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In response to the urgent need for innovative antibiotics, this study
combined in silico and in vitro approaches to identify and evaluate
novel bioactive compounds from Petiveria alliacea L. for their
antibacterial potential. Through computational analysis, the
derivatives exhibited strong binding affinities for key bacterial
targets, including tyrosine phosphatase and FtsZ. Molecular dynamics
(MD) simulations further validated the exceptional stability of these
compounds during their interaction with the FtsZ protein, as
evidenced by parameters such as root mean square deviation
(RMSD), root mean square fluctuation (RMSF), radius of gyration
(Rg), and solvent-accessible surface area (SASA). These findings align
with the mechanisms of action of well-known antibiotics such as
ciprofloxacin and griseofulvin, which target eukaryotic microtubules,
whereas FtsZ serves as the prokaryotic counterpart. Complementing
these computational findings, in vitro antibacterial activity testing
revealed promising MIC and MBC values, confirming the ability of the
bioactive compounds to inhibit and kill bacterial strains effectively.
Collectively, the integration of computational and experimental
approaches underscores the potential of bioactive compounds from
Petiveria alliacea L. as effective antibacterial agents targeting the FtsZ
protein. This study contributes to the development of novel
antibiotics and provides a robust framework for future drug
discovery efforts.

© 2026 by SPC (Sami Publishing Company), Asian Journal of Green
Chemistry, Reproduction is permitted for noncommercial purposes.

Corresponding author, E-mail: jajang.japar@bku.ac.id (J.]. Sodik)

Tel.: +6281332034440.


mailto:jajang.japar@bku.ac.id
https://www.ajgreenchem.com/article_238963.html
https://www.ajgreenchem.com/article_238963.html
http://www.ajgreenchem.com/
https://doi.org/10.48309/ajgc.2026.556397.1857
https://orcid.org/0009-0000-1156-1549
https://orcid.org/0000-0003-3830-6411
https://orcid.org/0009-0008-1739-5375
https://orcid.org/0000-0001-7155-4412

Uncovering Antibacterial Agents in Petiveria ...

602

Graphical Abstract

| Petiveria alliacea L Bioactive Compounds

Molecular Docking against Tyrosine
Phosphatase and FtsZ Proteins

Molecular Dynamics Simulations of
Selected Compounds

Antibacterial Candidates

/)

In Vitro Antibacterial Validations

Introduction

A sharp rise in bacterial infections and
growing antibiotic resistance now poses a major
global health threat. After the antibiotic “golden
age” which began with penicillin’s discovery in
1928 and waned by the mid-1950s, new
antibiotic development has slowed, contributing
to today’s antimicrobial resistance crisis [1,2].
While most natural antibiotics originate from
filamentous actinomycetes, griseofulvin, first
identified in Penicillium griseofulvum in 1939,
remains a notable fungal secondary metabolite.
It has since been found in multiple fungal species
potential beyond
including activity

and shows

dermatophyte
against colon and breast cancer, hepatitis C virus,
and possibly COVID-19 [3,4]. Ciprofloxacin, a
widely second-generation

fluoroquinolone, was patented in 1980 and

therapeutic
infections,

active

approved in 1987 [5]. Its strong
pharmacokinetic profile and relatively low
toxicity have made it useful against a broad
range of bacterial infections, and the World
Health Organization (WHO) classifies it as
critically important in human medicine [6]. In
2019, it was the 113th most prescribed drug in
the United States,
prescriptions. However, like other antibiotics,
bacterial resistance to ciprofloxacin has risen
quickly, reducing its effectiveness. To address
this, numerous ciprofloxacin derivatives have

with over five million

been developed to improve fluoroquinolone
activity and counter resistance [7]. Over the past
two decades, studies have validated many
traditional uses of Petiveria alliacea L.
(Phytolaccaceae) through animal experiments
and neurobehavioral models [8]. Traditionally,
the plant is linked to diuretic, analgesic, anti-
inflammatory,

antimicrobial, antirheumatic,




J.J. Sodik et al.

603

antileukemic, and other medicinal effects [9].
Phytochemical research has identified diverse
metabolites, including compounds,
flavonoids, and alkaloids, that can interact with
biological systems and potential bacterial targets
[10]. Nonetheless, the specific active compounds
and mechanisms of action of Petiveria alliacea
remain largely unclear. Due to its rich bioactive
compounds, Petiveria alliacea L. has recently
gained attention for its antibacterial potential.
Ethanol leaf extracts have shown activity against
various bacteria, including MSCNS, MRSA, MSSA,
MRCNS, Staphylococcus aureus, Pseudomonas
aeruginosa, Bacillus subtilis, Bacillus cereus,
Escherichia coli, and VRE [11]. However, effects
vary among strains, and the underlying
molecular = mechanisms  remain  poorly
understood. With few new antibiotics developed
in recent decades despite extensive screening of
bacterial and fungal metabolites, there is an
urgent need for more effective agents to address
the global antimicrobial resistance crisis [12,13].

Theoretical studies play a crucial role in
speeding drug development saving
resources, as shown by successful computational
methods in medical research [14]. These
approaches, from target identification to drug
repurposing for multidrug-resistant infections,
demonstrate flexibility and efficiency in tackling
health challenges [15]. This study investigated
the antibacterial potential of bioactive
compounds from Petiveria alliacea L. using both
in silico and in vitro methods. Computational
analyses evaluated their binding affinity and
stability against the bacterial FtsZ protein,
essential for cell division and structurally similar

sulfur

and

to microtubules targeted by ciprofloxacin and
griseofulvin [16]. In vitro assays confirmed these
compounds’ antibacterial activity through MIC
and MBC values. Motivated by the urgent need
for new antibiotics amid rising resistance, this
work aims to identify effective antibacterial
agents from Petiveria alliacea compounds,

combining computational predictions with
experimental validation to accelerate drug
discovery and provide promising candidates
against resistant bacteria.

Experimental

Designing bioactive compounds in Petiveria
alliacea L.

