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Cassia occidentalis L. is widely used in indigenous and traditional medicine, but its impact on multi-drug
resistant (MDR) bacterial infections mostly remains unknown. Therefore, this study aimed to evaluate the
in vitro antibacterial efficiency of methanol and ethyl acetate extracts of C. occidentalis L. leaves (MECOL
and EAECOL) against multi-drug resistant Pseudomonas aeruginosa and to identify potential antibacterial
agents through computational studies targeting the LasR protein. Initially, 82 compounds were identified
using GC-MS analysis, and the functional groups were determined through FT-IR analysis. Both extracts
of the plant exhibited dose-dependent antibacterial activity, with MICs of 104.16 + 36.08 ng mL™* for
MECOL and 83.33 + 36.08 pg mL™! for EAECOL, and an MBC of 125 ng mL™. Among the 82
compounds, 12 potential compounds were identified based on binding scores using molecular docking
with the LasR protein and MM-GBSA analysis. Furthermore, screening for ADME properties, including
physicochemical features, water solubility, lipophilicity, RO5 compliance, and toxicity, identified the top
three compounds: methyl dihydrojasmonate, methyl benzoate, and 4a-methyl-4,43,5,6,7,8-hexahydro-
2(3H)-naphthalenone, which also demonstrated binding affinity with the active site residues of the LpxC

protein of the bacteria. Additionally, molecular dynamics (MD) simulations confirmed the binding
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Accepted 11th September 2023 reliability of these three phytochemicals to LasR's active pocket, comparable to the protein native

inhibitory ligands (C12-HSL). The study offers scientific support for the traditional use of C. occidentalis
DOI: 10.1035/d3ra03923d in treating bacterial infections, highlighting the potential of the three compounds as leads for developing

rsc.li/rsc-advances LasR inhibitors to combat multi-drug resistant P. aeruginosa.

they have developed resistance against current antibiotics by
altering metabolic pathways for survival and persistence." The
bacteria are classified as a top priority by the World Health
Organization for innovative therapeutic approaches, and it is
a key concern, according to the U.S. Centers for Disease
Control.”> The bacteria cause infections with high mortality rates
(up to 61%), posing significant challenges worldwide, especially

Introduction

One of the significant biomedical challenges today is devel-
oping effective disease-modifying treatments for multidrug-
resistant (MDR) bacteria. These MDR pathogens pose a persis-
tent threat to public health and human well-being. Among
them, P. aeruginosa infections are particularly concerning, as
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in intensive care and burn units.** Nosocomial infections are
a significant concern, occurring after hospitalization, and P.
aeruginosa is known to colonize medical equipment, urinary
catheters, and endotracheal tubes.® The bacteria's infectivity,
virulence, and pathogenicity, driven by Quorum Sensing (QS),
allow it to function as a unified entity, making it challenging to
eradicate even during antimicrobial treatment.®’

The QS systems are encoded by bacterial lasR/lasI and rhlR/
rhil genes.® The lasI gene encodes Lasl, responsible for N-3-oxo-
dodecanoyl homoserine lactone (30C12-HSL) synthesis, a QS
signaling factor. Similarly, rhil gene translates RhlI, which
secretes N-butyryl-.-homoserine lactone (C4-HSL), another QS
influencer. These genes also code for the receptors LasR and
RhIR, forming complexes that influence biofilm development,
virulence, and pathogenicity.”** Inhibiting the LasR receptor
may prevent P. aeruginosa's virulence and invasiveness, sup-
ported by the reduction of virulence in LasR mutants and the
suppression of biofilm production by sitagliptin, a medication
used for type 2 diabetes (T2D)."

P. aeruginosa's multidrug resistance is driving interest in
alternative antimicrobial sources with minimal side effects.
Natural plant products, with their diverse structures and mul-
titarget functionality, show promise as potential antibacterial
agents.">'* Medicinal plants contain bioactive phytochemicals
with clinical value, and bacteria do not easily develop resistance
to them.">'® For instance, plant-based antibacterial compounds
like coumarins demonstrate high activity against Staphylococcus
aureus.”” Berberine exhibits potent antibacterial activity against
Gram-positive bacteria, including Mycobacterium tuberculosis
and methicillin-resistant Staphylococcus aureus.*®* Plumbagin
acts as a growth inhibitor for Escherichia coli, Enterobacter aer-
ogenes, and Klebsiella pneumoniae.”® C. occidentalis L., an eth-
nomedicinal herb, has been extensively used in traditional
medicine for various ailments.?® It exhibits antibacterial, anti-
fungal, antioxidant, hepatoprotective, and other activities due
to its rich phytochemical content.***

The antibacterial activity of the plant C. occidentalis L. and its
compounds against MDR bacteria remains undiscovered.
Therefore, the study aims to explore the antibacterial potential
and pharmacological properties of C. occidentalis L. phyto-
chemicals, specifically targeting P. aeruginosa's virulence and
pathogenicity through biofilm formation. This comprehensive
approach involves in vitro testing, in silico evaluation of phar-
macokinetics, toxicity, and drug properties, as well as molecular
dynamics simulations to validate lead compounds. The
research findings are expected to contribute valuable insights
into the potential therapeutic use of C. occidentalis L. leaves
against P. aeruginosa and aid in the development of novel
treatment strategies for MDR-related infections.

