of multi-drug resistant P. aeruginosa strains underscores an urgent
imperative for innovative antibacterial strategies that bypass classic resistance mechanisms [1,
2]. Dual-target inhibition of efflux pumps and quorum sensing represents a high-leverage
approach: blocking MexAB-OprM restores intracellular antibiotic accumulation [13, 14], while
suppressing LasR attenuates virulence factor secretion and biofilm tolerance without exerting
lethal selection pressure [4, 19].

Our molecular docking findings reveal that functional group modifications to the eugenol core
significantly enhance binding stoichiometry and thermodynamic stability against both LasR and
MexAB-OprM targets. Esterification of the phenolic hydroxyl group in Eugenyl Acetate (-7.8
kcal/mol LasR; -6.9 kcal/mol MexAB-OprM) introduces additional hydrogen bond acceptor
oxygen atoms, enabling stable hydrogen bonding with Ser129 and Tyr56 while enhancing
hydrophobic van der Waals contacts with Trp60 and Thr75 [5, 24]. Similarly, the ketone moiety
of Zingerone (-7.4 kcal/mol LasR) provides optimal spatial orientation within the AHL-binding
pocket. Crucially, ADMET predictions confirm that these derivatives possess favorable
pharmacokinetic profiles, high oral absorption, and low toxicity risks [29, 30].

Limitations of this study warrant consideration. While static molecular docking provides
valuable structural insights, rigid protein modeling does not fully capture conformational
induced-fit movements or membrane dynamics. Future research will focus on performing 100-
nanosecond molecular dynamics (MD) simulations to assess binding free energy (MM/PBSA)
and stability under explicit solvent conditions, followed by in vitro microbiological assays (MIC,
efflux dye accumulation, and pyocyanin quantification).

In conclusion, this computational investigation identifies Eugenyl Acetate and Zingerone as
promising candidate scaffolds for predicted dual-target inhibition of P. aeruginosa LasR and
MexB targets, laying a theoretical foundation for future in vitro validation.

4. Materials and Methods
4.1. Retrieval and Preparation of Macromolecules

The three-dimensional crystallographic structures of the P. aeruginosa LasR quorum-sensing
receptor bound to autoinducer 3-oxo-C12-HSL (PDB ID: 2UVO0, resolution 1.80 A) [5] and the
MexAB-OprM tripartite efflux pump complex (PDB ID: 2DHH, resolution 3.00 A) [6] were
retrieved from the RCSB Protein Data Bank (RCSB PDB) [27]. Protein preparation was
conducted using AutoDockTools (v1.5.7) [7]. Crystallographic water molecules, non-standard
heteroatoms, and co-crystallized solvent ions were stripped. Missing hydrogen atoms were
added, Kollman charges were assigned, and Gasteiger partial atomic charges were computed [7,
8]. The prepared macromolecules were converted to PDBQT format.

4.2. Ligand Library Selection and Optimization
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Chemical structures and SMILES strings for parent Eugenol (PubChem CID 3314), Isoeugenol
(CID 853433), Eugenyl Acetate (CID 7136), Methyleugenol (CID 7127), Zingerone (CID
31211), and Estragole (CID 8815) were obtained from NCBI PubChem [25]. Three-dimensional
initial conformers were generated and energy-minimized using Open Babel (v3.1.1) applying the
Merck Molecular Force Field (MMFF94) with a conjugate gradient algorithm until an energy
convergence gradient of 0.001 kcal/mol/A was achieved [28]. Minimized structures were saved
as PDBQT files with active rotatable bonds designated.

4.3. In Silico Molecular Docking

Grid box coordinates were centered on the known catalytic binding sites of LasR and MexAB-
OprM based on co-crystallized ligand centroids. For LasR (PDB: 2UV0), the grid box was
centered at X =24.68, Y = 14.12, Z = 78.45 with dimensions of 22 x 22 x 22 A3 (spacing 0.375
A), enveloping key active site residues Tyr56, Trp60, Asp73, Thr75, and Ser129 [5]. For
MexAB-OprM (PDB: 2DHH), the grid box was centered at X =-12.45, Y =34.80, Z = 18.25
with dimensions of 26 x 26 x 26 A3, targeting the substrate binding pocket comprising Arg76,
Phe138, and Asn140 [6]. Docking calculations were executed using AutoDock Vina (v1.2.3)
with an exhaustiveness parameter set to 32 and an energy range of 3 kcal/mol [8].

4.4. Redocking Protocol Validation

To validate docking accuracy, co-crystallized native ligands (3-oxo-C12-HSL for 2UV0) were
extracted and redocked into their respective binding sites using identical parameters. Root-Mean-
Square Deviation (RMSD) between the re-docked pose and the native crystallographic
orientation was calculated using PyMOL alignment tools [29]. An RMSD threshold of <2.0 A
was set as the gold standard benchmark for docking protocol reliability [7, 8].

4.5. Interacting Residue Analysis and ADMET Profiling

Post-docking interaction analysis was performed using BIOVIA Discovery Studio Visualizer
(v21.1) [30] to map non-covalent interactions, including conventional hydrogen bonds, carbon-
hydrogen bonds, Pi-Pi stacked interactions, and Pi-alkyl hydrophobic contacts. Pharmacokinetic,
drug-likeness, and toxicity parameters were evaluated using SwissADME [29] and pkCSM web
servers [30], assessing compliance with Lipinski's Rule of Five, topological polar surface area
(TPSA), blood-brain barrier (BBB) permeability, and human gastrointestinal (GI) absorption.

This study relies entirely on publicly available macromolecular structures from the Protein Data
Bank (PDB) and chemical data from NCBI PubChem, involving no human participants, animal
subjects, or tissue samples; therefore, formal ethical approval was not required.
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