In this research, molecular hybridization was
applied to design new drug candidates by
combining key pharmacophoric elements from
bioactive compounds of Petiveria alliacea L. This
strategy yielded innovative hybrid molecules
with improved affinity and efficacy. The novelty
of the synthesized compounds was evaluated
using the Clarivate Analytics Integrity Drug
Discovery Portal [17].

Preparation  of and  bioactive

compounds

receptors

The procedure was conducted by crafting the
two-dimensional configurations of ligands
through ChemDraw Professional 16.0 software.
Subsequently, the three-dimensional molecular
arrangements of these compounds were refined
and optimized utilizing Chem3D 16.0 [18].
Ligand arrangement was executed via the
LigPrep interface within Maestro [19]. For the
receptors, the three-dimensional protein
arrangements were sourced in .pdb format from
the RCSB Protein Data Bank (PDB). The PDB IDs
corresponding to the tyrosine phosphatase [20],
filamenting temperature-sensitive mutant Z
(FtsZ) [21],
enolpyruvyl transferase (murA) [22], penicillin-
binding protein 2 (PBP2) [23], DNA gyrase
subunit B (GyrB) [24], DNA topoisomerase IV
[25], and primase proteins [26]. These proteins

UDP-N-acetylglucosamine

are widely acknowledged as significant drug
targets. All protein configurations underwent


https://revvitysignals.com/products/research/chemdraw
https://www.rcsb.org/structure/4R0T
https://www.rcsb.org/structure/3VOB
https://www.rcsb.org/structure/1UAE
https://www.rcsb.org/structure/1MWT
https://www.rcsb.org/structure/4PRV
https://www.rcsb.org/structure/1S14
https://www.rcsb.org/structure/1DDE

Uncovering Antibacterial Agents in Petiveria ...

604

preparation utilizing the Protein Preparation
Wizard within Maestro.

Drug-like  characteristics bioactive

compounds

of the

To assess the drug-likeness of the molecules,
Lipinski’s rule of five was applied—including
criteria for molecular weight (<500 Da),
hydrogen bond donors (<5), hydrogen bond
acceptors (<10), and LogP (<5). Compliance with
these parameters was evaluated using the
SwissADME web tool, supporting their potential
suitability for drug development.

Forecasts on biological activities of the bioactive
compounds

Biological activity predictions for the
designed derivatives were generated using the
PASS Online tool available through the
Way2Drug portal [27]. The predictions are based
on structure-activity relationships derived from
training set that
approximately 7,000 antibacterial agents, with
an estimated accuracy of 0.92. Compound
structures were submitted as MOL files, and
PASS provided probability of activity (Pa) values
for each molecule.

a diverse includes

Computational molecular docking studies

Molecular docking was performed using
AutoDock Vina 1.2.3 and AutoDock Tools 4.2.6
[28,29]. Binding sites on target proteins were
identified with CASTp 3.0, and a 20 A grid box
was defined around each predicted pocket [30].
Binding free energies were estimated using the
MM-GBSA method [31]. Ligand-receptor
interactions were visualized with Discovery
Studio Visualizer v23 [32].

Computational molecular dynamics simulations

To validate the docking results, molecular
dynamics (MD) simulations were performed
using GROMACS 2016.3 with the AMBER99SB-
ILDN force [33,34]. Proteins, reference drugs
(ciprofloxacin and griseofulvin), top
protein-ligand complexes were simulated for
500 ns. Ligand parameters were generated with
ACPYPE [35]. Systems were solvated with TIP3P
water and neutralized with Na* and Cl~ ions.
After energy minimization at 1,000 kJ/mol/nm,
NVT and NPT equilibrations were run for 1 ns
each at 310 K and 1 bar using the Nose-Hoover
thermostat and Berendsen barostat. Trajectories
were collected every 2 ps and analyzed for
RMSD, RMSF, radius of gyration (Rg), and
solvent-accessible surface area (SASA).

and

Computational binding free energy calculations
using MM-PBSA

The study utilized the gmx_MMPBSA module
within GROMACS 2016.3 to conduct molecular
mechanics Poisson-Boltzmann surface area
(MM-PBSA) analyses and investigate binding
free energies [36]. The binding free energy
(AGbind) was calculated using Equation 1:

AGbind = Gcomplex-(Gprotein+Gligand) (1)

Here, AGbind represents the total binding
energy of the complex, where Gcomplex signifies
the binding energy of protein, and Gligand
denotes the binding energy of the ligand.

In vitro antibacterial activity testing using the
microdilution method

To validate the docking results, in vitro
antibacterial assays were performed alongside
MD Inhibitory
Concentrations (MICs) were determined by

simulations. Minimum

assessing medium clarity after incubation,


https://www.way2drug.com/PassOnline/
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identifying the lowest concentration of each
selected compound that inhibited visible
growth. Minimum Bactericidal
Concentrations (MBCs) were established by
inoculating 5 pL from clear wells onto Nutrient

microbial

Agar or Sabouraud Dextrose Agar and incubating
at 37 °C for 24 hours; absence of colony growth
indicated the MBC. The antibacterial and
antifungal efficacy of the compounds was
evaluated by comparing their MIC and MBC
with those of ciprofloxacin
fluconazole. Activity classification was based on
the MBC/MIC ratio, where <4 denotes
bactericidal or fungicidal action and >4 indicates
bacteriostatic or fungistatic effects [37,38]. All
tests were conducted in triplicate, with standard
deviations calculated and appropriate controls
included to ensure result reliability.

values and

Results and Discussion

This study employed an integrated approach
combining in vitro testing with molecular

hybridization in drug design. Key
pharmacophoric elements from bioactive
compounds of Petiveria alliacea L. were

combined to create hybrid molecules with
enhanced affinity and efficacy. In vitro
antibacterial assays validated the potential of
these hybrids, providing experimental support

for their effectiveness. This approach highlights
the promise of natural products in drug
discovery, offering novel candidates inspired by
traditional medicinal plants. By integrating
computational and experimental methods, the
study demonstrates the value of leveraging
natural resources to develop potent and reliable
therapeutic agents.