Materials and methods
Chemicals and reagents

Chemicals were sourced from various suppliers: Mayer's and
Fehling's solutions obtained from Central Drug House (P) Ltd.,
pyridine (CAS: 110-86-1) and chloroform (CAS: 67-66-3) from Alfa
Aesar, glacial acetic acid from PanReac AppliChem (CAS: 64-19-7),
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and erythromycin antibiotic discs from Bio-Rad, USA. Addition-
ally, NaCl, H,0,, NaOH from Wako Pure Chemicals Industries,
Ltd., and nutrient broth and nutrient agar media from Liofilchem,
Italy. Ethyl acetate (CAS: 141-78-6), methanol, HCI (CAS: 7647-01-
0), CuSO4 (CAS: 7758-99-8), H,SO, (CAS: 7664-93-9), dimethyl
sulfoxide (CAS: 67-68-5), ferric chloride (CAS: 10025-77-1), lead
acetate (CAS: 6080-56-4), and sodium nitroprusside (CAS: 13755-
38-9) were purchased from Merck, Darmstadt, Germany.

Plant collection

In January 2022, C. occidentalis L. leaves were collected from
Churamonkathi, Jashore district, Bangladesh (latitude
23.2238° N, longitude 89.1646° W). The herb's authenticity was
verified by Dr Sardar Nasiruddin, a taxonomist at the National
Herbarium in Dhaka, Bangladesh. Collected leaves were
washed, air-dried at room temperature (~25 °C), and ground
into powder, then stored in an airtight container.?

Plant extract preparation

Phytoextracts from C. occidentalis L. leaves were obtained
following standard procedures described by Rahman et al
2020.** The powdered plant material (100 g) was divided into
two 1-liter conical flasks, one with 400 mL of methanol and the
other with 400 mL of ethyl acetate. After 72 hours of shaking at
250 rotations per minute and 37 °C, the mixture was filtered
using sterile cotton mesh and Whatman filter paper (number 1).
The concentrated crude extracts were stored in sterilized tubes
at 4 °C, yielding 5.5 g (dry weight, 5.5% w/w) of crude methanol
extract and 5.77 g (dry weight, 5.77% w/w) of crude ethyl acetate
extract from each 100 g of powdered plant material.

Qualitative phytochemical screening

Qualitative analysis of phytochemicals in MECOL and EAECOL
solutions was conducted using previously methods describe by
Rahman et al. 2023.>* To detect phenolic compounds (flavo-
noids and tannins), alkaline reagents, FeCls, and Pb(OAc), were
employed. Alkaline reagent tests involved dropwise addition of
MECOL and EAECOL solutions to NaOH (5%), followed by the
addition of 10% HCI solution resulting in color disappearance.
FeCl; (5%) solution was added to MECOL and EAECOL solu-
tions (10 mg mL "), producing a reddish-black color.?® For
tannin detection, 10 mg of MECOL and EAECOL were mixed
with chloroform, and 10% conc. Pb(OAc), was added. The
steroids test showed a dark-black color on the bottom surface.
Mayer's test involved dissolving 25 mg of MECOL and EAECOL
in 10 mL of aqueous HCI (1%) and adding Mayer's reagent.
Legal tests were conducted to identify cardiac glycosides using
pyridine, nitroprusside, and sodium hydroxide solution.*® Feh-
ling's assay was used to detect reducing sugars. Foaming and
frothing assays were performed to test for the presence of
saponin in MECOL and EAECOL solutions.

Gas chromatography-mass spectrometry (GC-MS) analysis

The GC-MS analysis followed a previously disclosed method-
ology described with slight modifications.”” Shimadzu triple-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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quad GCMS-TQ8040 was used to detect phytochemicals in
MECOL and EAECOL. Helium gas was used as the mobile
phase, and a Rtx-5MS capillary column (30 m 0.25 mm id, film
thickness of 0.25 m) was used as the stationary phase. The
column oven temperature was adjusted using dedicated soft-
ware. The sample injector temperature was maintained at 250 °©
C for a 40 minute run in splitless mode. The instrument settings
included a continuous stream frequency of 1 mL min~"', an
interface temperature of 250 °C, an ion source temperature of
230 °C, a scanning range of 50-600 m/z, and an ionization
energy of 70 eV with a scan period of 0.3 s. Phytochemicals were
identified by contrasting retention time and spectral patterns,
and matches were made to the National Institute of Standards
and Technology database (NIST) for specific content (%) esti-
mation in MECOL and EAECOL.

FT-IR spectroscopic analysis

FT-IR analysis of MECOL and EAECOL followed a previously
established method by He et al., (2020).® Phytoconstituents
were loaded as KBr pellets in the FT-IR sample chamber, and
the infrared spectra were obtained in the range of 4500 to

400 cm ™! with a resolution of 4 cm ™.

