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Abstract

The rapid spread of multidrug-resistant bacteria has created an urgent, global need for novel antibacterial agents
capable of overcoming existing resistance mechanisms. This computational study employs an integrated in silico
approach to explore the potential of baeckenone compounds as MurA enzyme inhibitor. We report the isolation of 3
compounds from Baeckea frutescens: (5,7-dihydroxy-8-(1-(2-hydroxy- 4-methoxy-3,3,5-trimethyl -6-oxocyclohexa-1,4-
dien-1-yl)-2-methylpropyl)-6-methyl-2-phenylchroman-4-one), Baeckenone B, and Baeckenone L (a novel
phoroglucinol). These natural compounds served as starting points for in silico structure-based optimization to predict
enhanced MurA binding. All derivatives were evaluated for predicted drug likeness, bioactivity scores, and toxicity
profile. Molecular docking against MurA was validated by successful re-docking of fosfomycin (RMSD = 0.394 A).
Binding stability was further assessed through 20 ns molecular dynamics (MD) simulations and MM-PBSA free energy
calculations. Structural optimization predicted improved drug-likeness (all modified derivatives complied with Lipinski’s
Rule of Five), enhanced bioactivity scores, and suggested in silico membrane integrity antagonist potential without
predicted toxicity. Docking analysis indicated higher predicted binding affinities for modified compounds (AG =-7.3 to
—7.7 kcal/mol), surpassing the non-covalent binding component of fosfomycin (AG = —4.5 kcal/mol). MD simulations
confirmed enhanced complex stability, with modified ligands exhibiting lower RMSD (0.612 - 1.120 A), reduced residue
fluctuations (RMSF), and favorable MM-PBSA binding energies. Modified Baeckenone B showed the most promising
predicted profile (AG = ~7.4 kcal/mol, Ki = 0.58 uM), and stable binding (RMSD = 0.612 A). This computational study
provides a framework for prioritizing baeckenone derivatives for future experimental validation as novel antibacterial

agents against multidrug-resistant pathogens.
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Introduction
The rapid escalation of antibiotic resistance poses therapeutics ineffective [1,2]. This crisis necessitates the
a critical threat to global health, with multidrug-resistant exploration of novel antibacterial targets and strategies.

(MDR) bacterial strains rendering many conventional The MurA (UDP-N-acetylglucosamine enolpyruvyl



Trends Sci. 2026; 23(10): 13006

2 0f32

transferase) enzyme, which catalyzes the first
committed step in bacterial peptidoglycan biosynthesis,
represents a promising and validated target [3]. Unlike
many existing antibiotics, inhibitors targeting this
essential pathway could circumvent common resistance
mechanisms, offering a new approach against MDR
pathogens.

Natural products remain a vital source for novel
drug discovery, particularly for antimicrobial agents [4].
Plants of the genus Baeckea, specifically Baeckea
frutescens L., have been traditionally used and studied
for their bioactive potential [5]. Phytochemical
investigations have revealed that B. frutescens produces
specialized metabolites, primarily phloroglucinol
derivatives known as baeckenones [6-9]. These
compounds have demonstrated various pharmacological
activities, suggesting their potential as leads for
antibacterial development [5,6]. However, the potential
of baeckenones as inhibitors of the MurA enzyme
remains largely unexplored. While fosfomycin is a
clinically used covalent MurA inhibitor, resistance can
arise through mutations in the catalytic cysteine
(Cysl115) or through fosfomycin-modifying enzymes
[10,11]. Non-covalent inhibitors could offer an
alternative strategy to overcome such resistance
mechanisms. Previous studies on MurA inhibitors have
focused on substrate analogs or synthetic compounds
[12-14], but

optimization of natural phloroglucinol scaffolds for

comprehensive structure-based
enhanced MurA binding has not been systematically
reported. Furthermore, although several baeckenones
have been isolated from B. frutescens [7-9], their
binding mechanisms, structure-activity relationships
(SAR) against MurA, and potential for optimization are
unknown.

The utilization of Baeckea frutescens in modern
pharmacology reflects a broader trend of integrating
ethnomedicinal  knowledge with  contemporary
scientific research. Previous phytochemical studies have
identified bioactive compound Baeckea frutescens,
prompting our investigation of its baeckenone derivates
as potential MurA inhibitors [6]. By harnessing the
antibacterial activity of these compounds, researchers
aim to develop novel formulations that could enhance
the efficacy of existing antibiotics or offer alternative
treatments for infections that pose significant challenges

to current therapeutic options. In light of the rising threat

of antibiotic resistance, this study aims to investigate the
potential of Baeckenone extracted from Baeckea
frutescens as an inhibitor of MurA. The primary
objective of this research is to explore the ability of these
flavonoids to inhibit MurA, a crucial enzyme in
bacterial cell wall biosynthesis. Therefore, this study
aims to bridge these gaps through an integrated
approach combining phytochemistry and computational
methods. The specific novelty of this study lies in: (i)
the first reported isolation of Baekenone L from B.
frutescens; (i) systematic structure-based modification
rules applied to the baekenone scaffold (hydroxyl group
optimization, steric bulk reduction, and lipophilicity
modulation) specifically targeting MurA; and (iii)
integrated computational prioritization combining
docking, MD simulations, and MM-PBSA to identify
modified Baekenone B as a lead candidate requiring
experimental validation. This work is a computational
discovery study, aiming to identify and prioritize the
most promising baeckenone-derived leads for
subsequent experimental validation as novel non-

covalent MurA inhibitors.

Materials and methods

Equipment and materials

This study employed structure-based optimization
using structure activity relationship (SAR) and
molecular dynamics (MD) simulation as part of a
computational approach. The simulations were
performed on a computer system equipped with an Intel
Core 19-12900KF processor, 64 GB RAM, and NVIDIA
GeForce RTX 4070 Graphics Card, running Windows
11 Professional 64-bit as the primary operating system.
The software tools utilized in this research included Yet
Another Scientific Artificial Reality Application
(YASARA Structure), Molecular Operating
Environment (MOE) 2019.0102, UCSF Chimera 1.17.3,
Discovery Studio 3.5 Client 2025, Avogadro, and Open
Babel GUI.

The 3D  structures of the molecules
studied,’osfomying the MurA enzyme and ligands, were
retrieved from various sources. The MurA enzyme
structure (PDB code 1UAE) was obtained from the
Research Collaboratory for Structural Bioinformatics
(RCSB) Protein Data Bank (https://www.rcsb.org/). The
ligand structures drawing from isolation results from
Baeckea frutescens including 1) 5,7-dihydroxy-8-(1-(2-
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hydroxy-4-metoxy-3,3,5-trimetyl-6-oxocyclohexa -1,4-
dien-1-yl)-2-methylprophyl)-6-methyl-2-

phenylchroman-4-one, 2) Baeckenone B, and 3) Novel
Compound from isolation Baeckenone L, and 4)
‘osfomycin as co-crystallized ligand, were sourced from
the PubChem Compound and Substance Database
(https://pubchem.ncbi.nlm.nih.gov/), provided by the
National Center for Biotechnology Information (NCBI).
The 3D structure files were in PDB and PDBQT
formats, suitable for molecular docking and dynamics

simulations.

Methods

Isolation of novel baeckenone and its derivatives
from Baeckea frutescens

B.  frutescens leaves were dried at room
temperature and macerated with methanol for 24 h. The
separation steps of crude extract were: (1) liquid-liquid
partition into hexane and water layers, (2) hexane layer
was collected and separated using silica open column
chromatography into six partitions (100% hexane, 10%
ethyl acetate/hexane, 30% ethyl acetate/hexane, 70%
ethyl acetate/hexane, 100% ethyl acetate, and 100%
methanol), and (3) 10% ethyl acetate/hexane partition
was analyzed using GC (SHIMADZU GC system
column; HP-5, length 30 m, diameter 0.320 mm, film
thickness 0.25 pum, injection injection temperature at
150 °C, and detector temperature at 300 °C) and further
separation was conducted by using HPLC (SHIMADZU
HPLC system; pump: LC-6AD, column oven: CTO-
20A, auto injector: SIL-20AD, detector: SPD-M10A).
This HPLC separation was conducted into 2 steps using
2 column HPLC that were silica column; size 10IDx250
mm, type waters and ODS column C-18 UG80; size 4.6
mm ID*250 mm. These steps yielded four compounds
and were analyzed using LCMS (SHIMADZU LCMS
system, pump: LC-6AD, column oven: CTO-20A, auto-
injector: SIL-20AD, detector: SPD-M10A, ODS
column C-18 UGB80; size 2.0 mm IDx150 mm). The
compound structures were measured with a Jeol INM-
ECX500.

Structure  based optimization of novel
baeckenone and its derivatives

The three isolated baeckenones served as starting
scaffolds for in silico optimization targeting the MurA

active site. Initial molecular models were constructed

using ChemDraw 22.0 (PerkinElmer) and converted to
3D structures, which were then geometry-optimized
using the MMFF94 force field in Avogadro 1.2.0. The
optimization strategy was guided by analysis of the
binding poses of the unmodified baeckenones within the
MurA active site (PDB: 1UAE). Key interaction
patterns and steric clashes were identified using UCSF
Chimera 1.16. Based on this analysis, three optimization
principles were applied: (1) Reduction of molecular
weight by removing non-essential bulky substituents
(e.g., trimethyl groups) while maintaining the core
pharmacophore; (2) Strategic introduction of hydrogen
bond donors/acceptors at positions predicted to interact
with key residues (Cys115, Asp305, Argl20); and (3)
Modulation of lipophilicity (LogP) by converting
methoxy groups to hydroxyls or vice versa to balance
membrane permeability and solubility. The optimization
was carried out by applying a combination of the
Autodock Tool and UCSF Chimera to refine the
geometry and improve the binding affinity of the
baeckenones to the MurA enzyme.