Analyzing the structural
bioactive compounds

characteristics of

The MOL files of bioactive compounds, from
Petiveria alliacea L. were used for similarity
searches under default settings. None of the
designed compounds showed resemblance to
existing drugs in the Clarivate Analytics Integrity
database. Table 1 presents the 2D structures of
these novel compounds, along with their
calculated LogP values and ligand bond
characteristics. Molecular weights ranged from
226.42 to 504.70 g/mol, and predicted LogP
values ranged from -2.54 to 7.79. Most
compounds complied with Lipinski’s rule of five,
having no more than 10 hydrogen bond
acceptors and 5 hydrogen bond donors, except
for astilbin, engeletin, myricetin, and myricitrin.
Despite some deviations, the applicability of
Lipinski’s rule for these bioactive compounds
should be reconsidered.

Table 1. 2D Structures and Lipinski analysis of Petiveria alliacea 1. bioactive compounds

Phytochemical name

3-Epiilexgenin-A

5-0-Methylether-(5-0-
methylleridol)

Two-dimensional structure

Analysis according to Lipinski's rule
Molecular weight: 504.70 g/mol
Lipophilicity: 4.49
Hydrogen bond acceptors: 6
Hydrogen bond donors: 4
Violations: Yes; 1 violation: MW>500

Molecular weight: 340.45 g/mol
Lipophilicity: 2.25
Hydrogen bond acceptors: 5
Hydrogen bond donors: 1
Violations: Yes; 0 violation
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Phytochemical name

6-Formyl-8-methyl-7-
0-methylpinocembrin

6-Hydroxymethyl-7-0-
methylpinocembrin
(leridol)

Alpha-friedelinol

Astilbin

Babinervic-acid

Beta-sitosterol

Di(benzyltrithio)-
methane

Dibenzyl-disulphide

Two-dimensional structure

H,E

HOy,

Analysis according to Lipinski's rule
Molecular weight: 342.39 g/mol
Lipophilicity: 3.55
Hydrogen bond acceptors: 5
Hydrogen bond donors: 1
Violations: Yes; 0 violation
Molecular weight: 326.43 g/mol
Lipophilicity: 1.73
Hydrogen bond acceptors: 5
Hydrogen bond donors: 2
Violations: Yes; 0 violation
Molecular weight: 428.73 g/mol
Lipophilicity: 7.38
Hydrogen bond acceptors: 1
Hydrogen bond donors: 1
Violations: Yes; 1 violation: MLOGP>4.15

Molecular weight: 462.49 g/mol
Lipophilicity: -1.86
Hydrogen bond acceptors: 11
Hydrogen bond donors: 7
Violations: No; 2 violations: Nor0>10,
NHorOH>5

Molecular weight: 490.72 g/mol
Lipophilicity: 4.80
Hydrogen bond acceptors: 5
Hydrogen bond donors: 4
Violations: Yes; 1 violation: MLOGP>4.15

Molecular weight: 416.72 g/mol
Lipophilicity: 7.10
Hydrogen bond acceptors: 1
Hydrogen bond donors: 1
Violations: Yes; 1 violation: MLOGP>4.15

Molecular weight: 400.77 g/mol
Lipophilicity: 5.96
Hydrogen bond acceptors: 0
Hydrogen bond donors: 0
Violations: Yes; 1 violation: MLOGP>4.15
Molecular weight: 258.49 g/mol
Lipophilicity: 4.83
Hydrogen bond acceptors: 0
Hydrogen bond donors: 0
Violations: Yes; 1 violation: MLOGP>4.15
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Phytochemical name Two-dimensional structure

Dibenzyl-sulphide ~=

Dibenzyl-tetrasulphide

Dihydro-kaempferol

Dihydroquercetin

Engeletin

Isoarborinol-acetate

Isoarborinol

Leridal-chalcone

NP S#\Q
Dibenzyl-trisulphide O\/ - /O

Analysis according to Lipinski's rule

Molecular weight: 226.42 g/mol
Lipophilicity: 4.63
Hydrogen bond acceptors: 0
Hydrogen bond donors: 0
Violations: Yes; 1 violation: MLOGP>4.15

Molecular weight: 322.62 g/mol
Lipophilicity: 5.31
Hydrogen bond acceptors: 0
Hydrogen bond donors: 0
Violations: Yes; 1 violation: MLOGP>4.15
Molecular weight: 290.55 g/mol
Lipophilicity: 5.08
Hydrogen bond acceptors: 0
Hydrogen bond donors: 0
Violations: Yes; 1 violation: MLOGP>4.15

Molecular weight: 300.35 g/mol
Lipophilicity: -0.18
Hydrogen bond acceptors: 6
Hydrogen bond donors: 4
Violations: Yes; 0 violation

Molecular weight: 316.35 g/mol Lipophilicity:
-0.88
Hydrogen bond acceptors: 7
Hydrogen bond donors: 5
Violations: Yes; 0 violation

Molecular weight: 446.49 g/mol Lipophilicity:
-1.15
Hydrogen bond acceptors: 10
Hydrogen bond donors: 6
Violations: Yes; 1 violation: NHorOH>5

Molecular weight: 470.77 g/mol Lipophilicity:
7.79
Hydrogen bond acceptors: 2
Hydrogen bond donors: 0
Violations: Yes; 1 violation: MLOGP>4.15
Molecular weight: 428.73 g/mol Lipophilicity:
7.36
Hydrogen bond acceptors: 1
Hydrogen bond donors: 1
Violations: Yes; 1 violation: MLOGP>4.15

Molecular weight: 325.42 g/mol Lipophilicity:
-0.44
Hydrogen bond acceptors: 5
Hydrogen bond donors: 2
Violations: Yes; 0 violation
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Phytochemical name Two-dimensional structure

Myricetin

Myricitrin

Petiveral-4-ethyl

Petiveral

S-Benzyl- @\/ i
phenylmethane- S
thiosulphinate

Ciprofloxacin

Griseofulvin

Analysis according to Lipinski's rule

Molecular weight: 332.35 g/mol Lipophilicity:
-1.73
Hydrogen bond acceptors: 8
Hydrogen bond donors: 6
Violations: Yes; 1 violation: NHorOH>5

Molecular weight: 478.49 g/mol
Lipophilicity: -2.54
Hydrogen bond acceptors: 12
Hydrogen bond donors: 8
Violations: No; 2 violations: Nor0O>10,
NHorOH>5