Bacterial strains collection

A glycerol stock of a multidrug-resistant P. aeruginosa bacterial
strain (Gene Bank Accession Number: OK355439) was collected
from the Department of Biotechnology and Genetic Engi-
neering, Islamic University, Kushtia, Bangladesh. This strain
was isolated from medical center drainage water and tested for
antibiotic susceptibility against various antibiotics, showing
multiple antibiotic resistance.*

Agar-well diffusion and disc diffusion assay

The antibacterial potential of MECOL and EAECOL was evalu-
ated using agar-well diffusion and disc diffusion techniques
against frozen MDR P. aeruginosa stock. Bacterial colonies were
grown on LB agar and a confined colony of the bacteria was
inoculated into 25 mL of LB broth and cultured for bacterial
growth at 37 °C with constant agitation at 250 rpm, until the
exponential phase of optical density (OD) reached 0.4 at 600 nm
wavelength, as measured using a UV-spectrophotometer. Four
wells were made in each LB agar Petri plate containing bacterial
culture. Serial dilutions of MECOL and EAECOL (500 pug mL ™)
were added to wells. Erythromycin discs served as the standard
and the discs of erythromycin in the center of the Petri plates
were used as a negative control. Discs with various extract
concentrations were placed on the agar plate. Blank discs with
DMSO were used as a negative control. Zones of inhibition were
measured after incubation at 37 °C for 16 hours, and the
experiment was performed in triplicate.

MIC and MBC analysis

The MIC and MBC of MECOL and EAECOL were determined
using a doubled serial dilution scheme. Stock solutions of
MECOL and EAECOL (500 pg mL ") were diluted with LB broth

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to concentrations of 250, 125, and 62.5 pg mL ™. Bacterial
samples were added to each tube and incubated at 37 °C for 24
hours. The lowest concentration preventing visible bacterial
growth was identified as MIC. For MBC, cultures were sub-
cultured on LB agar and incubated for 16 hours at 37 °C. The
lowest concentration without visible bacterial growth on the
agar plate was recorded as MBC. The experiments were con-
ducted thrice for accuracy.

Retrieval and preparation of protein structure

The 3D X-ray crystallographic structures of the biofilm-forming
LasR (PDB: 31X3) and lipid A biosynthesis protein LpxC (PDB:
2ves) with their native ligands (C12-HSL and BB-78485,
respectively) were obtained from the RCSB-PDB.*** The resolu-
tion of LasR and LpxC structures was determined to be 1.40 A
and 1.90 A, respectively. Protein preparation was performed
using the Schrodinger protein preparation wizard (version 2020-
3), including bond order assignment, creation of zero-order
bonds for metals, addition of disulfide bonds, and removal of
water molecules.?* The protein structures were further refined,
and energy minimized using the OPLS-3e force field.*

Compounds preparation

In the GC-MS analysis, a total of 82 different phytochemicals
were identified, with seven being identical in both MECOL and
EAECOL extracts. The 3D structures of these phytochemicals
were retrieved from the PubChem database and processed using
the Ligprep wizard in the Maestro Schrodinger suite.** High-
energy ionization states of the ligand molecules were mini-
mized at pH 7.0 using Epik version 5.3. The OPLS3e force field
was applied to identify potential chiral centers and generate
potential stereoisomers, followed by another minimization step.

Molecular docking

Natural phytochemicals identified through GS-MS were analyzed
for protein-ligand binding scores using extra precision (XP)
molecular docking with LasR. The Glide package in Glide v-8.8
and Maestro v-12.5.139 programs were utilized to assess the
best binding scores between the phytochemicals and target
proteins.**** Docking was performed in the standard precision
mode with the OPLS3e force field. Binding positions of reference
native inhibitor ligands, C12-HSL, and BB-78485-binding residues
in LasR and LpxC active sites, respectively, were determined, and
grid boxes were created accordingly. The center coordinates of the
grid box were X = 7.25, Y = 2.53, Z = 33.1, X = 9.55, Y = 3.83, Z =
29.1 LasR and LpxC, respectively that determines the area where
the ligand docking calculations were taken place. XP molecular
docking simulations were conducted on the two proteins with 82
phytochemicals and native ligands, and from these simulations,
target proteins and ligand-binding energy were extracted.

Molecular mechanics-generalized born surface area (MM-
GBSA) analysis

In this study, a MM-GBSA analysis was conducted using the
Prime MM-GBSA program package to estimate the binding-free
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energy of ligands and validate the docking process between the
LasR protein and ligands. The analysis considered negative
MM-GBSA AG bind (NS), AG bind Coulomb (Coulomb energy),
AG bind H-bond (hydrogen bond energy), AG bind lipo (lip-
ophilicity energy), and AG bind vdW (van der Waals interaction
energy) for the 12 highest-interacting ligands and the native
ligand of the LasR protein.*>*® These features, representing
energy contributions from different terms in the energy
expression, provide valuable information on ligand, receptor,
and complex structures, as well as energy differences related to
strain and binding.