Drug-Like parameter analysis

The chemical structures of the baeckenone
derivatives extracted from Baeckea frutescens were first
prepared in SMILES or 3D file formats. These
structures were then analyzed using computational tools
such as https://www.molinspiration.com/cgi/properties
to evaluate their drug-like properties. Parameters such
as lipophilicity (LogP), molecular weight (Mw),
hydrogen bond donors/acceptors, and polar surface area
(PSA) were assessed, alongside compliance with
Lipinski’s Rule of 5 and other relevant criteria.
Predicted drug-likeness was assessed via the
Molinspiration server. Compounds were considered to
have “good” predicted drug-likeness if they complied
with Lipinski’s Rule of Five (MW < 500, LogP < 5,
HBD <5, HBA < 10) and had a topological polar surface
area (TPSA) < 140 A2,

Bioactivity prediction and toxicity evaluation

To predict the bioactivity and toxicity of the
selected baeckenone derivatives, computational tools
such as PASS (Prediction of Activity Spectra for
Substances) and PkCSM (Estimation of Toxic Hazard A
Decision Tree Approach) were employed. PASS
provides predictions for the biological activity of



Trends Sci. 2026; 23(10): 13006

4 of 32

compounds against a wide range of biomolecules. To
predict the biological activity of these compounds, the
SEA (Similarity Ensemble Approach) or Pred-activity
databases were utilized. These tools predict the potential
activity spectra of the compounds across various
biological targets, including antimicrobial activity, thus
identifying the most promising candidates based on their
activity profiles. Bioactivity scores for “antibacterial”
and “membrane integrity antagonist” targets were
obtained from the same server; scores > 0.5 indicate
probable activity, scores between 0 and 0.5 indicate
moderate activity, and scores < 0 indicate inactivity.
PkCSM evaluates the toxicity potential, including
mutagenic, carcinogenic, and organotoxic effects. These
tools allow the prioritization of compounds with a
favorable therapeutic profile and acceptable toxicity
levels. After bioactivity and toxicity predictions, the
compounds that demonstrated promising bioactivity and
low toxicity were selected for further molecular docking
studies.

Molecular docking assessment and
visualization of interaction

Protein Preparation: The MurA structure (PDB:
1UAE) was prepared in AutoDockTools by removing
water molecules, adding polar hydrogens, and assigning
Gaisteiger charges. Ligand Preparation: Ligand
structures were energy-minimized using UFF in
Avogadro and converted to PDBQT format. Docking
Parameters: A grid box of dimensions 18x20x20 A was
centered on the fosfomycin binding site (center x =
38.591, center y = 24.496, center z = 43.646). The
exhaustiveness was set to 64. For each compound, 20
independent docking runs were performed. Validation:
The protocol was validated by re-docking the co-
crystallized fosfomycin ligand. The root-mean-square
deviation (RMSD) between the docked and crystal
poses was 0.394 A, confirming the reliability of the
docking parameters. The docking results were analyzed
based on the binding affinity scores and binding energy,
with lower values indicating stronger interactions
between the ligand and the receptor.

The results of the molecular docking studies were
visualized using Discovery Studio Visualization 2025 to
examine the interactions between the baeckenone
derivatives and the MurA enzyme at the molecular level.

These visualization tools provided a clear depiction of

key interactions, such as hydrogen bonds, hydrophobic
interactions, and electrostatic interactions. The specific
residues of the enzyme involved in ligand binding were
identified and analyzed to better understand the binding
mechanism. The 3D structures of the ligand-enzyme
complexes were also visualized to assess how well the
baeckenone derivatives fit into the enzyme’s active site,
further validating the docking results. These interaction
maps help to determine the potential of the compounds
as inhibitors of MurA and their suitability for further
experimental validation. The docking study was
performed with the MurA enzyme, with the Autodock
Vina and Molecular Operating Environment (MOE)
used to predict the best binding poses of the baecckenone
derivatives. The resulting docking scores were analyzed
to select the most promising candidates for further
optimization. Statistical comparison of docking scores
between unmodified and modified derivatives, as well
as with fosfomycin, was performed as described in the

Statistical Analysis subsection.

Molecular dynamics simulation

Molecular dynamics (MD) simulations were
performed to investigate the binding stability and
dynamic behavior of the baeckenone derivatives in
complex with MurA. The optimized baeckenone
derivatives were docked into the active site of the MurA
enzyme (PDB ID: 1UAE). The initial structure of MurA
was retrieved from the Protein Data Bank and prepared
by removing water molecules and adding hydrogen
atoms using YASARA Structure. MD simulations were
carried out using YASARA with the AMBER14 force
field. Energy minimization was performed to remove
steric clashes, followed by a 20 ns simulation under
NVT and NPT ensembles. The temperature was
maintained at 298 K and pressure at 1 bar. Each system
was solvated in a truncated octahedral box of TIP3P
water molecules extending 10 A from the protein
surface, and sodium/chloride ions were added to
neutralize and achieve a physiological salt concentration
of 0.15 M, resulting in approximately 45,000 - 50,000
atoms per simulation box.

To ensure that all analyses reflect equilibrium
behavior, the first 2 ns of each trajectory were discarded
as equilibration and excluded from production analyses.
Convergence was assessed by monitoring the root mean

square deviation (RMSD) of protein backbone atoms;
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systems were considered equilibrated when RMSD
fluctuations stabilized (typically after 3 ns). All
production analyses including RMSD, root mean square
fluctuation (RMSF), radius of gyration (Rg), and MM-
PBSA binding free energy calculations were performed
on the equilibrated portion of the trajectories (3-20 ns).

Trajectory analysis was performed using
YASARA macros md_analyze, md_analyzebindenergy,
and md_analyzeres to evaluate complex stability. Key
parameters such as RMSD, RMSF, and MM-PBSA
energy were calculated to assess dynamic behavior and
binding affinity. All computational results were
analyzed using Microsoft Excel. Statistical analysis of
RMSD was performed as described in the Statistical
Analysis subsection; for MD data, descriptive statistics

(mean =+ SD) are reported.

MM-PBSA binding free energy calculation

The binding free energy (AGbind) for each
complex was calculated using the Molecular
Mechanics-Poisson-Boltzmann Surface Area (MM-
PBSA) method implemented in the macro
md_analyzebindenergy of AMBER 20. For each
trajectories, 500 snapshots were extracted at regular
intervals (every 200 ps) from the equilibrated portion (3

- 20 ns) after confirming system equilibration.

The binding free energy was calculated using the

following Eq. (1)

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

where G represents the free energy of each component,

calculated as:

G = EMM + Gsolvation — TS 2)

EMM = Ebonded + Enon-bonded (van der Waals +
electrostatic) 3)

Gsolvation = Gpolar + Gnon-polar 4)

The polar solvation energy (Gpolar) was
calculated using the Poisson-Boltzmann (PB) equation
with the internal dielectric constant set to 1 and the
external solvent dielectric constant set to 80. The non-

polar solvation energy (Gnon-polar) was estimated

based on the solvent-accessible surface area (SASA)
using a probe radius of 1.4 A. The entropic contribution
(-TS) was not included in the reported AGbind values
due to the high computational cost and known
limitations of normal mode analysis for such large,
flexible systems; thus, the reported values represent
enthalpy-dominated binding free energies. All energy
components (van der Waals, electrostatic, polar
solvation, non-polar solvation) were recorded and
analyzed separately to understand the driving forces
behind binding. Descriptive statistics (mean = SD) for
MM-PBSA energies are reported

Statistical analysis

All quantitative results from molecular docking
are reported as mean + standard deviation (SD) from 20
independent runs per compound (n = 20). Normality of
data distribution was assessed using the Shapiro-Wilk
test. For comparisons between 2 groups (e.g.,
unmodified vs. modified derivatives, or modified
derivatives vs. fosfomycin), an independent two-tailed
t-test was used when data were normally distributed;
otherwise, the Mann-Whitney U test was applied. For
multiple comparisons across several compounds,
Bonferroni correction was applied by adjusting the
significance level to a/n (where n is the number of
comparisons). The threshold for statistical significance
was set at p < 0.05. The positive control for docking
validation was the co-crystallized ligand fosfomycin.

For MD simulations, data from the equilibrated
portion (ns 3 - 20) of a single trajectory per complex
were used to calculate the mean and SD as measures of
temporal fluctuation. Statistical comparisons between
groups were not performed for MD data due to the
absence of replicate trajectories; instead, differences are
discussed descriptively. All statistical analyses for
docking were performed using Microsoft Excel and
SPSS version 25.

Results and discussion

Isolation and structure elucidation of novel
baeckenone and its derivatives from Baeckea
frutescens

The methanol crude extract of B. frutescens has
shown antimycobacterial activity against
Mycobacterium smegmatis JCM6386", therefore, the

separation guided bioassay was conducted to
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characterize the antimycobacterial compounds. The
main partition of B. frutescens leaves containing the
antimycobacterial compounds was identified as fraction
C obtained from elution with 10% ethyl acetate in
hexane, which appeared as a prominent and well-
defined peak in the initial HPLC profile (Figure 1(a)).
Despite its apparent dominance, further analysis of
fraction C by GC (Figure 1(b)) revealed that it was not
a single peak but rather a mixture comprising four major
compounds along with impurity, as indicated by several
sharp and distinct peaks at different retention times.