Molecular weight: 354.48 g/mol
Lipophilicity: 2.43
Hydrogen bond acceptors: 5
Hydrogen bond donors: 1
Violations: Yes; 0 violation

Molecular weight: 340.45 g/mol
Lipophilicity: 2.12
Hydrogen bond acceptors: 5
Hydrogen bond donors: 2
Violations: Yes; 0 violation

Molecular weight: 262.39 g/mol
Lipophilicity: 3.22
Hydrogen bond acceptors: 1
Hydrogen bond donors: 0
Violations: Yes; 0 violation

Molecular weight: 331.34 g/mol
Lipophilicity: 1.10
Hydrogen bond acceptors: 5
Hydrogen bond donors: 2
Violations: Yes; 0 violation

Molecular weight: 352.77 g/mol Lipophilicity:
241
Hydrogen bond acceptors: 6
Hydrogen bond donors: 0
Violations: Yes; 0 violation
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To assess the antibacterial potential of the
designed bioactive compounds, an in silico
approach was employed combining molecular
docking, dynamics, and PASS
(Prediction of Activity Spectra for Substances).
PASS analyzes structure-activity relationships

molecular

across over 250,000 compounds, with an overall
prediction accuracy of approximately 95%.

Table 2 summarizes the predicted biological
activities, highlighting antibacterial effects and
phosphatase Ciprofloxacin
griseofulvin served as benchmark drugs. Several
bioactive compounds
activity surpassing the controls, and all exhibited

inhibition. and
showed antibacterial

significant potential as phosphatase inhibitors,
warranting further investigation.

Table 2. Predicted antibacterial and phosphatase inhibitory activities of Petiveria alliacea 1. compounds (Pa)

Phytochemical name

3-Epiilexgenin-A

5-0-Methylether-(5-0-
methylleridol)

6-Formyl-8-methyl-7-0-
methylpinocembrin

6-Hydroxymethyl-7-0-
methylpinocembrin
(leridol)

Alpha-friedelinol

Two-dimensional structure

Antibacterial Phospatase inhibitor
activity (Pa) activity (Pa)
H
0.289 0.720
0.309 0.593
0.385 0.482
0.390 0.655
0.351 0.676
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Antibacterial Phospatase inhibitor
Phytochemical name Two-dimensional structure P

activity (Pa) activity (Pa)
Astilbin 0.618 0.563
Babinervic-acid 0.356 0.722
Hoy,
Beta-sitosterol 0.283 0.563

Di(b 1trithi N e I
- = H H 5
e O/\ /\O 0.352 0.252
methane

Dibenzyl-disulphide Q\/'S““S/\O 0.295 0.339

Dibenzyl-sulphide 0.302 0.503

Dibenzyl-tetrasulphide

O\/ T s"\O 0.211 0.289
Dibenzyl-trisulphide O\/S‘ . /O 0.304 0.289

Dihydro-kaempferol 0.384 0.653
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Phytochemical name

Dihydroquercetin

Engeletin

Isoarborinol-acetate

Isoarborinol

Leridal-chalcone

Myricetin

Two-dimensional structure

Antibacterial
activity (Pa)

0.382

0.619

0.240

0.234

0.442

0.421

Phospatase inhibitor
activity (Pa)

0.627

0.290

0.726

0.770

0.673

0.454
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. . . Antibacterial Phospatase inhibitor
Phytochemical name Two-dimensional structure . . . .
activity (Pa) activity (Pa)
o~
Myricitrin 0.662 0.494
Petiveral-4-ethyl 0.475 0.671
Petiveral 0.524 0.725
CH,
S-benzyl- @\/ 0
phenylmethane- 0.337 0.289
thiosulphinate
Ciprofloxacin 0.588 0.301
Griseofulvin 0.337 0.803
Computational molecular docking studies In Pseudomonas aeruginosa, tyrosine

The potential of bioactive compounds from
Petiveria alliacea L. was investigated against a
key bacterial protein tyrosine phosphatase
(PTP), a virulence factor in pathogens such as
Staphylococcus
aureus, Salmonella typhimurium, and Yersinia sp.

Mycobacterium  tuberculosis,

phosphatase A (TbpA) promotes biofilm
formation by modulating c-di-GMP levels [39]. In
this study, engeletin showed a binding affinity to
TbpA (-7.4

kcal/mol), while 3-epiilexgenin-A and astilbin

comparable to ciprofloxacin

exhibited stronger binding than griseofulvin
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(=7.2 kcal/mol). These results align with
predictions from Way2Drug. FtsZ, the bacterial
homolog of eukaryotic tubulin, forms the Z-ring
at midcell to regulate cytokinesis [40]. It is a
prime antibacterial target due to its essential
role in bacterial division and low sequence
similarity (10-18%) to eukaryotic tubulin,
minimizing host toxicity [41]. Docking analysis
at the interdomain cleft revealed strong binding
of Petiveria alliacea L. compounds, notably
astilbin (-9.1 kcal/mol), dihydrokaempferol
(-9.0 kcal/mol), and engeletin (-9.3 kcal/mol),
exceeding reference drugs ciprofloxacin and
griseofulvin. MurA, which initiates
peptidoglycan synthesis, is key
antibacterial target. Astilbin, dihydroquercetin,
and myricitrin showed the highest affinities,
while ciprofloxacin and griseofulvin displayed
negligible binding [42]. Ciprofloxacin, a
fluoroquinolone inhibiting DNA gyrase and
topoisomerase [V, had a binding energy of -8.0
kcal/mol to GyrB, whereas 3-epiilexgenin-A
(-9.8  kcal/mol), alpha-friedelinol (-9.9
kcal/mol), and astilbin (9.6 kcal/mol) showed
stronger affinities. For DNA topolV, astilbin (-7.7
kcal/mol), beta-sitosterol (-7.6 kcal/mol), and
myricitrin (-8.0 kcal/mol) also outperformed

another

the reference drugs. Overall, the designed
bioactive compounds exhibited superior binding
across multiple bacterial targets compared to
ciprofloxacin and griseofulvin. To initiate the
replication process of DNA, living organisms
depend on a specific enzyme known as primase,
which is responsible for synthesizing RNA