Pharmacokinetics (PK) and toxicity (T) analysis

In drug development, investigating absorption, distribution,
metabolism, and excretion (ADME), properties including phys-
icochemical properties, lipophilicity, water solubility, drug-
likeness, and synthetic accessibility helps identify potential
druggable compounds.” We analyzed the top twelve phyto-
ligand molecules with docking scores below five and MM-
GBSA profile. To predict the PK properties, we used the Swis-
SADME server (https://www.swissadme.ch/) with the SMILES
format data of these molecules.’” Additionally, we assessed
toxicity using the ProTox-Il web server (https://tox-
new.charite.de/).*®

Molecular dynamics (MD) simulation

To assess protein-ligand interaction stability, a 100 ns MD
simulation was conducted for the complex structures using
“Desmond v6.3 Program” in Schrodinger 2020-3 on Linux. The
simulation focused on LasR-phytocompound complex with
a TIP3P water model. An orthorhombic box with 10 A distance
from the center maintained a specific volume, and Na+ and Cl-
ions were added to neutralize the system (0.15 M salt concen-
tration). OPLS3e force field was applied.* The complex system
was minimized under isothermal-isobaric (NPT) ensemble
(pressure of 101325 pascals and temperature of 300 K). Stability
and dynamic characteristics were analyzed using RMSD, RMSF,
rGyr, and SASA values.

Statistical analysis

The antibacterial activity test results, performed at varying
extract concentrations, were presented as the mean =+ standard
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deviation (STD) of three independent replicates. The statistical
analysis comprised one-way ANOVA conducted using Origin
Lab 2018 software and Bonferroni's and Tukey's post hoc tests.
Significance levels were indicated as *p < 0.05 and **p < 0.01.

Results
Phytochemical screening

Phytochemical screening of C. occidentalis L. leaves revealed the
presence of various compounds using standard color change
methods listed in Table 1 and part of plant as well as primary
phytochemical represented in Fig. S1 and S2.1 Both MECOL and
EAECOL showed light-yellow coloration with 5% NaOH, which
faded to colorless with the addition of 10% HCI, indicating the
presence of flavonoids.

Tannins were detected by the greenish-black coloration after
treatment with 5% FeCl; and the formation of a grey-white
precipitate with lead acetate. Terpenoids were confirmed by
Salkowski's test, showing a light-yellow layer in the lower phase
and a brown layer at the upper interface. Steroids were indi-
cated by a deep brown layer in the lower phase and a light-
yellow layer in the upper phase of Salkowski's test. Alkaloids
were absent as Mayer's test did not produce creamy-white
precipitation. Legal's test showed a blood-red color, confirm-
ing the presence of cardiac glycosides. Reducing sugars were
detected with Fehling's test, resulting in a deep green and
yellow-lime precipitation. Saponins were present, demonstrated
by the 10 minute foaming stability in the foaming and frothing
experiments.

FT-IR analysis

FT-IR analysis of MECOL and EAECOL detected various func-
tional groups. Peaks in the spectrum indicated the presence of
specific bonds and functional groups listed in Table 2 and
shown in Fig. 3.1 MECOL exhibited peaks at 3700-3000 cm "
and 1178.56, 2921.32, 2849.95, 1742.76, 1632.81, 1463.07-
1383.96, and 418.57 cm ™', indicating the presence of carboxylic
acids, aliphatic hydrocarbons, aldehydes, aldehydes/esters,
alkenes, alkanes, and alkyl halides.

EAECOL showed peaks at 3700-3000 cm™ ' and 1178.56,
2924.21, 2853.81, 1712.86, 1639.56, 1629.92, 1510.33, 1460.18,
and 1384.95, 1401.34 and 839.07, 1071.50, 839.07, 721.41,

Table 1 Preliminary phytochemical screening of MECOL and EAECOL. The evaluation of phytochemicals from C. occidentalis L. leaves was

performed using standard color change methods. “+" indicates the presence of a phytochemical, and "—" indicates its absence

Test name Observation MECOL EAECOL Phytochemical nature
Alkaline Colorless solution + + Phenolic (flavonoid)
Ferric chloride Greenish-black coloration + + Phenolic (tannins)
Lead acetate Grey-white precipitation + + Phenolic (tannins)
Salkowski's Brown layer at upper interface + + Terpenoids
Salkowski's Blackish layer in the bottom face + + Steroids

Mayer's Creamy-colored precipitation absent - - Absence of alkaloids
Legal's Blood-red color + + Cardiac glycosides
Foaming Foam formation + + Saponins