0 5 10 15 20 25 20 35 min

To achieve better isolation for each compound,
fraction C was subjected to further purification using
reverse-phase HPLC on an ODS column into two steps
using different conditions as described in the method.
As shown in Figure 1 (c), this approach separated
fraction C into five subfractions (Ca-Ce). Among these,
subfraction Cd was selected for additional purification
due to its distinct profile. A second stage HPLC
separation of Cd resulted in four discrete peaks (Cd-1 to
Cd-4) (Figure 1(d)), corresponding to four compounds
which were identified as the antimycobacterial

compounds present in B. frutescens.

b)
1500071

11.252

14.478

15000

Intensity
g

T T T T T
0 10 20 30 LY min

d)

0 5 10 15 20 25 min

Figure 1 HPLC and GC profile. (a) HPLC profile of 10% ethyl acetate in hexane using silica column, (b) GC profile of
fraction C, (c) HPLC profile of fraction C using ODS column, and (d) HPLC profile of fraction Cd using ODS column.

The molecular weights of purified compounds
obtained from subfractions Fr. Cd-1, Fr. Cd-2, Fr. Cd-3,
and Fr. Cd-4 were determined using LC-MS analysis, as
presented in Figure 2. Each fraction exhibited a distinct
total ion chromatogram with well-defined peaks,
indicating a high degree of purity following the final
stage of HPLC separation. The LC-MS spectra at
[M+H]" of these compounds (Fr. Cd-1, Fr. Cd-2, Fr. Cd-
3, and Fr. Cd-4 fractions) are m/z 447.35, 507.30,
447.35, and 461.35, respectively. Notably, the identical
m/z values observed for Fr. Cd-1 and Fr. Cd-3 suggest

that these two fractions may contain different structural
isomers.

Moreover, NMR analysis results (Table 1,
Supplementary data) showed that Fr. Cd-2 is 5,7-
dihydroxy-8-(1-(2-hydroxy-4-methoxy-3,3,5-trimethyl-
6-oxocyclohexa-1,4-dien-1-yl)-2-methylpropyl)-6-
methyl-2-phenylchroman-4-one [7] and Fr. Cd-3 is
baeckenone B [8] have been reported, and Fr. Cd-4 is a
novel compound while Fr. Cd-1 showed unclear NMR
peaks. Compound Cd-4 is 1) obtained as yellow oil, 2)
the molecular formula is C26H3607, 3) IUPAC name is
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3-hydroxy-5-methoxy-4,4,6-trimethyl-2-(2-methyl-1- Further analysis of COSY and HMBC (Figure 3)
(2,4,6-trihydroxy-3-isobutyryl-5- showed the position of this -CH3 around C-10, C-9, and
methylphenyl)butyl)cyclohexa-2,5-dien-1-one, that was C-8, and 5) determined as a new phloroglucinol. Since a
determined by chemdrawdirect.perkinelmer.cloud, 4) group of phloroglucinols has been only reported as
Fr. Cd-4 possessed a similar structure to baeckenone B baeckenone A-K isolated from the leaves of this plant
or Fr. Cd-3 with additional -CHj3 attached at C-10. [9], Fr. Cd-4 is named baeckenone L.
a) Fr. Cd-1 HpFr-Sa-
{ - O /R
2°i7 v/ 3 - u‘ / V/ B N
® Tic Chromatogram " i ® Tic Chromatogram
& [M+H]+ 447.35 § :‘ I 20420
ISV ?*rw—.v"m%%ﬂfw ® 4

¢) Fr. Cd-3 d) Fr. Cd-4

1 /

/[ \

i
N . 3
25 [ s 100 min
TIC Chromatogram

T
FOREC)

R S PR L )
TIC Chromatogram

[M+H]+ 461.35

[M+H]+ 447.35

Relative Intensity (%)

Figure 2 LCMS profile. (a) Fr. Cd-1, (b) Fr. Cd-2 (c¢) Fr. Cd-3, (d) Fr. Cd-4.
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Figure 3 COSY and HMBC of Fr. Cd-4.

Structure based optimization of novel
baeckenone and its derivatives

Structure based optimization of Baeckenone
derivatives was performed to improve their antibacterial
potential by enhancing the molecular features
responsible for stable and selective interaction with the
target enzyme. The original structures of Baeckenone B
and Novel Baeckenone L possess a characteristic
chroman-4-one core decorated with multiple hydroxyl
groups, which contribute significantly to hydrogen-bond
formation and intrinsic bioactivity. However, the
presence of sterically bulky substituents and limited
polar anchoring sites in certain regions of the molecules
may restrict optimal positioning within the receptor’s
active pocket. To address these limitations, structural
modifications were introduced, focusing on increasing
hydrogen-bond donors/acceptors and optimizing the
spatial arrangement of hydrophobic fragments in Table
1.

The optimized structures exhibit a more refined
interaction profile by selectively enhancing the number
and accessibility of hydroxyl groups, particularly on the
A- and C-rings. These additional polar groups are
positioned to strengthen directional hydrogen-bonding

interactions with key catalytic residues, improving the

stability of  the
Simultaneously, the reduction or removal of large

ligand-receptor ~ complex.

aromatic substituents minimizes steric clashes and
allows the modified ligands to adopt deeper and more
energetically favorable orientations within the active
site. These changes also lower the desolvation energy
required for binding, thereby improving ligand
efficiency and overall binding affinity. Hydrophobic
side chains, especially those retained on the chromanone
skeleton, continue to play a critical role in enabling van
der Waals interactions within the lipophilic pockets of
the bacterial target. By maintaining these hydrophobic
contacts while increasing polar complementarity, the
optimized  derivatives  achieve @ a  balanced
physicochemical profile that enhances both target
engagement and potential membrane permeability. This
balance is essential for antibacterial activity, as
compounds must efficiently interact with intracellular
enzymatic targets while retaining adequate passive
diffusion capability. Overall, the structural refinements
introduced into Novel Baeckenone L and its related
analogs result in improved molecular complementarity,
enhanced binding capability, and greater predicted
antibacterial potency. These modifications provide

mechanistic insight into the structure activity
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relationship (SAR) of the Baeckenone scaffold and
highlight the potential of the optimized derivatives as

promising  antibacterial candidates for further

biochemical and cellular evaluation.

Table 1 Structure-based optimization of novel baeckenone and its derivatives.

Compounds

Experimental/Original structure

Modified/Optimization structure

Fraction Cd-2; 5,7-dihydroxy-8-(1-
(2-hydroxy-4-metoxy-3,3,5-
trimetyl-6-oxocyclohexa-1,4-dien -
1-yl)-2-methylprophyl)-6-methyl-
2-phenylchroman-4-one

OH

o) OH O

HO
OH (IJ
Fraction Cd-3; Baeckenone B o OH
HO ‘ OH
OH Cl)
O OH

Fraction Cd-4; Baeckenon L

the  structural

optimization of Baeckenone derivatives underscore

Recent advancements in
their potential as novel antibacterial agents, particularly
through interactions with the MurA enzyme, a critical
target in bacterial cell wall synthesis. The chroman-4-
one scaffold, which forms the core of Baeckenone B and
Novel Baeckenone L, contains functional hydroxyl
groups that facilitate hydrogen-bonding interactions,
[13,14].
However, the original structures of these derivatives

essential for effective enzyme binding
feature bulky substituents and limited polar anchoring
sites, which can hinder optimal receptor engagement. To
address these challenges, structural modifications were
the

capabilities and reduce steric hindrance, particularly

introduced to enhance hydrogen-bonding

through the strategic placement of hydroxyl groups on

the A- and C-rings [15]. These modifications aim to
improve the positioning of the derivatives within the
active site of MurA, minimizing steric clashes and
desolvation energy, which in turn optimizes binding
efficiency and affinity [16]. By fine-tuning the number
and accessibility of hydroxyl groups, the modified
derivatives enhance hydrogen-bonding interactions with
critical catalytic residues, thereby improving binding
stability. Additionally, the optimization of hydrophobic
side chains plays a crucial role in enhancing the van der
Waals
lipophilic pockets of the MurA enzyme.

interactions between the ligands and the
These
hydrophobic interactions, combined with the newly
optimized  hydrogen-bonding and electrostatic
interactions, not only improve binding affinity but also

increase the membrane permeability of the compounds.
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This balance between hydrophobic and polar
interactions is essential for achieving both target
engagement and passive diffusion across bacterial
membranes, which is particularly important for
targeting Gram-negative bacteria [17].

The modifications introduced into Baeckenone B
and Novel Baeckenone L derivatives resulted in
improved molecular complementarity, binding
capabilities, and predicted antibacterial potency. These
findings are consistent with previous studies that have
emphasized the importance of structure-activity
relationship  (SAR) analyses to refine the
pharmacophore of potential antibacterial agents [18]. By
focusing on strategic modifications to hydroxyl group
placement, steric optimization, and the balancing of
hydrophobic and polar characteristics, this approach
provides valuable insight into enhancing the
antibacterial potential of Baeckenone derivatives. The
strategic hydroxyl group placement in these derivatives
has been widely studied for its critical role in enhancing
binding affinity and enzyme inhibition [19,20]. The
hydroxyl groups act as hydrogen bond donors and
acceptors, directly contributing to the stability and
interaction of the ligands with their target enzymes.
Studies have shown that systematic alterations to the
positions of these groups can significantly improve the
inhibitory effects on MurA, a key enzyme in bacterial
cell wall biosynthesis [15,21]. These findings support
the idea that careful modifications in ligand structures
can substantially improve their antibacterial activities.
Moreover, steric optimization is another pivotal factor
influencing binding stability and overall efficacy.
Studies have demonstrated that bulky substituents can
obstruct optimal binding orientations, reducing the
effectiveness of the ligand-receptor interaction [22]. By
reducing steric bulk around critical binding sites,
researchers have improved binding efficiency and
membrane permeability of antibacterial agents, ensuring
that they can penetrate bacterial membranes more
effectively [23].