primers. This study identified compounds
targeting key Dbacterial enzymes. Alpha-
friedelinol, isoarborinol acetate, and

isoarborinol showed the strongest affinities for
primase, with binding energies of -8.6, -8.4, and
-8.5 kcal/mol], respectively,
griseofulvin and ciprofloxacin exhibited weaker
binding (-6.8 and -7.5 kcal/mol). Penicillin-
binding proteins (PBPs), crucial for cell wall
peptidoglycan synthesis, were also targeted,
with PBP2 showing the highest affinities.
Astilbin, dihydroquercetin, and myricetin
demonstrated strong binding energies of -8.4,
-8.6, and -8.5 kcal/mol, surpassing other
bioactive compounds (-4.1 to -8.2 kcal/mol).
Binding affinities of all compounds from
Petiveria alliacea L., compared to controls
ciprofloxacin and griseofulvin, are summarized
in Table 3.

whereas

Table 3. Binding energies of Petiveria alliacea 1. compounds to bacterial targets (kcal/mol)

Target receptor

3-Epiilexgenin-A
5-0-Methylether-(5-0-methylleridol)
6-Formyl-8-methyl-7-0-methylpinocembrin
6-Hydroxymethyl-7-0-methylpinocembrin (leridol)
Alpha-friedelinol
Astilbin
Babinervic-acid
Beta-sitosterol
Di(benzyltrithio)-methane
Dibenzyl-disulphide
Dibenzyl-sulphide
Dibenzyl-tetrasulphide
Dibenzyl-trisulphide
Dihydro-kaempferol

Tyrosine phosphatase
(4ROT)

Phytochemical name

Binding affinity
(kcal/mol)
-7.2
-5.6
-6.2
-6.1
-7.1
-7.2
-7.1
-5.9
-4.6
-4.2
-4.7
-3.8
-4.3
-6.3
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. Binding affinity
Target receptor Phytochemical name (keal/mol)
Dihydroquercetin -7.0
Engeletin -7.4
I[soarborinol-acetate -6.9
Isoarborinol -7.0
Leridal-chalcone -55
Myricetin -7.0
Myricitrin -7.1
Petiveral-4-ethyl -6.1
Petiveral -6.1
S-Benzyl-phenylmethane-thiosulphinate -3.9
Ciprofloxacin -7.4
Griseofulvin -6.2
3-Epiilexgenin-A -85
5-0-Methylether-(5-0-methylleridol) -8.1
6-Formyl-8-methyl-7-0-methylpinocembrin -7.8
6-Hydroxymethyl-7-0-methylpinocembrin (leridol) -8.1
Alpha-friedelinol -8.4
Astilbin -9.1
Babinervic-acid -85
Beta-sitosterol -7.9
Di(benzyltrithio)-methane -6.6
Dibenzyl-disulphide -55
Dibenzyl-sulphide -5.2
Dibenzyl-tetrasulphide -5.4
FtsZ (3VOB) D-ibenzyl-trisulphide -5.8
Dihydro-kaempferol -9.0
Dihydroquercetin -8.8
Engeletin -9.3
Isoarborinol-acetate -8.3
Isoarborinol -8.2
Leridal-chalcone -7.8
Myricetin -8.8
Myricitrin -85
Petiveral-4-ethyl -84
Petiveral -7.5
S-Benzyl-phenylmethane-thiosulphinate -5.4
Ciprofloxacin -8.2
Griseofulvin -7.8
3-Epiilexgenin-A -4.4
5-0-Methylether-(5-0-methylleridol) -84
6-Formyl-8-methyl-7-0-methylpinocembrin -8.8
6-Hydroxymethyl-7-0-methylpinocembrin (leridol) -7.0
MurA (1UAE) Alpha-fr.ie(%elinol -7.7
Astilbin -9.5
Babinervic-acid -7.3
Beta-sitosterol -6.5
Di(benzyltrithio)-methane -6.0
Dibenzyl-disulphide -6.7
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Target receptor

PBP2 (IMWT)

GyrB (4PRV)

Phytochemical name

Dibenzyl-sulphide
Dibenzyl-tetrasulphide
Dibenzyl-trisulphide
Dihydro-kaempferol
Dihydroquercetin
Engeletin
Isoarborinol-acetate
I[soarborinol
Leridal-chalcone
Myricetin
Myricitrin
Petiveral-4-ethyl
Petiveral
S-Benzyl-phenylmethane-thiosulphinate
Ciprofloxacin
Griseofulvin
3-Epiilexgenin-A
5-0-Methylether-(5-0-methylleridol)
6-Formyl-8-methyl-7-0-methylpinocembrin
6-Hydroxymethyl-7-0-methylpinocembrin (leridol)
Alpha-friedelinol
Astilbin
Babinervic-acid
Beta-sitosterol
Di(benzyltrithio)-methane
Dibenzyl-disulphide
Dibenzyl-sulphide
Dibenzyl-tetrasulphide
Dibenzyl-trisulphide
Dihydro-kaempferol
Dihydroquercetin
Engeletin
Isoarborinol-acetate
Isoarborinol
Leridal-chalcone
Myricetin
Myricitrin
Petiveral-4-ethyl
Petiveral
S-Benzyl-phenylmethane-thiosulphinate
Ciprofloxacin
Griseofulvin
3-Epiilexgenin-A
5-0-Methylether-(5-0-methylleridol)
6-Formyl-8-methyl-7-0-methylpinocembrin
6-Hydroxymethyl-7-0-methylpinocembrin (leridol)
Alpha-friedelinol
Astilbin