Fehling Yellow-lime precipitation + + Reducing sugar

28776 | RSC Adv, 2023, 13, 28773-28784
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Table 2 FT-IR spectral analysis of MECOL and EAECOL. The characteristic peak position in the spectrum usually corresponds to the vibrational

mode of a particular bond

Extract Wavelength (cm ') Peak intensity Functional group

MECOL 3700-3000 Broad Carboxylic acids (O-H stretch)
2921.32 Weak Aliphatic hydrocarbon (C-H stretch)
2849.95 Weak Aldehyde (C-H stretch)
1742.76 Weak Aldehyde or ester (C=O0 stretch)
1632.81 Strong Aromatic alkene (C=C stretch)
1463.07 Weak Alkane (-CH3- bend)
1383.96 Medium Alkane (-CH3- bend)
418.57 Weak Alkyl halide (C-X)

EAECOL 3700-3000 Broad Carboxylic acids (O-H stretch)
2924.21 Weak Aliphatic hydrocarbon (C-H stretch)
2853.81 Weak Aldehyde (C-H stretch)
1712.86 Medium Aldehyde or ketone (C=0 stretch)
1639.56 Strong Alkene (C=C stretch)
1629.92 Strong Primary or secondary amine (N-H bend)
1510.33 Weak Nitro (N=0 stretch)
1460.18 Medium Alkane (-CH3- bend)
1401.34 Medium Aldehyde/alkane (C-H bend)
1384.95 Medium Alkane (-CH;- bend)
1178.56 Weak Carboxylic acids (C-O stretch)
1071.5 Weak Alcohol/phenol (O-H stretch)
839.07 Weak Aldehyde/alkane (C-H stretch)
721.41 Weak Alkyl halide (C-Cl)
517.91 Weak Alkyl halide (C-X)

517.91-419.57 cm ', indicating the presence of carboxylic

acids, aliphatic hydrocarbons, aldehydes, aldehyde/ketone,
alkene, primary or secondary amine, nitro, alkane, aldehyde/
alkane, alcohol/phenol, alkyl chloride, and alkyl halide. A
major peak at 1632 and 1639 cm ' indicated the presence of
aromatic C=C bonds. The broad peak at 3700-3000 cm ™ may
arise from the hydroxyl group (O-H stretch) of carboxylic acids.
A trace of carbonyl (C=0) bond for aldehydes and esters was
found at around 1742 cm ™" in methanol extract and 1712 cm ™"
in ethyl acetate extract.

GC-MS analysis of MECOL and EAECOL

MECOL and EAECOL exhibited 46 and 43 peaks respectively in
their GC-MS chromatograms shown in Fig. 1(A) and (B). Each
peak represented a distinct phytochemical, and we estimated
their relative percentage amounts based on average peak areas
compared to total areas with retention time (RT) provided in
Tables S1 and S2.t

These peaks indicated the presence of specific phytochemi-
cals with unique identities, dependent on their chemical
formula, and structure. The phytochemical composition of
MECOL consisted of alkane, alcohol, alkene, steroid, terpene,
amide, ester, ether, ketone, tocopherols, and phenol, with the
major compounds being stigmasterol, 13-docosenamide, neo-
phytadiene, phytol, tetrapentacontane, 1-hexadecanol, and 9-
octadecene (Table S1t). Similarly, the phytochemicals identified
in EAECOL included esters, carbohydrates, carbonyl compounds,
amide, terpenoids, alkane, steroids, alcohol, ketone, phenol, and
alkyne, with the primary constituents being esters such as 6-
octadecenoic acid and hexadecanoic acid, along with 3-O-methyl-
p-glucose and 13-docosenamide (Table S2t). Notably, both

© 2023 The Author(s). Published by the Royal Society of Chemistry

MECOL and EAECOL shared seven common phytochemicals
(Table S3t) as identified through GC-MS analysis.

Antibacterial activity of C. occidentalis L. leaves extracts

In this study, we investigated the antibacterial potential of
MECOL and EAECOL against multi-drug-resistant P. aeruginosa.
The agar well diffusion and disc diffusion assays were con-
ducted using various concentrations of MECOL and EAECOL
(ranging from 62.55 to 500 pg mL™").

Our results demonstrated that both MECOL and EAECOL
inhibited the proliferation of MDR P. aeruginosa, as evidenced by
inhibition zones ranging from 9.33 £ 0.57 to 17.33 & 0.57 mm for
MECOL and 13.66 %+ 0.57 to 17.66 £ 0.57 mm for EAECOL in the
agar well diffusion assay represented in Fig. 2(A), (C) and (E).
Similarly, in the disc diffusion assay, inhibition zones ranged
from 7.33 & 1 to 15.33 £ 0.57 mm for MECOL and 12 + 1 to 16.66
+ 0.57 mm for EAECOL shown in Fig. 2(B), (D), and (F).
Comparing the two compounds, EAECOL exhibited superior
antimicrobial activity against P. aeruginosa in both the agar well
diffusion and disc diffusion assays. Interestingly, erythromycin,
a conventional antibiotic, showed no antibacterial activity against
MDR P. aeruginosa, which had previously been confirmed to be
resistant to erythromycin. The Minimum Inhibitory Concentra-
tion (MIC) values for MECOL and EAECOL were determined to be
104.16 + 36.08 ug mL ™" and 83.33 & 36.08 ug mL ™", respectively,
while the Minimum Bactericidal Concentration (MBC) was found
to be 125 ug mL " for both compounds presented in Fig. S4.t
However, to achieve complete bacterial eradication, a higher
concentration of MECOL and EAECOL was required compared to
the concentration that inhibited visible bacterial growth in vitro.
The experiments were independently repeated three times, and