The balance between hydrophobic and polar
interactions remains crucial in the optimization process.
The integration of hydrophobic groups into the
chromanone scaffold facilitates van der Waals
interactions with the lipophilic regions of the MurA
enzyme, while polar groups enhance solubility and

interaction with the aqueous environment [24]. This

balance directly correlates with improved antibacterial
efficacy, as evidenced by experimental assays on
various bacterial strains. The ability to maintain
structural integrity while ensuring effective membrane
penetration is particularly significant for targeting
Gram-negative bacteria, which present a formidable
challenge to many antibiotics [21,25].

In conclusion, the structural modifications made to
Baeckenone derivatives, particularly those aimed at
enhancing hydrogen bonding, reducing steric hindrance,
and optimizing hydrophobic interactions, have resulted
in improved antibacterial potential. These modifications
are pivotal in the development of new antimicrobial
agents capable of combating resistant bacterial strains.
The comprehensive approach employed in this study not
only provides mechanistic insights into the structure-
activity relationship (SAR) of the Baeckenone scaffold
but also lays the groundwork for the design of future
antibacterial agents. These computationally optimized
compounds, particularly modified Baeckenone B,
emerge as high-priority candidates demanding
immediate experimental validation. This study
establishes a robust in silico framework and identifies
specific lead compounds for subsequent synthesis, in
vitro MurA inhibition assays, and antibacterial activity

testing against multidrug-resistant pathogens.

Drug-like parameter analysis

Predicted drug-likeness evaluation based on
Lipinski’s Rule of Five revealed that the structural
optimization of the Baeckenone derivatives
substantially improved their suitability as orally active
antibacterial candidates. Table 2 shows the unmodified
structures, particularly the first analog with a molecular
weight (MW) of 506.60 Da, exhibited one violation of
Lipinski’s rules, primarily due to excessive molecular
weight and  suboptimal lipophilicity.  These
characteristics may limit passive membrane
permeability, reduce bioavailability, and hinder efficient
intracellular ~ accumulation factors crucial for
antibacterial efficacy. In contrast, the modified analogs
demonstrated a marked reduction in MW, with all
optimized structures falling within the acceptable
threshold (<500 Da). This decrease reflects a more
compact molecular framework that favors better

absorption and pharmacokinetic behavior.
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Additionally, the optimized derivatives showed
improved lipophilicity (LogP), with values adjusted
toward the optimal range for antibacterial activity (=2 -
4). This refinement suggests enhanced balance between
hydrophobicity and hydrophilicity, allowing the
molecules to more readily penetrate bacterial
membranes while maintaining sufficient solubility. The
increase in the number of hydrogen-bond donors
(nOHNH) in the modified structures further supports
stronger target engagement by enabling additional polar
interactions within the active site, without exceeding
acceptable limits that could impede permeability.

Topological polar surface area (TPSA) values for
the modified compounds remained within the favorable
range (<140 A?), indicating that these analogs maintain

an appropriate degree of polarity to support both

membrane penetration and strong receptor interaction.
Importantly, all modified Baeckenone derivatives
exhibited zero Lipinski violations, reflecting a
significant improvement in drug-like properties
compared to their unmodified counterparts. Together,
these findings demonstrate that the structural
modifications not only enhance molecular recognition
and binding affinity but also optimize pharmacokinetic
parameters critical for antibacterial activity. The
improved MW, LogP, TPSA, and Lipinski compliance
of the optimized derivatives indicate a higher likelihood
of effective cell penetration, better systemic
bioavailability, and overall superior predicted drug-
likeness, strengthening their potential as promising

antibacterial agents.

Table 2 Lipinski’s Rule of Five evaluation for natural and optimized baeckenone derivatives.

Rules of five lipinski N
Compound State L
MW (Da) nON nOHNH LogP TPSA (A?) Violations
5,7-dihydroxy-8-(1-(2- Unmodified  506.60 7 3 4.42 113.29 1
hydroxy-4-metoxy-3,3,5-
trimetyl-6-oxocyclohexa-1,4-
dien -1-yl)-2-methylprophyl)-  Modified ~ 388.42 7 4 2.96 124.29 0
6-methyl-2-phenylchroman-4-
one
Unmodified  446.54 7 4 3.55 124.29 0
Baeckenone B
Modified 376.40 7 5 3.41 125.28 0
Unmodified  460.57 7 4 4.05 124.29 0
Novel Baeckenon L
Modified 390.43 7 5 3.37 135.28 0

*Yellow highlight is Rules of Five Lipinski Violations.

To evaluate the predicted drug-likeness of
Baeckenone derivatives in light of Lipinski’s Rule of
Five and their potential as orally active antibacterial
agents, we must examine several key physicochemical
properties and how structural modifications influence
these characteristics. The unmodified Baeckenone
derivatives, particularly the initial analog, possess a
molecular weight of 506.60 Da, leading to a violation of
Lipinski’s Rule, which stipulates an optimal molecular
weight of less than or equal to 500 Da for effective oral
bioavailability [26]. Such a high molecular weight can
adversely impact bioavailability by decreasing passive

membrane permeability, which in turn could hinder
intracellular accumulation [27]. The optimized
derivatives, however, exhibit reduced molecular
weights below the recommended threshold, which not
only aligns with Lipinski’s Rule but also enhances their
pharmacokinetic profiles [28]. Lower molecular weight
compounds generally demonstrate improved absorption
and better distribution [29].

The lipophilicity of drug candidates is critical in
determining their ability to permeate biological
membranes. In the modified analogs, we observe

improved LogP values that ideally fall within the range
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of 2-4, indicating a beneficial balance of hydrophobicity
and hydrophilicity [26,30]. This range enhances the
molecules’ capacity to traverse bacterial membranes
while retaining sufficient solubility, which is pivotal for
antibacterial efficacy [31]. The relationship between
hydrophobicity and hydrophilicity significantly affects
membrane interactions, where an excessively
hydrophobic compound may lead to poor water
solubility, while excessive hydrophilicity can impede
membrane permeability [32]. Improved LogP values in
the modified Baeckenone derivatives may increase their
effectiveness as antibacterial agents through efficient
tissue penetration and target engagement [32,33].

The structural modifications in the Baeckenone
derivatives lead to an increase in hydrogen-bond donor
(nOHNH) counts. This increment is vital for enhancing
interactions with target receptors, thereby potentially
boosting the compound’s antibacterial activity [35].
However, it is crucial to maintain this number below the
maximum of five suggested by Lipinski’s Rule, as an
excess might hinder membrane permeability due to
increased polarity [36]. Optimized derivatives
accomplishing this balance can enhance receptor
engagement without impeding absorption, which is
essential in developing effective pharmaceutical
compounds [37]. The TPSA of the modified compounds
is another critical factor influencing their
pharmacokinetic properties. Lipinski’s rule advises
maintaining TPSA values below 140 A2 which
correlates with favorable membrane permeability while
also supporting sufficient polarity for receptor binding
[38]. The optimized Baeckenone derivatives that adhere
to this parameter are likely to exhibit efficient
absorption and bioavailability, as TPSA directly
influences the ability of compounds to traverse cellular
membranes [39]. A balanced TPSA is thus essential for
ensuring that the compounds can effectively engage
their antibacterial targets without compromising their
ability to navigate biological barriers [34,40].

Integrating the insights from the parameters
discussed, we can summarize that the structural
modifications to Baeckenone derivatives yield
significant improvements in their drug-like properties.
By achieving molecular weights below 500 Da,
optimizing LogP values, balancing the number of
hydrogen-bond donors, and maintaining TPSA within

recommended limits, these derivatives meet the criteria

set forth by Lipinski’s Rule [41]. This holistic
enhancement increases the likelihood of these
compounds being viable candidates for effective
antibacterial agents, as they exhibit optimal
pharmacokinetic profiles ideal for oral administration
[20,42]. In conclusion, the modifications position
Baeckenone derivatives as promising entities worth

further investigation for their therapeutic potential.

Bioactivity prediction, and toxicity evaluation

The bioactivity analysis demonstrates that
structural modifications across all three compounds
consistently enhance both antibacterial activity and
membrane-integrity antagonistic effects. Table 3
presents the compound 5,7-dihydroxy chromanone, the
antibacterial bioactivity score increases from 0.515
(unmodified) to 0.599 (modified), indicating a notable
improvement in its ability to inhibit bacterial growth. A
similar enhancement is observed in the membrane
integrity antagonist activity, with the score increasing
from 0.235 to 0.526. This substantial rise suggests that
the modified structure exhibits stronger interactions
with bacterial membranes, potentially due to improved
electronic distribution and optimized steric orientation
that enhance membrane disruption mechanisms.
Baeckenone B follows the same trend, showing an
increase in antibacterial score from 0.538 to 0.572 and
in membrane integrity antagonist score from 0.509 to
0.538 after modification. These improvements imply
that the structural optimization enhances the
compound’s orientation and binding interactions with
biological targets, resulting in more effective
antibacterial mechanisms whether through enzymatic
inhibition or membrane destabilization [34].