Binding affinity
(kcal/mol)
-6.4
-5.9
-71
-8.9
-9.1
-7.1
-8.0
-8.8
-7.4
-8.9
-9.8
-6.9
-8.2
-4.4
-6.7
-6.1
-7.2
=71
-7.2
-6.2
-7.3
-8.4
-6.6
-6.8
-4.1
-4.5
-5.9
-5.1
-5.8
-8.0
-8.6
-8.2
-6.9
-6.9
-7.4
-8.5
-8.1
-6.1
-6.1
-6.4
-6.2
-5.6
-9.8
-8.5
-8.6
-89
-9.9
-9.6
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Target receptor Phytochemical name B“(l](:;:lg /?lif(:;lty
Babinervic-acid -9.3
Beta-sitosterol -9.0
Di(benzyltrithio)-methane -5.7
Dibenzyl-disulphide -7.5
Dibenzyl-sulphide -6.8
Dibenzyl-tetrasulphide -6.1
Dibenzyl-trisulphide -7.4
Dihydro-kaempferol -8.5
Dihydroquercetin -89
Engeletin -9.0
I[soarborinol-acetate -9.1
Isoarborinol -9.5
Leridal-chalcone -7.9
Myricetin -8.8
Myricitrin -9.5
Petiveral-4-ethyl -8.7
Petiveral -85
S-Benzyl-phenylmethane-thiosulphinate -6.1
Ciprofloxacin -8.0
Griseofulvin -7.8
3-Epiilexgenin-A -7.3
5-0-Methylether-(5-0-methylleridol) -6.6
6-Formyl-8-methyl-7-0-methylpinocembrin -7.1
6-Hydroxymethyl-7-0-methylpinocembrin (leridol) -6.8
Alpha-friedelinol -7.5
Astilbin -7.7
Babinervic-acid -7.3
Beta-sitosterol -7.6
Di(benzyltrithio)-methane -5.3
Dibenzyl-disulphide -4.2
Dibenzyl-sulphide -4.8
Dibenzyl-tetrasulphide -3.8
DNA topolV (1514) Di'benzyl-trisulphide -4.4
Dihydro-kaempferol -7.0
Dihydroquercetin -7.3
Engeletin -7.0
Isoarborinol-acetate -7.0
I[soarborinol -7.2
Leridal-chalcone -6.3
Myricetin -7.5
Myricitrin -8.0
Petiveral-4-ethyl -6.2
Petiveral -6.4
S-Benzyl-phenylmethane-thiosulphinate -4.4
Ciprofloxacin -7.1
Griseofulvin -6.3
. 3-Epiilexgenin-A -7.8
Primase (1DDE) 5-0-Methylether-(5-0-methylleridol) 73
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. Binding affinity
Target receptor Phytochemical name (keal/mol)

6-Formyl-8-methyl-7-0-methylpinocembrin -7.3
6-Hydroxymethyl-7-0-methylpinocembrin (leridol) -7.3
Alpha-friedelinol -8.6
Astilbin -7.7
Babinervic-acid -7.6
Beta-sitosterol -7.4
Di(benzyltrithio)-methane -6.4
Dibenzyl-disulphide -5.6
Dibenzyl-sulphide -5.6
Dibenzyl-tetrasulphide -5.3
Dibenzyl-trisulphide -6.2
Dihydro-kaempferol -7.1
Dihydroquercetin -7.2
Engeletin -7.8
Isoarborinol-acetate -8.4
Isoarborinol -8.5
Leridal-chalcone -7.5
Myricetin -7.0
Myricitrin -7.8
Petiveral-4-ethyl -6.5
Petiveral -6.8
S-Benzyl-phenylmethane-thiosulphinate -5.8
Ciprofloxacin -7.5
Griseofulvin -6.8

Table 4. Binding energies (kcal/mol) and inhibition constants of the most potent antibacterial compounds

Target receptor Phytochemical name Binding affinity Inhibition constant
(kcal/mol)
3-Epiilexgenin-A -5.41 107.57 uM
Tyrosine phosphatase AStilbil’-l -8.35 758.35 nM
(4R0T) Engeletin -8.77 372.15 nM
Ciprofloxacin -7.12 6.02 uM
Griseofulvin -6.39 20.61 uM
Astilbin -9.23 172.92 nM
Dihydro- 1.51uM
FtsZ (3VOB Kaerri,pferol 794
tsZ (3VOB) Engeletin -9.62 89.36 nM
Ciprofloxacin -7.53 3.03uM
Griseofulvin -5.71 65.23 uM
Astilbin -8.68 430.72 nM
Dihydroquercetin -7.29 4.54 uM
murA (1UAE) Myricitrin -8.72 405.93 nM
Ciprofloxacin -9.12 208.07 nM
Griseofulvin -7.36 4.01 uM
Astilbin -6.56 15.58 uM

PBP2 (IMWT
( ) Dihydroquercetin -7.34 4.19 uM
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Target receptor

GyrB (4PRV)

DNA topolV (1514)

Primase (1DDE)

Phytochemical name

Myricetin
Ciprofloxacin
Griseofulvin
3-Epiilexgenin-A
Alpha-friedelinol
Astilbin
Ciprofloxacin
Griseofulvin
Astilbin
Beta-sitosterol
Myricitrin
Ciprofloxacin
Griseofulvin
Alpha-friedelinol
Isoarborinol-
Acetate
Isoarborinol
Ciprofloxacin
Griseofulvin

Binding affinity

(kcal/mol)
-6.63
-6.62
-6.82
-3.91
-6.30
-8.42
-7.87
-8.21
-6.08
-8.86
-6.58
-6.82
-6.36
-7.70
-8.90

-8.71
-8.32
-6.31

Inhibition constant

13.84 uM
14.01 uM
9.95 uM
1.36 mM
24.26 uM
673.13 nM
1.71uM
955.85 nM
35.11uM
321.90 nM
15.14 uM
10.00 uM
21.87 uM
2.28 uM
300.44 nM

411.82 nM
802.04 nM
23.74 uM

Table 5. Docking of Petiveria alliacea L. compounds against antibacterial targets
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Target Phytochemical
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Target Phytochemical

name

Hydrogen
bond

Hydrophobic
interaction
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Molecular docking using AutoDock Tools
4.2.6 examined hydrogen bonding, hydrophobic,
and electrostatic interactions of high-affinity
compounds from Petiveria alliacea L. with
antibacterial targets, as shown in Table 4. Only a
few compounds showed optimal interactions
with multiple targets: engeletin with tyrosine
phosphatase and FtsZ, myricitrin with MurA,
myricetin with PBP2, astilbin with GyrB, (-
sitosterol with DNA topolV, and isoarborinol-
acetate with primase as shown in Table 5. These
six compounds displayed stronger affinities than
and Notably,

ciprofloxacin griseofulvin.

engeletin formed 18 molecular interactions with
tyrosine phosphatase, including 12 hydrogen
bonds, five hydrophobic contacts, and one
electrostatic interaction.