RSC Adv, 2023, 13, 28773-28784 | 28777
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Fig.1 GC-MS spectrometry of C. occidentalis L. leaves extracts, showing different peaks representing various compounds. (A) Chromatogram of

MECOL and (B) chromatogram of the EAECOL.

the average values with standard deviations were presented.
Statistical analyses indicated that EAECOL showed a significant
difference from MECOL in agar well diffusion and disc diffusion
assays (*p < 0.05, **p < 0.01). The standard antibiotic erythro-
mycin discs further validated the results.

Molecular docking and MM-GBSA analysis

Our study performed molecular docking simulations and post-
docking MM-GBSA analysis of 82 phytochemicals derived from

28778 | RSC Adv,, 2023, 13, 28773-28784

C. occidentalis L. leaves against the QS signaling molecule
receptor, LasR, of P. aeruginosa. Out of the docked phyto-
chemicals, 13 compounds displayed significant negative
binding affinity, ranging from —5.417 to —8.01 kcal mol ™", in
comparison to the native LasR ligand, N-3-oxo-dodecanoyl-r-
homoserine lactone (CID: 324694) having a binding score
—5.375 kcal mol ™" shown in Fig. 3A listed in Table S4.}

These 13 compounds were further subjected to MM-GBSA
analysis and in silico investigations. Table S5t and Fig. 3B
reveal that 12 phytochemical ligands exhibited favorable

© 2023 The Author(s). Published by the Royal Society of Chemistry
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binding free energy scores compared to the native ligand of
LasR (—13.9 kcal mol ™), except CID 91716874, which showed
a score of —12.71 kecal mol~*. Among these, CID 91716874 and
CID 5365371 demonstrated the lowest and highest negative
MM-GBSA AG binding (NS) scores of —12.71 and
—47.19 kecal mol ™, respectively. The post-docking analysis of
LasR-ligand complexes indicated various interaction energies,
including AG bind Coulomb (Coulomb energy), AG bind H-
bond (hydrogen bond energy), AG bind lipo (lipophilicity
energy), and AG bind vdW (van der Waals interaction energy),
contributing to the overall binding stability of the complexes.
Overall, our findings suggest that the 12 identified compounds
have a strong binding affinity compared to the native ligand of
the LasR protein, indicating their potential as promising
candidates for further exploration in inhibiting the QS signaling
of P. aeruginosa.

Pharmacokinetics (ADME) and toxicity (T)

The ADME and toxicity assessment is vital for drug development,
ensuring safety and efficacy for regulatory approval. Therefore, the
ADME and toxicity of the 12 compounds have been identified.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Human intestinal absorption (HIA) is essential for drug bioavail-
ability, with seven compounds showing high HIA and 5 exhibiting
low HIA. BBB permeability was observed in 7 compounds, indi-
cating CNS targeting, while five compounds lacked this potential.
All 12 compounds were non-inhibitors of CYP450 enzymes,
ensuring reduced metabolism interference. Nine compounds
showed moderate clearance for drug excretion, while 3 had high
clearance tendencies. In terms of toxicity, the 12 compounds
showed promising results in silico evaluations, being non-
hepatotoxic, non-carcinogenic, non-mutagenic, non-
immunogenic, and non-cytotoxic. Seven compounds were non-
toxic according to EPA toxicity categories, while five were toxic
and listed in Table S6.1 The physicochemical properties of the 12
compounds were assessed for their ADME influence. All
compounds displayed favorable molecular weight, hydrogen bond
acceptors (HBA), hydrogen bond donors (HBD), heavy atoms, and
topological polar surface area (TPSA) for absorption. Additionally,
they had appropriate rotatable bond (RB) counts, indicating good
absorption listed in Table S7.T Molecules with cLogP values of =5
are considered to have strong absorption, and nine compounds
met this criterion. Three compounds were predicted to cross the

RSC Adv, 2023, 13, 28773-28784 | 28779
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membrane bilayer based on acceptable LogS values. Five
compounds satisfied Lipinski's rule of five for drug-likeness, and
eleven compounds showed ease of synthesis. Among these
compounds, methyl dihydrojasmonate, methyl benzoate, and 4a-
methyl-4,4a,5,6,7,8-hexahydro-2(3H)-naphthalenone were identi-
fied as the best-hit compounds based on their favorable phar-
macokinetics, lack of toxicity, and suitable drug-ability profiles.