The Novel Baeckenon L compound also exhibits
significant improvements upon modification. Its
antibacterial score increases from 0.510 to 0.563, while
the membrane integrity antagonist score rises from
0.527 to 0.568. The consistent increase in both
parameters suggests that the modified structure
possesses an improved capacity to penetrate or disrupt
bacterial membranes, as well as a stronger potential for
enzymatic inhibition, thus reinforcing its antibacterial
efficacy. In terms of safety, all compounds both
unmodified and modified are predicted to be non-toxic,
with no indications of carcinogenicity, hERG channel

inhibition, or skin sensitization. The absence of toxicity
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alerts confirms that structural modification does not
introduce new safety risks, which is an essential
consideration in antibacterial drug development, where
increased potency often coincides with increased
toxicity. Overall, the results indicate that structural

modifications yield clear pharmacological advantages,

Table 3 Bioactivity score and toxicity evaluation.

improving antibacterial potential and membrane-
disruptive activity without compromising safety
profiles. These findings position the modified
derivatives as superior candidates for further
antibacterial development and optimization as potential

lead compounds.

Bioactivity score

Toxicity evaluation

Membrane
Compounds State . . . . Carcino hERG Skin
Antibacterial integrity . L
. genic Blocker Sensitisation
antagonist
5,7-dihydroxy-8-(1-(2- Unmodified 0.515 0.235 Safe Safe Safe
hydroxy-4-metoxy-3,3,5-
trimetyl-6-oxocyclohexa-
1,4-dien -1-yl)-2- .
Modified 0.599 0.526 Safe Safe Safe
methylprophyl)-6-
methyl-2-
phenylchroman-4-one
Unmodified 0.538 0.509 Safe Safe Safe
Baeckenone B -
Modified 0.572 0.538 Safe Safe Safe
Unmodified 0.510 0.527 Safe Safe Safe
Novel Baeckenon L .
Modified 0.563 0.568 Safe Safe Safe

The bioactivity of modified Baeckenone
derivatives, specifically their antibacterial activity and
membrane-integrity — antagonistic  effects, reveals
significant  enhancements  following  structural
modifications. This analysis will focus on the
improvements in biological parameters, mechanisms of
action, and implications for safety profiles, ultimately
presenting these derivatives as promising candidates for
future antibacterial development. The modification of
the  5,7-dihydroxy-8-(1-(2-hydroxy-4-metoxy-3,3,5-
trimetyl-6-oxocyclohexa-1,4-dien-1-yl)-2-
methylprophyl)-6-methyl-2-phenylchroman-4-one led
to an increase in its antibacterial bioactivity score from
0.515 (unmodified) to 0.599 (modified), highlighting a
pronounced improvement in bacterial growth inhibition.
This enhancement aligns with similar trends observed in
other Baeckenone derivatives such as Baeckenone B
and Novel Baeckenone L, where structural
optimizations consistently yielded better antibacterial
efficacy [43]. The molecular features contributing to this
enhanced antibacterial activity likely involve improved

electronic  distribution and steric optimization.

Modifications may enhance binding interactions with
bacterial targets, such as enzymes or receptors critical
for cell integrity and survival, facilitating their
inhibition. Increased hydrophilicity in modified
derivatives can boost solubility, promoting direct
contact with bacterial membranes and thereby
improving bactericidal activity [44].

Notably, the 5,7-dihydroxy-8-(1-(2-hydroxy-4-
metoxy-3,3,5-trimetyl-6-oxocyclohexa-1,4-dien-1-yl)-
2-methylpro  phyl)-6-methyl-2-phenylchroman-4-one
derivative exhibited a significant increase in membrane
integrity antagonist activity, scoring from 0.235 to 0.526
post-modification. Similarly, enhancements were noted
in Baeckenone B and Novel Baeckenone L. These
structural modifications likely enhance interactions with
bacterial membranes by optimizing electronic
distribution and steric orientation, which facilitate
membrane penetration and destabilization. Potential
mechanisms through which the modified compounds
may disrupt bacterial membranes could include the
formation of pores or disintegration of the lipid bilayer,
impacting both membrane integrity and function. Such

mechanisms contribute directly to the enhanced
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antibacterial activity observed, as compromised
membranes lead to cell lysis and death [45].

Comparing the antibacterial and membrane
integrity antagonist scores of Baeckenone B and Novel
Baeckenone L, both compounds exhibit improved
bioactivity after modification, reflecting a similar trend
as observed with the 5,7-dihydroxy chromanone
derivative. Baeckenone B improved its antibacterial
activity score while enhancing its membrane integrity
antagonism similarly to Novel Baeckenone L. This trend
indicates that the structural modifications generally
yield favorable outcomes in both bioactivity measures,
suggesting that similar pathways may be involved in
protecting against bacterial resistance mechanisms.

An essential consideration in the development of
these modified Baeckenone derivatives is their safety
profile. The bioactivity analysis revealed an absence of
significant toxicity alerts for both unmodified and
modified compounds, including issues like
carcinogenicity and skin sensitization [46]. This safety
aspect is crucial for advancing these derivatives as
viable therapeutic candidates, ensuring that increases in
bioactivity do not come at the expense of safety risks.
Maintaining a strong safety profile is particularly vital
for new antibacterial agents as the rising prevalence of
antibiotic resistance necessitates the development of
effective yet safe alternatives. These findings not only
bolster the attractiveness of the modified Baeckenones
but also emphasize the importance of optimizing drug
candidates without jeopardizing safety [47].

In summary, the structural modifications to the
Baeckenone derivatives enhance their pharmacological

profiles significantly, particularly their antibacterial
activity and membrane-disruptive effects, without
introducing new safety risks. The improved bioactivity
signifies that these candidates could occupy a crucial
niche in the ongoing battle against bacterial infections.
For future directions, additional optimization steps
could involve exploring different functional groups to
further enhance their efficacy against resistant strains,
conducting in vivo studies to assess pharmacokinetic
parameters, and evaluating long-term safety profiles
through comprehensive toxicity studies. The ongoing
fusion of computational modeling and biological testing
will facilitate the identification of the most effective
structural designs, streamlining the path toward clinical
application of modified Baeckenone derivatives as
potent antibacterial agents.

Molecular docking assessment and
visualization of interaction

Molecular docking simulations were conducted to
evaluate the binding affinity and interaction patterns of
a series of compounds against the MurA enzyme, a
crucial antibacterial target. The investigation included
fosfomycin, a known covalent inhibitor used as a
positive control to validate the docking protocol
alongside three unmodified natural compounds and their
modified derivatives. The potential of each ligand as an
inhibitor was assessed through a comprehensive
analysis of key parameters: binding free energy (AG),
inhibition constant (Ki), ligand pose stability (root-
mean-square  deviation, RMSD), and specific

interactions with key residues.

Figure 4 Fosfomycin as co-crystallized ligand serves as a validated benchmark.
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The molecular docking protocol was first
validated by re-docking the co-crystallized ligand,
fosfomycin, into the MurA active site. The docked pose
reproduced the experimental binding mode with a root-
mean-square deviation (RMSD) of 0.394 A (Figure
2(A)), well below the acceptable threshold of 2.0 A,
confirming the reliability of our docking parameters. As
a covalent inhibitor, fosfomycin’s ultimate mechanism
involves irreversible modification of Cys115. However,
its non-covalent binding affinity, calculated here as AG
= —4.5 kcal/mol (Ki = 34.3 pM), represents the initial
recognition complex. This value serves as a benchmark
for comparing the purely non-covalent binding of the
baeckenone derivatives. The interaction profile (Figure
4) shows key hydrogen bonds with Cys115 and Arg91,
essential for positioning the ligand for the subsequent

covalent reaction [48].

Statistical analysis of 20 independent docking runs
per compound revealed that all modified derivatives
exhibited significantly more negative binding energies
than their unmodified counterparts (independent t-test,
p < 0.0001 for each pairwise comparison). The mean
binding energy of unmodified 5,7-dihydroxy
chromanone was —6.36 + 0.30 kcal/mol, which
improved to —7.32 + 0.70 kcal/mol after modification.
Similarly, unmodified Baeckenone B had a mean AG of
—5.88 £0.65 kcal/mol, while its modified form achieved
—7.36 + 0.54 kcal/mol. For Baeckenone L, the mean
binding energy increased from —6.76 + 0.35 kcal/mol
(unmodified) to —7.65 £ 0.36 kcal/mol (modified). All
modified compounds also showed significantly stronger
binding than fosfomycin (—4.49 + 0.64 kcal/mol; p <
0.0001 for all comparisons), underscoring the success of

the structure-based optimization strategy.

Asp
369

328

Figure 5 2D and 3D Visualization of the Interaction between Unmodified Compound (5,7-dihydroxy-8-(1-(2-hydroxy-
4-methoxy-3,3,5-trimethyl-6-oxocyclohexa-1,4-dien-1-yl)-2-methylpropyl)-6-methyl-2-phenylchroman-4-one) and

MurA Enzyme.

The unmodified natural compound, 5,7-
dihydroxy-8-(1-(2-hydroxy-4-metoxy-3,3,5-trimetyl-6-
oxocyclohexa-1,4- dien-1-yl)-2-methylprophyl)-6-
methyl-2-phenylchroman-4-one,  demonstrated a
significantly more favorable binding affinity (AG =—6.4
kcal/mol) than the covalent inhibitor fosfomycin (AG =

—4.5 kcal/mol). Although its calculated inhibition

constant (K; =125 uM) suggests room for improvement,
the binding pose revealed a comprehensive and
promising non-covalent interaction profile with the
MurA active site, positioning it as an excellent lead for
optimization. The reliability of the binding
conformation is supported by a low RMSD of 1.823 A.
The interaction analysis (Figure 5) reveals a multi-
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faceted binding mode driven by a complex network of
polar and ionic interactions. Crucially, the ligand forms
hydrogen bonds with the catalytic residues Cys115 and
Arg91, mirroring the key interactions of fosfomycin and
effectively occupying the enzyme’s catalytic core [19].
This polar network is significantly reinforced by the
compound’s placement within an electrostatically rich
environment, engaging with acidic (Asp305, Asp369)
and basic (Argl120, Arg331, Arg371, Arg397) residues,
which  collectively enhance binding stability.
Furthermore, hydrophobic contacts with Phe328,
Leu370, and Vall63 contribute to the overall stability
and complementarity within the binding pocket.