Computational molecular dynamics simulations

The top two docked complexes underwent a
500 ns MD simulation to explore protein
structural stability and conformational changes
(tyrosine phosphatase + engeletin and FtsZ +
engeletin). It is noteworthy that all bioactive
compounds exhibited the strongest binding
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affinity with MurA, PBP2, GyrB, DNA topolV, and
primase. The molecular docking analysis of
tyrosine phosphatase aligns with PASS's
biological activity prediction. The engeletin
compound, identified through PASS, has a Pa
value indicating antibacterial activity of 0.619.
Subsequently, following Lipinski's rules, the
compound qualifies as a drug candidate.
Previous studies demonstrated engeletin's
potent inhibition of CYP3A4 and CYP2D6, with
ICso values of 1.32 uM and 2.87 uM, respectively.
CYP3A4 and CYP2D6, members of the CYP450
family, play significant roles in over 50% and
25% of clinical drug metabolism, respectively
[43]. Moreover, engeletin, a bioactive compound,
exhibited favorable binding to FtsZ, a
microtubule homolog, potentially targeted by
griseofulvin. Simulation trajectory files were
scrutinized for RMSD, RMSF, Rg, and SASA.

Structural changes in FtsZ (3VOB)

Molecular simulations  were
utilized to explore the interaction between
protein tyrosine phosphatase and bioactive
compounds derived from Petiveria alliacea L.
The stability of these complexes was evaluated
using RMSD (Table 6).

In the absence of ligands, the protein
exhibited RMSD fluctuations around an average
of 0.26 nm. Upon binding of analogs, there was a

dynamics

slight decrease in RMSD values from 0.22 to 0.24
nm, indicating minor alterations in protein
conformation upon complex formation. Lower
RMSD stronger protein
structures. RMSF plots were analyzed for both
ligand-free and ligand-bound states. Without
ligands, the enzyme had an average RMSF of 0.13
nm. However, after ligand binding, the average
RMSD values for engeletin, ciprofloxacin, and
griseofulvin slightly changed to 0.13, 0.12, and
0.14 nm, respectively, indicating stability of the
complexes during simulation. The Rg offers
insights into protein structural compactness,
with smaller Rg values suggesting more compact
protein structures. In complex formations, the
average Rg values mostly remained unchanged
or slightly decreased (Figure 1), suggesting that
ligand binding minimally altered the structural
compactness of tyrosine phosphatase. SASA
measured the surface area of compounds
accessible to solvent molecules. The mean SASA
measurements for bioactive compounds
remained nearly constant upon binding to
tyrosine phosphatase, suggesting that the
protein underwent conformational changes at a
rate and did not attain
equilibrium, as evidenced by its solvent
accessibility. Overall, the analysis indicates that
equilibrium was not reached for this target
during the 500 ns MD simulations.

values indicate

relatively slow

Table 6. The mean values of RMSD, RMSF, Rg, and SASA over the entire 500 ns of MD simulations for the FtsZ

protein
Complex Mean RMSD (nm) Mean RMSF (nm) MeanRg (nm) Mean SASA (nm?)

Engeletin + FtsZ 0.24 0.13 1.99 140.07
iorofl .

Ciprofloxacin + 0.21 0.12 1.97 137.05

FtsZ
Griseofulvin + FtsZ 0.21 0.12 1.97 138.44
protein FtsZ 0.25 0.13 1.94 137.05
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Figure 1. The dynamic structure of the ftsZ protein, the root means square deviation, root mean square
fluctuations, the plot of radius of gyration, and the solvent-accessible surface area

The structural changes in tyrosine phosphatase
(4R0T)

Molecular simulations
performed to investigate interactions between
protein tyrosine phosphatase and bioactive
compounds from Petiveria alliacea L., with

complex stability assessed via RMSD (Table 7).

dynamics were

The ligand-free protein showed RMSD
fluctuations around 0.26 nm, while ligand-bound
complexes exhibited slightly lower RMSDs
(0.22-0.24 nm), indicating
conformational changes and stable protein
structures. RMSF analysis showed average
fluctuations of 0.13 nm for the free enzyme, with

minor

Table 7. The mean values of RMSD, RMSF, Rg, and SASA over the course of 500 ns of MD simulations for
tyrosine phosphatase

Complex Mean RMSD (nm) Mean RMSF (nm) MeanRg (nm) Mean SASA (nm?)
Engeletin +
Tyrosine 0.24 0.13 1.51 83.94
phosphatase
Ciprofloxacin +
Tyrosine 0.22 0.12 1.50 82.90
phosphatase
Griseofulvin +
Tyrosine 0.24 0.14 1.50 85.29
Phosphatase
Protein tyrosine 0.26 0.13 1.50 84.24

phosphatase
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Figure 2. The dynamic structure of the tyrosine phospatase protein, the root means square deviation, root
mean square fluctuations, the plot of radius of gyration, and the solvent-accessible surface area

slight changes wupon binding engeletin,
ciprofloxacin, and griseofulvin (0.12-0.14 nm),
confirming complex stability. The radius of
gyration (Rg) remained mostly unchanged or
slightly decreased (Figure 2), suggesting
minimal impact on protein compactness. SASA
values of bound compounds were nearly
constant, indicating conformational
changes and that equilibrium was not reached
during the 500 ns simulation.

slow

Computational binding free energy calculations
using MM-PBSA

The binding free energy at 500 ns was
determined wusing the MM-PBSA method
implemented in GROMACS 2016.3, analyzing the
molecular dynamics data (Table 8). This
involved computing the total binding free energy
considering various factors like van der Waals
interactions (AEVDW), electrostatic interactions
(AEEEL), contributions from the Generalized