Protein-ligands interactions

Various non-bonded interactions, such as hydrogen bonds,
hydrophobic bonds, and electrostatic bonds, were observed
between LasR and the best-hit phytochemicals. Methyl dihy-
drojasmonate displayed a hydrogen bond with TYR 56 and ASP
73, alongside other interactions, resulting in a binding affinity of
—5.923 keal mol~". Methyl benzoate showed a hydrogen bond
with TYR 56 and SER 129, and other interactions, with a binding
affinity of —5.811 kcal mol . 4a-Methyl-4,4a,5,6,7,8-hexahydro-
2(3H)-naphthalenone had a binding affinity of —5.472 kcal mol "
with LasR, without a hydrogen bond but containing various other
interactions. In contrast, the LasR-native ligand complex formed
with a binding energy of —5.375 kcal mol ', featuring a single
TRP 60 hydrogen bond and other interactions. Fig. 4 illustrates
the 3D and 2D interactions between the designated three phy-
tocompounds (CID: 7150, CID: 136654, CID: 102861) and LasR,
along with the LasR native ligand (CID: 3246941), within the
protein's active pocket. The molecular docking interactions and
interacting residues of LasR quorum sensing protein with the
best phytochemical compounds and the native ligand are listed
for each docked complex in Table S7.t

Multi-targeting capabilities analysis of the phytochemicals

To explore the inhibitory potential and multi-targeting capa-
bilities of the lead phytochemicals from C. occidentalis, we
conducted molecular docking simulations with the LpxC

28780 | RSC Adv, 2023, 13, 28773-28784

enzyme. LpxC plays a crucial role in the synthesis of toxic
bacterial outer lipid A membrane in Gram-negative P. aerugi-
nosa and is a key target for antibiotic development. The phyto-
compounds CID 102861, CID 136654, and CID 7150 exhibited
interactions with the LpxC target protein, with binding energies
of —4.772, —4.488, and —3.505 kcal mol™ ", respectively. In
comparison, the native inhibitor of LpxC, CID 9823454, formed
a bond with a binding energy of —4.604 kcal mol '. This
suggests that the potential lead phytocompounds have addi-
tional inhibitory interactions with the LpxC enzyme involved in
lipid A biosynthesis, as shown in Table S9.7

MD simulation

To assess the stability of the three potential hit phytocompounds
(CID7150, CID102861, and CID136654) within the protein's
binding site, MD simulations of the protein-ligand complex
structure were conducted. The analysis considered parameters
such as Root Mean Square Deviation (RMSD), Root Mean Square
Fluctuation (RMSF), Radius of Gyration (Rg), and Solvent Acces-
sible Surface Area (SASA) to evaluate the constancy of the interac-
tions between the LasR protein and the selected phytocompounds.

RMSD analysis

During the 100 ns simulation, the RMSD of Ca atoms was
measured to evaluate the stability of the protein-ligand
complex structure. Fig. 5A illustrates the average fluctuation of
the selected phytocompounds (CID 7150, CID 102861, and CID
136654), which showed values of 1.45 A, 1.47 A, and 1.62 A,
respectively. The LasR apoprotein and native ligand complex
exhibited average fluctuations of 1.42 A and 1.65 A, respectively.
These minimal fluctuations, falling well within the acceptable
range of 1-3 A, indicate the conformational stability of the
protein-ligand complex structure. Throughout the simulation
trajectory, the compounds remained stable, with only minor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fluctuations, affirming their structural stability. The highest
RMSD fluctuation for CID 7150, CID 102861, and CID 136654
was 1.86 A, 1.94 A, and 2.01 A, respectively, while the lowest
RMSD value range was 0.98 A, 0.87 A, and 0.939 A. Similarly, for
the apoprotein and the native ligand (CID 3246941), the range
was 0.93 A to 2.40 A and 0.84 A to 2.18 A, indicating good
stability, resembling the apoprotein and native compounds as
promising lead antibacterial agents.

RMSF analysis

To assess the flexibility of the LasR protein in response to
specific ligand interactions, RMSF values of compounds CID
7150, CID 102861, and CID 136654 were analyzed (Fig. 5B). The
LasR apo protein showed peak fluctuations at HIS 169, GLU 168,
ASP 43, PHE 167, and LYS 42 residues, while the native ligand
exhibited fluctuations at HIS 169, HIS 169, GLU 168, PHE 7, and
GLU 168 residues. The three selected compounds shared
a common peak area at the HIS 169-residue location, indicating
significant alterations during the simulation. CID 3246941
(native ligand) exhibited a higher RMSF value of 5.308 at residue
162, along with the apoprotein. For CID 7150, CID 102861, and
CID 136654, RMSF values were 3.467, 2.368, 3.551, and 4.623,
respectively, with CID 7150 showing the highest rigidity.