The robust and diverse interaction profile of 5,7-
dihydroxy-8-(1-(2-hydroxy-4-metoxy-3,3,5-trimetyl-6-
oxocycl ohexa-1,4-dien-1-yl)-2-methylprophyl)-6-
methyl-2-phenylchroman-4-one, particularly its direct
engagement with Cys115 without relying on covalent
chemistry, identifies it as a high-quality, synthetically
accessible lead. The following rational optimization
strategies are proposed to enhance its potency: 1.
Structural

Strengthening Polar Interactions:

modifications that introduce additional hydrogen bond

donors or acceptors could strengthen interactions with

Enzyme.

Structural modification of the 5,7-dihydroxy-8-(1-
(2-hydroxy-4-metoxy-3,3,5-trimetyl-6-oxocyclohexa-

the polar residues (e.g., Asp305, Argl20, Arg397)
surrounding the core scaffold, directly improving
binding affinity, 2. Optimizing Hydrophobic
Complementarity: Introducing sterically — optimized
aliphatic or aromatic substituents could enhance van der
Waals contacts with the hydrophobic residues (Phe328,
Leu370, Vall63), improving the overall fit and free
energy of binding 3. Balancing Physicochemical
Properties: While increasing lipophilicity may improve
membrane permeability, any modifications must be
balanced to maintain sufficient aqueous solubility for
antibacterial efficacy, ensuring favorable drug-like
properties [49]. In conclusion, the 5,7-dihydroxy-8-(1-
(2-hydroxy-4- metoxy-3,3,5-trimetyl-6-oxocyclohexa-
phyl)-6-methyl-2-

phenylchroman-4-one scaffold presents a

1,4-dien-1-yl)-2-methylpro

computationally compelling starting point for the
development of a novel class of potent, non-covalent
potential MurA inhibitors, subject to experimental
validation. Its well-defined binding mode provides a
clear roadmap for structural optimization to develop
derivatives with enhanced binding affinity and predicted

potential antibacterial activity [34].

Figure 6 2D and 3D Visualization of the Interaction between Modified Compound (5,7-dihydroxy-8-(1-(2-hydroxy- 4-
methoxy-3,3,5-trimethyl-6-oxocyclohexa- 1,4-dien-1-yl)-2-methylpropyl)-6-methyl-2-phenylchroman-4-one) and MurA

1,4-dien-1

phenylchroman-4-one scaffold yielded a derivative with

-yl)-2-methylprophyl)-6-methyl-2-
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dramatically improved inhibitory potential against
MurA. The compound demonstrated a significantly
enhanced binding affinity, with a AG —7.3 kcal/mol and
a K; 0f 0.94 uM. This represents a substantial ~133-fold
increase in theoretical potency compared to its
unmodified predecessor (K; = 125 uM), supporting the
efficacy of the rational design strategy. Figure 6 present
the superior binding is underpinned by a more optimal
and stable interaction network within the enzyme’s
active site. The ligand not only maintains crucial
hydrogen bonds with key residues Cys115, Asp49, and
Asp305 but also engages in additional electrostatic
interactions with Arg91, Argl20, and Lys22 [50]. This
expanded polar network is complemented by a
consolidation of hydrophobic contacts with Phe328,
Ala92, Met90, and Vall63, suggesting a superior fit and
enhanced van der Waals complementarity within the
binding pocket. The increased precision of the binding
mode is confirmed by a lower RMSD of 1.120 A
(compared to 1.823 A for the unmodified form),
indicating a more stable and well-defined conformation
[51].

The marked improvement in both energetic and
structural  parameters  solidifies this modified
chromanone as a highly promising inhibitor candidate.
Its sub-micromolar K, achieved through a multifaceted

non-covalent binding mechanism, positions it as a viable

starting point for developing a novel class of potential
MurA inhibitors. The success of this modification opens
several strategic pathways for future investigation: 1)
Expanding the Structure-Activity Relationship (SAR):
Systematic exploration of the chemical space around
this scaffold is crucial. Future work should focus on
determining how specific functional groups contribute
to binding affinity and selectivity, guiding the rational
design of even more potent derivatives [52]. 2)
Evaluating Broad-Spectrum Efficacy: The enhanced
binding profile warrants testing against MurA enzymes
from a panel of clinically relevant bacterial pathogens,
especially those resistant to existing antibiotics like
fosfomycin. 3) Profiling Drug-like Properties and
Safety: Concurrent with efficacy studies, preliminary
assessments of pharmacokinetics, toxicity, and
cytotoxicity are essential to ensure the therapeutic
potential of this series is balanced with a viable safety
profile [53]. In conclusion, the strategic modification of
the chromanone scaffold has successfully transformed a
promising lead into a potent, non-covalent potential
MurA inhibitor. The profound gain in affinity, driven by
a consolidated network of specific interactions,
highlights the power of structure-based design and
establishes this derivative as a compelling candidate for
further pre-clinical development against drug-resistant

bacterial infections.

Figure 7 2D and 3D Visualization of the Interaction between Unmodified Baeckenone B and MurA Enzyme.
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Unmodified Baeckenone B demonstrates strong
binding affinity for the MurA enzyme, with a calculated
AG of —5.9 kcal/mol and an inhibition constant (Ki) of
6.1 pM. This low micromolar K; signifies a potency
superior to the benchmark covalent inhibitor,
fosfomycin, and positions Baeckenone B as a highly
promising natural product-based lead compound. The
structural basis for this potent inhibition is revealed by
its comprehensive interaction profile with the enzyme’s
active site. Figure 7 shows the binding is stabilized by
a canonical hydrogen-bonding network with the critical
catalytic residues Cys115, Asp305, and Argl20, which
are essential for anchoring the ligand in a productive
orientation [54]. This polar core is further reinforced by
favorable electrostatic interactions with Arg91 and
Lys22, enhancing both the stability and specificity of the
complex [55]. Furthermore, hydrophobic contacts with
Vall61, Phe328, and Vall63 contribute significantly to
the binding energy by optimizing the fit within the active
site [56]. The reliability of this binding mode is
confirmed by a low RMSD of 1.556 A, indicating a
stable and well-defined conformation [57].

The combination of low micromolar potency and
a robust, multi-faceted interaction profile, particularly
the direct engagement of the catalytic residue Cys115,
establishes unmodified Baeckenone B as a potent and
validated starting point for a medicinal chemistry
campaign. Its efficacy as a non-covalent inhibitor rivals
that of the covalent drug fosfomycin, suggesting high
potential. To translate this potential into a viable
therapeutic candidate, systematic structure-activity
relationship (SAR) exploration is recommended; the
scaffold presents clear opportunities for optimization
through synthesizing analogues to enhance key
interactions  [58]. Furthermore, this promising
computational data must be validated through
comprehensive in  vitro profiling  to  determine
enzymatic and antibacterial activity, alongside early-
stage toxicity assessment to ensure a suitable safety
profile for therapeutic development [59]. In conclusion,
unmodified Baeckenone B represents a significant
finding in the search for new potential MurA inhibitors,

providing a strong foundation for the development of a

novel class of antibacterial agents.

Figure 8 Modified Baeckenone B emerges as the top candidate with sub-micromolar potency.

The modified derivative of Baeckenone B
emerged as the most potent inhibitor within the tested
series, demonstrating an exceptional binding affinity
characterized by a AG of —7.4 kcal/mol and a sub-
micromolar inhibition constant (K;) of 0.58 pM. This
represents a greater than 10-fold enhancement in affinity
compared to its unmodified precursor. The structural
basis for this superior potency is elucidated by its
comprehensive interaction profile in Figure 8, which

reveals an extensive and optimized binding network.
This network is characterized by pivotal hydrogen
bonds with residues Cysl15, Asp305, and Argl20,
complemented by stabilizing electrostatic forces with
Arg91 and Lys22 [60]. Furthermore, optimal
hydrophobic packing with Vall63, Phe328, and Trp95
significantly contributes to the complex’s stability. The
remarkably low RMSD of 0.612 A signifies an almost

ideal geometric fit within the active site with minimal
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conformational strain, corroborating a highly stable
ligand-protein complex [61]. This exceptional stability
is consistent with findings from molecular dynamics
simulations, which often demonstrate that such a well-
defined pose correlates with favorable binding energies
[62]. The successful enhancement of binding properties
through rational modification not only underscores the

high therapeutic potential of this derivative but also
validates the efficacy of computational-driven drug
design, as observed in similar studies [63]. In
conclusion, the modified Baeckenone B, with its
outstanding energetic and structural parameters, is
unequivocally positioned as the top-performing
candidate from this series for further development.

Figure 9 Novel Baeckenone L unmodified is a high-affinity scaffold.