Born method (AEGB), nonpolar solvation
(AESURF), gas phase molecular mechanics
energy (AGGAS), and solvation energy (AGSOLV)
for the six complexes [44]. The total binding
energies ranged between -74.004 and -126.107
k]/mol (for FtsZ) and -10.684 and -45.855
k] /mol (for tyrosine phosphatase), as detailed in
Table 8. Furthermore, all MM-PBSA calculations
indicated the formation of stable complexes
between the six compounds and the active sites
of the protein macromolecules, consistent with
docking studies. The estimation of binding free
energy supported the results obtained from
molecular docking and dynamics simulations.
Notably, engeletin exhibited substantially higher
MM-PBSA binding free energy for both FtsZ and
tyrosine phosphatase proteins compared to
ciprofloxacin and griseofulvin during the 500 ns
simulation. These findings hold promise for the
development of effective drugs targeting
infectious diseases.
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Table 8. The components of binding energy computed using the MM-PBSA method
Complex AEVDW AEEEL AEGB AESURF AGGAS AGSOLV ATOTAL
P (kJ/mol)  (kKJ/mol) (kJ/mol) (kJ/mol) (kj/mol) (kJ/mol) (Kk]/mol)
Engeletin + FtsZ -211.027 -76.523 181.468 -20.025 0.000 0.000 -126.107
C‘pmfl};’s"zacm ¥ -138503 -35580 115316 -15.237  0.000 0.000  -74.004
Grlse;’tf:Zl‘”“ * 135726 -0561  67.886  -14.937  0.000 0.000 -83.338
Engeletin +
Tyrosine -78.162 -6.042 47.050 -8.701 0.000 0.000 -45.855
phosphatase
Ciprofloxacin +
Tyrosine -37.404 -23.135 53.962 -4.108 0.000 0.000 -10.684
phosphatase
Griseofulvin +
Tyrosine -91.032 -98.468 184.981 -12.886 0.000 0.000 -17.406
phosphatase
Table 9. The components of binding energy computed using the MM-PBSA method
Microorganism e e Result
g compound MIC (pg/mL) MBC (pg/mL)
Staphvlococcus aureus Beta-sitosterol 6.25 6.25
P us aurett myricetin 7.5 7.5
Pseudomonas derudinosa Beta-sitosterol 1.5625 1.5625
g myricetin 3.25 3.25
, Beta-sitosterol 25 25
Malassezia furfur myricetin 0.8125 3.25
. Beta-sitosterol 12.5 12.5
Trichophyton mentagrophytes myricetin 75 75
In vitro antibacterial activity testing using the promising candidates against bacterial
microdilution method infections, particularly those caused by

The antimicrobial activity of selected
compounds is summarized in Table 9. Beta-
sitosterol showed MIC and MBC values of 6.25
pug/mL against Staphylococcus aureus, while
myricetin exhibited values of 7.5 pg/mlL,
indicating strong activity against this Gram-
positive  bacterium. Against
aeruginosa, beta-sitosterol was highly potent
(MIC and MBC = 1.5625 pg/mL), and myricetin
showed values of 3.25 pg/mL. These results
suggest that Dbeta-sitosterol exerts both
bacteriostatic and bactericidal effects, likely due
to its ability to penetrate the Gram-negative
outer membrane, while myricetin also displays
significant activity. Overall, both compounds are

Pseudomonas

antibiotic-resistant Pseudomonas aeruginosa.
For antifungal activity, beta-sitosterol
showed MIC and MBC values of 25 pg/mL against
Malassezia furfur, whereas myricetin was more
potent (MIC = 0.8125 pg/mL; MBC = 3.25
pug/mL). Against Trichophyton mentagrophytes,
beta-sitosterol and myricetin had MIC and MBC
of 125 pg/mL and 7.5 pg/mlL,
respectively, indicating moderate to strong

values

activity. Myricetin’s superior efficacy is likely
due to its higher polarity and multiple hydroxyl
groups, which enhance interaction with fungal
membranes, while beta-sitosterol’s nonpolar
structure and single hydroxyl group may limit its
activity. Both compounds appear to act by
disrupting fungal cell membranes or inhibiting
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key enzymes, highlighting their potential as
dual-action antimicrobial agents and promising
candidates for broad-spectrum antimicrobial
therapies.

Conclusion

This study focused on designing and
evaluating the antibacterial activity of bioactive
compounds derived from Petiveria alliacea L.
using a
computational approaches. The compounds'
uniqueness in terms of antibacterial activity was
confirmed through a search on the Clarivate
Analytics Integrity portal. Molecular docking and
PASS server predictions revealed strong binding
affinities of the bioactive compounds toward the
FtsZ protein and tyrosine phosphatase, key
bacterial  targets. Molecular
simulations further validated the stability of the
protein-ligand complexes, demonstrating their
ability to induce significant conformational
changes in the FtsZ protein and tyrosine
phosphatase during the simulation. Engeletin, in
particular, exhibited exceptional stability within
the active site of tyrosine phosphatase, as
evidenced by reduced RMSD and increased SASA
values, highlighting its capacity to alter protein
conformation upon binding. Similarly, MD
simulations showed the remarkable stability of
engeletin when interacting with FtsZ, with
consistent RMSD, RMSF, Rg, and SASA values
supporting its potential as a robust antibacterial
agent. The integration of in vitro antibacterial
activity testing provided experimental validation
for the computational findings. Results from MIC
and MBC assays confirmed the effectiveness of
selected compounds in inhibiting and Kkilling

combination of in vitro and

dynamics

bacterial strains,
potential as antibacterial agents. These findings
align with the computational predictions and
emphasize the significance of FtsZ as a key
bacterial target, considering its functional role as

thereby reinforcing their

a prokaryotic homolog of eukaryotic

microtubules  targeted by  griseofulvin.
Ciprofloxacin's observed activity on tyrosine
phosphatase also highlighted its
antibacterial potential, albeit dependent on
specific cell types and conditions. While the
number of compounds designed in this study
limited, the findings underscore the
potential of hybridization approaches to
enhance antibacterial activity. This work not
only provides insights into the development of
compounds, but
establishes a robust framework for future
research targeting bacterial proteins to create
promising antibacterial agents.

versatile

was

novel antibacterial also
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