Radius of gyration (Rg)

The radius of gyration (Rg) was analyzed to assess the distri-
bution of atoms around the axis of the protein-compound

© 2023 The Author(s). Published by the Royal Society of Chemistry

complexes. CID 102861, CID-7150, CID-136654, and the native
ligand (CID 3246941) stability in complex with the LasR protein
were examined based on their Rg values over 100 ns simulations
(Fig. 5C). The CID 3246941 (native ligand) and CID 102861
showed Rg ranges of 5.265 A to 4.431 A (fluctuation of 0.834 A)
and 3.755 A to 3.097 A (fluctuation of 0.658 A), respectively. On
the other hand, CID 7150 and CID 136654 exhibited Rg ranges
of 2.395 A t0 2.263 A (fluctuation of 0.132 A) and 2.441 A to 2.333
A (fluctuation of 0.108 A). Notably, all three phytocompounds
demonstrated greater stability in 100 ns simulations, with lower
fluctuation ranges compared to native ligand complexes, sug-
gesting minimal conformational changes in the LasR active site
due to the binding of the selected phytocompounds.

Solvent accessible surface area (SASA)

SASA analysis was performed for the specific phytocompounds
to determine the solvent-like characteristics (hydrophobic or
hydrophilic) of the LasR protein and protein-compound
complexes (Fig. 5D). The native ligand of LasR exhibited a fluc-
tuation range from 0.015 A to 14.608 A%, with an average fluc-
tuation of 3.287 A2, In contrast, phytocompounds CID 7150, CID
102861, and CID 136654 showed fluctuation ranges of 0.121 A*
to 28.514 A%, 0.004 A” to 18.845 A%, and 0.073 A to 30.044 A%
respectively, with average fluctuations of 14.14 A% 4.74 A% and
12.36 A% These values indicate the exposure of amino acid
residues to the designated phytocompounds in complex
systems, suggesting distinct hydrophobic or hydrophilic
interactions.

RSC Adv, 2023, 13, 28773-28784 | 28781
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Discussion

P. aeruginosa poses a significant threat to public health, espe-
cially in hospitals and intensive care units, due to its multidrug-
resistant nature.** Current treatment strategies rely on
a combination of antibiotics, but the emergence of resistance
and associated side effects has led to a pressing need for
innovative antibacterial medications.***! In this context, there is
growing interest in exploring phytocompounds as potential
antimicrobial agents, as they offer diverse chemical structures
and biological activities with minimal side effects.

Our study focused on the antibacterial potential of C. occi-
dentalis leaf extracts and their phytocompounds against MDR P.
aeruginosa. Prior research has explored the antimicrobial
activity of these leaf extracts against various pathogens, but
there was a lack of information on their activity against MDR P.
aeruginosa. Therefore, we aimed to investigate the antibacterial
properties of these phytocompounds, particularly targeting
LasR, a crucial factor involved in drug resistance.

Initially, GC-MS analysis identified 82 chemical structures,
which were docked and analyzed for MM-GBSA to assess their
potential as antibacterial agents targeting LasR. Molecular
docking simulation identified 13 lead phytocompounds with
higher binding affinity, whereas MM-GBSA identified 12 best
compounds binding to LasR and evaluated their pharmacoki-
netics, toxicity, and drug-ability profiles. CID 7150, CID 102861,

28782 | RSC Adv, 2023, 13, 28773-28784

and CID 136654 showed the most promising characteristics and
were selected for further studies. We also evaluated the inter-
action of these phytocompounds with LpxC, an enzyme
involved in lipid A biosynthesis, which is crucial for bacterial
outer membrane synthesis.”” The lead phytocompounds
demonstrated multitargeting ability and drug-like properties,
making them attractive candidates for antimicrobial
therapeutics.

Molecular dynamics simulations were performed to assess
the stability and structural changes of the protein-ligand
complexes. The RMSD, RMSF, Rg, and SASA analyses revealed
that the selected phytocompounds formed stable complexes
with LasR, indicating their potential as antibacterial agents
against MDR P. aeruginosa.

Among the lead phytocompounds, methyl dihydrojasmonate
(CID 102861) has been reported for its diverse activities,
including anticancer* and antimicrobial properties.** Methyl
benzoate (CID 7150) has shown promise as an environmentally
friendly insecticide*” and an antibacterial agent*® against Gram-
negative bacteria. Considering the diverse parameters used for
evaluation, CID 7150, CID 102861, and CID 136654 were iden-
tified as the most promising lead phytocompounds for devel-
oping antibacterial drugs against MDR P. aeruginosa and related
infectious diseases. These compounds warrant further investi-
gation in human in vivo studies to validate their potential as
antimicrobial therapeutics.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In this study, C. occidentalis L. extract exhibited antibacterial
activity against MDR P. aeruginosa, as demonstrated by inhibi-
tory zones in disc diffusion and agar well diffusion tests.
Computer-aided drug design identified three lead compounds
(methyl dihydrojasmonate, methyl benzoate, and 4a-methyl-
4,4a,5,6,7,8-hexahydro-2(3H)-naphthalene) that competitively
inhibited LasR, the key signaling molecule receptor responsible
for P. aeruginosa's virulence and multi-drug resistance. These
findings offer potential for developing new bioactive
compounds to combat antibiotic-resistant infections. Further in
vivo evaluations are needed to validate our results.
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