The unmodified Novel Baeckenone L exhibits a
high binding affinity for the MurA enzyme, a pivotal
target in bacterial cell wall biosynthesis, with a
calculated free energy change (AG) of —6.8 kcal/mol and
an inhibition constant (K;) of 1.9 uM. This
thermodynamically favorable profile underscores its
potential as a therapeutic agent. Figure 9 shows the
structural basis for this strong inhibition is revealed by
its interaction map, which shows the ligand engages in
essential hydrogen bonds with the key catalytic residues
Cysl15, Asp305, and Argl20, crucial for forming a
stable ligand-receptor complex [64]. This polar network
is complemented by a set of hydrophobic interactions
with Vall63, Val327, and Phe328, which further

solidify its grip on the active site. The remarkably low
RMSD of 0.729 A confirms a highly stable and reliable
binding pose, indicating minimal conformational strain
and aligning with the characteristics of a robust inhibitor
[65]. The combination of sub-micromolar potency,
interactions with critical residues, and exceptional
conformational stability establishes unmodified Novel
Baeckenone L as an excellent inhibitor in its native state.
Its strong foundational profile makes it a promising
scaffold for further optimization, where strategic
structural modifications could be employed to fine-tune
properties like lipophilicity and bioavailability to
enhance its efficacy [66].
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Figure 10 Modified Novel Baeckenone L adopts a distinct, highly stabilized binding mode.

The modified Novel Baeckenone L derivative
exhibited the most favorable binding energy in this
study, achieving a AG of —7.7 kcal/mol. While its
calculated inhibition constant (Ki) of 2.2 uM was
slightly higher than its unmodified counterpart, this
apparent discrepancy is likely attributable to the
complex, multi-polar binding environment influencing
the entropic component of the binding free energy.
Despite the K; value, Figure 10 present the interaction
profile is demonstrably superior, revealing a
comprehensive and extensive network of hydrogen
bonds with residues Lys22, Cysl15, Asn23, Arg9l,
Argl20, and Arg397, which significantly bolster the
ligand’s affinity [25,67]. This enhanced polar network is
complemented by hydrophobic contacts with Vall63,
Trp95, and Phe328, promoting a more stable ligand-
receptor complex. The stability of this distinct binding
mode is confirmed by a low RMSD of 0.845 A, a value
associated with reliable binding poses [68]. The
significantly more negative AG strongly indicates that
the introduced modifications created functional groups
capable of forming stronger and more cooperative
interactions. This complex and energetically nuanced
profile warrants further investigation through molecular
dynamics simulations to elucidate the entropic-enthalpic
balance and provide deeper kinetic insights for
subsequent optimization [25,69]. In summary, the
strategic modification of Novel Baeckenone L

computationally enhanced key binding interactions with

MurA, presenting a promising avenue for prioritizing
candidates for further experimental validation as

potential inhibitors to counter bacterial resistance.

Molecular dynamics simulation

Complex stability RMSD analysis

To gain deeper insights into the dynamic stability
and conformational behavior of the lead compounds
within the MurA active site, we conducted a series of 20
ns molecular dynamics (MD) simulations. The analysis
of the Root Mean Square Deviation (RMSD) profiles for
all  ligand-MurA  complexes provided critical
information on their structural stability over time,
offering a valuable dynamic perspective that
complements the static view from molecular docking. A
key observation was that all simulated complexes
successfully reached a state of equilibrium within the
first 3 - 5 ns of the simulation. This rapid stabilization
indicates a swift adaptation and accommodation of the
ligands within the protein’s binding pocket, reflecting a
degree of inherent flexibility in the MurA active site that
facilitates optimal ligand binding. Throughout the
simulation, the co-crystallized ligand, fosfomycin,
consistently demonstrated the lowest and most stable
RMSD values, fluctuating within a narrow range of 0.8
to 1.1 A. This exceptional stability confirms its role as a
reliable benchmark for our comparative analysis and
aligns with established findings that co-crystallized
ligands typically exhibit RMSD values in this range,
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validating the reliability of the simulation parameters
[60,70].

Root Mean Square Deviation (RMSD)
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Figure 11 Comparative RMSD analysis of unmodified and modified ligands bound to murA during md simulation.

A central and compelling finding from our MD
study is the consistent and marked improvement in the
conformational stability of the structurally modified
derivatives compared to their unmodified counterparts.
For the 5,7-dihydroxy chromanone series, the
unmodified  compound  exhibited considerable
fluctuations between 1.2 and 2.4 A, suggesting a less
stable binding mode. In stark contrast, its modified
analog maintained a significantly tighter and more
stable trajectory, with RMSD values confined to a range
of 0.9 to 1.3 A. This notable reduction in fluctuation
indicates that the introduced structural modifications
successfully locked the ligand into a more favorable and
stable conformation within the binding pocket, a
phenomenon often linked to optimized ligand-receptor
interactions [71]. A similar trend was observed for
Baeckenone B. The modified derivative of this
compound displayed a stabilized RMSD profile in the
range of 1.6 - 1.9 A, which was a clear improvement
over the higher deviations of 1.8 - 2.5 A observed for the
unmodified form. This enhanced stability reflects a
better fit and reduced conformational strain, likely
contributing to its improved binding affinity in Figure
11.

The most pronounced enhancement was observed
with Novel Baeckenone L. The modified version of this
compound achieved an RMSD profile (0.8 - 1.1 A) that
nearly overlapped with that of the co-crystallized ligand,
a significant improvement from the 1.0 - 1.4 A range of
its unmodified form. This remarkable stability suggests
that the modifications introduced to this scaffold
resulted in a near-ideal geometric and energetic fit
within the MurA active site, making it a top-tier
candidate. Collectively, the RMSD analysis presented in
Figure 11 provides unambiguous evidence that our
strategic structural modifications consistently yielded a
profound positive impact on the dynamic stability of the
ligand-MurA complexes. The narrower RMSD
fluctuations and lower overall values for the modified
derivatives indicate a more rigid and well-
accommodated binding mode, which directly translates
to a lower free energy state and a more stable complex.
This enhanced stability is a key factor underpinning the
improved binding affinities predicted by our docking
studies and explained by the SAR analyses. The
correlation between superior RMSD profiles and
enhanced predicted bioactivity strongly reinforces the
potential of these modified compounds as promising
potential MurA inhibitors [72]. Quantitative analysis of
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the equilibrated portion (ns 3 - 20) showed that modified
5,7-dihydroxy chromanone had a mean RMSD of 1.00
+0.20 A, compared to 2.02 + 0.37 A for its unmodified
form. Modified Baeckenone B exhibited a mean RMSD
of 1.13 £ 0.10 A versus 1.96 + 0.28 A for unmodified
Baeckenone B, and modified Baeckenone L had a mean
RMSD of 1.65 + 0.15 A versus 2.22 + 0.22 A for the
unmodified compound. Fosfomycin, as a reference,
maintained a low mean RMSD of 0.95 £ 0.09 A.

The implications of these findings are significant
for future drug development efforts. The demonstrated
ability to improve ligand stability through rational
modification provides a clear and validated strategy for
lead optimization. Future work will leverage these MD
insights to guide further structural fine-tuning, with a
focus not only on potency but also on optimizing

pharmacokinetic properties such as solubility and

metabolic stability, which are crucial for advancing
these candidates into viable therapeutic agents.

Residual flexibility RMSF analysis

The Root Mean Square Fluctuation (RMSF)
analysis provided critical residue-level insights into the
flexibility and dynamic stability of the MurA enzyme
when complexed with various ligands throughout the
molecular dynamics simulations. As illustrated in
Figure 12, all ligand-protein complexes exhibited
relatively low RMSF values across the majority of
amino acid residues, generally remaining below ~2.0 A.
This consistent pattern indicates that ligand binding
effectively stabilizes the global protein backbone
without inducing major conformational rearrangements,
a desirable trait in drug design that suggests effective
packing within the active site and a strong ligand-protein
coupling that limits conformational deviations [73].

Root Mean Square Fluctuation (RMSF)
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Figure 12 Comparative RMSF analysis of protein ligand complexes across unmodified and modified compounds.

Despite this global stability, several localized
regions, particularly between residues ~50 - 150 and
~320 - 380, displayed slightly elevated fluctuations.
These segments correspond to inherently flexible loops
or solvent-exposed areas, and their modest dynamics
reflect the protein’s natural capacity for conformational
adjustments crucial for biological functions, rather than
destabilization induced by ligands. A characteristic

sharp increase in RMSF was also observed near the C-
terminal end (~residues 430 - 450) across all systems,
which is typical for terminal residues due to their
inherent flexibility and lack of stable secondary
structure constraints [74,75]. A key benchmark for
comparison was the co-crystallized ligand complex
(blue line in Figure 12), which consistently exhibited
one of the lowest fluctuation patterns across nearly all
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residues. This underscores the robust and stable
interactions of the native ligand, establishing a reference
standard for optimal Dbinding stability [76].
Encouragingly, the novel ligand variants both modified
and unmodified displayed RMSF profiles that closely
followed this benchmark, indicating that the introduced
modifications do not adversely affect protein stability
and may, in fact, preserve favorable binding dynamics.

Notably, a comparative analysis between modified
and unmodified ligands revealed a subtle yet significant
trend: the modified forms consistently showed
marginally reduced RMSF values in key regions
compared to their unmodified counterparts. This implies
that the strategic structural modifications have bolstered
the ligand-protein interaction networks, likely through
enhanced hydrogen bonding and hydrophobic contacts
within the binding site. This leads to more stable and
energetically  favorable conformations, thereby
improving the overall dynamic stability of the complex
[77]. Collectively, the RMSF analysis demonstrates that
all novel ligand complexes, particularly the modified
variants, successfully preserve the structural integrity of
the MurA enzyme while exhibiting dynamic stability
comparable to the native co-crystallized ligand. These
findings robustly support the potential of these
compounds, especially the modified derivatives, as
viable candidates for further optimization. Future efforts
should focus on leveraging these insights to enhance key
stabilizing interactions further and to assess the
biological efficacy of these promising leads through
experimental validation [78].

Global compactness radius of gyration analysis

The Radius of Gyration (Rg) analysis provided
critical insights into the overall compactness and
structural stability of the MurA enzyme throughout the
20 ns molecular dynamics simulations in the presence of
different ligands. The Rg values for all simulated
systems fluctuated within a relatively narrow range of
approximately 21.55 to 22.60 A, indicating that the
global tertiary fold of the protein remained stable
without evidence of major unfolding events. This
stability reflects effective stabilization by the bound
ligands, which is crucial for maintaining the protein’s
functional state, and signifies that ligand binding does
not induce significant large-scale deformations to the
core structure [79].

A detailed examination of the Rg trajectories, as
presented in Figure 13, reveals nuanced differences
between the complexes. The systems involving novel
ligands and Baeckenone derivatives exhibited moderate
fluctuations. These complexes typically showed a
gradual increase in Rg during the initial 0 - 5 ns phase,
followed by stabilization in the mid-simulation period (5
- 15 ns). This pattern reflects minor conformational
reorganizations as the protein adapts to optimally
accommodate the bound ligand, a dynamic and typical
response to ligand binding. Notably, the unmodified
baeckenone derivative (red line) consistently displayed
the highest Rg values, reaching peaks around 22.7 A.
This suggests a slight reduction in protein compactness
relative to other systems, likely due to weaker
stabilizing interactions or greater induced flexibility

upon its binding [80].
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Figure 13 Evaluation of protein compactness in different ligand-bound states using radius of gyration.

In contrast, the co-crystallized ligand complex
(blue line) served as an ideal benchmark, exhibiting the
lowest and most stable Rg values throughout the entire
simulation. This profile underscores the strong
stabilizing effect and optimal binding mode of the native
ligand, correlating with improved binding affinity and
structural integrity. Most importantly, a direct
comparison between modified and unmodified ligands
revealed a consistent trend: the modified variants
generally demonstrated slightly lower and more
consistent Rg values. This indicates that the strategic
chemical modifications enhanced the ligand-protein
interaction dynamics, leading to a more favorable
accommodation within the binding pocket and improved
intermolecular contacts, such as hydrogen bonds and
hydrophobic interactions [70,81].

Collectively, the Rg analysis confirms that all
ligand-bound systems maintain a stable tertiary
structure. The improved compactness observed in the
modified ligand complexes is a positive indicator of

enhanced stability, which correlates positively with
predicted bioactivity and binding affinity [82]. These
findings robustly support the potential of the modified
compounds as promising candidates for further
optimization. The insights gleaned underscore the
importance of structural compactness in guiding rational
drug design, paving the way for future efforts to improve

bioavailability and therapeutic effectiveness [83].

MM-PBSA binding free energy calculation

The Molecular Mechanics/Poisson-Boltzmann
Surface Area (MM-PBSA) method was employed to
provide a quantitative, thermodynamic assessment of
the binding affinity and stability of each ligand toward
the MurA protein throughout the 20 ns molecular
dynamics simulation. The results, as depicted in Figure
14, reveal clear and significant differences in binding
strength among the unmodified, modified, and novel
ligand candidates, offering critical insights for lead
compound selection in antibacterial drug discovery.
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Figure 14 MM-PBSA based assessment of thermodynamic stability in protein ligand interactions.

A standout finding from this analysis is the
exceptional performance of the modified baeckenone
derivative (magenta line), which consistently exhibited
the most negative binding free energy values, ranging
from approximately —150 to —280 kcal/mol. This
strongly indicates that the structural modifications
introduced to this compound enabled the formation of
highly favorable and stable interactions with the protein,
significantly improving ligand-protein compatibility
and resulting in superior binding affinity compared to its
unmodified analogue [84].

The co-crystallized ligand (blue line), serving as a
native benchmark, demonstrated substantially negative
and stable binding energies between —100 and —200
kcal/mol, confirming its strong inherent affinity for the
MurA active site and validating the simulation
methodology [85]. Notably, the modified baeckenone
derivative not only matched but frequently surpassed
this benchmark, highlighting its highly optimized
interaction profile and suggesting potential for superior
therapeutic efficacy.

In contrast, the binding profiles of the Baeckenone
derivatives were less favorable. Both the unmodified
and modified Baeckenone derivatives (orange and
yellow lines) displayed notably higher MM-PBSA

energies, fluctuating near —30 to —70 kcal/mol. These
values indicate  substantially weaker binding
interactions, which may stem from suboptimal binding
orientations, steric clashes, or an insufficient number of
stabilizing polar contacts with the protein’s binding
pocket [86]. Similarly, the novel Baeckenone L
compounds (green and dark green lines) showed
intermediate binding energies ranging from —40 to —80
kcal/mol. While they maintain binding, the moderate
fluctuations and less favorable energies suggest a need
for further structural refinement to achieve the stability
and affinity observed in the top-performing candidates.
The MM-PBSA analysis robustly identifies the
modified baeckenone ligand as the most promising
candidate, with a binding free energy profile that
denotes a highly optimized and stable complex [87]. Its
performance underscores the success of the rational
modification strategy and solidifies its potential as a
strong lead molecule. These computational findings
provide a compelling thermodynamic rationale for
prioritizing this compound for subsequent stages of drug
development, including biological testing, toxicity
assessments, and detailed pharmacokinetic studies
[62,88].
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Quantitative MM-PBSA analysis over the
equilibrated trajectory (ns 3 - 20) confirmed the
enhanced binding energies of modified derivatives.
Modified 5,7-dihydroxy chromanone achieved a mean
AG of -1953 =+ 45.0 kcal/mol, a substantial
improvement over its unmodified counterpart (—50.0 +
11.3 kecal/mol). Modified Baeckenone B showed a mean
AG of —50.2 + 17.0 kcal/mol, compared to —20.9 = 11.0
kcal/mol for unmodified Baeckenone B. Modified
Baeckenone L had a mean AG of —26.6 + 9.5 kcal/mol,
slightly better than unmodified Baeckenone L (—21.7 +
9.0 kcal/mol). Fosfomycin, as a control, displayed a
mean AG of —96.4 + 36.0 kcal/mol, confirming its
strong binding affinity while still being surpassed by the
top modified derivatives.

While this integrated computational approach
provides valuable insights, several limitations should be
acknowledged. Firstly, all predictions of biological
activity, toxicity, and binding affinity are derived from
in silico models and require experimental confirmation.
The promising docking scores and MD stability must be
validated through in vitro enzymatic inhibition assays
against purified MurA and minimum inhibitory
concentration (MIC) determinations against relevant
bacterial strains. Secondly, although 20 ns MD
simulations are sufficient to assess binding stability,
they may not capture very slow conformational changes
or complete binding/unbinding events. Thirdly, MM-
PBSA calculations, while informative, have inherent
approximations in solvation and entropy estimation, and
the entropic contribution was omitted. Fourth, the
ADMET predictions, while indicative, necessitate
experimental pharmacokinetic and toxicity studies.
Therefore, the primary outcome of this work is the
identification of computationally optimized lead
compounds most notably modified Baeckenone B that
warrant immediate synthesis and comprehensive in vitro
and in vivo biological evaluation.

Future work should focus on: (1) Chemical
synthesis of the optimized derivatives, particularly
modified Baeckenone B; (2) In vitro validation
including MurA enzymatic inhibition assays and
determination of minimum inhibitory concentrations
(MICs) against Gram-positive and Gram-negative
pathogens; (3) Cytotoxicity assessment against
mammalian cells to confirm the predicted safety profile;

and (4) Further optimization based on experimental

feedback, potentially exploring additional chemical
space around the identified pharmacophore. This study
establishes a robust computational framework and
identifies specific lead compounds that warrant
immediate experimental investigation as novel non-
covalent MurA inhibitors in the fight against multidrug-

resistant bacterial infections.

Conclusions

This integrated computational study identifies
modified Baeckenone B as the most promising MurA
inhibitor candidate (predicted AG = —7.4 kcal/mol, Ki =
0.58 uM, RMSD = 0.612 A) among the baeckenone
derivatives isolated from Baeckea frutescens. While the
natural compounds show in silico predicted antibacterial
properties, strategic modifications improved their
computationally  predicted physicochemical and
pharmacological profiles. All optimized derivatives
complied with Lipinski’s Rule of Five (0 violations),
showed enhanced predicted antibacterial and
membrane-disrupting activity scores, and maintained
favorable toxicity profiles. Molecular docking revealed
that modified compounds achieved substantially
stronger predicted binding affinities than their native
forms, with modified Baeckenone B showing the most
promising profile (AG = —7.4 kcal/mol, Ki = 0.58 uM)
exceeding the non-covalent affinity of fosfomycin (AG
= —4.5 kcal/mol). Molecular dynamics simulations
corroborated these findings, demonstrating superior
complex stability (RMSD = 0.612 A for modified
Baeckenone B), reduced conformational fluctuations,
and highly favorable MM/PBSA binding free energies
(=150 to —280 kcal/mol). Crucially, these computational
predictions require experimental validation. The
identified candidates, particularly modified Baeckenone
B, should be synthesized and subjected to in vitro MurA
enzymatic inhibition assays and antibacterial
susceptibility testing against relevant pathogens. Only
through such experimental confirmation can the true
therapeutic potential of these baeckenone derivatives be
established.
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