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Abstract: The global rise of antibiotic-resistant bacteria poses a critical health
challenge, necessitating the discovery of new antibacterial agents. In this study, three
hydroxyxanthone derivatives, 1,5-dilydroxyxanthone (HX1), 1,6-dihydroxyxanthone
(HX2), and 1,7-dihydroxyxanthone (HX3) were synthesized in 3.5, 38.2, and 17.54%
yields, respectively. In vitro assays revealed that all compounds were inactive against
Escherichia coli (MIC > 1000 ug/mL) but exhibited potent inhibition of
Pseudomonas aeruginosa (MIC 15.62 ug/mL). Compounds HX1 and HX3 also
demonstrated strong activity against Staphylococcus aureus and Bacillus subtilis
(MICs of 15.62 ug/mL), while HX2 showed moderate activity (MIC of 31.25 ug/mlL).
Molecular docking indicated favorable binding energies (-6.23 to -6.68 kcal/mol)
toward DHFR from E. coli and S. aureus, surpassing those of trimethoprim and
tetracycline. Molecular dynamics simulations confirmed stable ligand-protein
interactions, and ADMET analyses potential drug-likeness and pharmacokinetic
profiles. Overall, HX1 and HX3 emerge as promising lead scaffolds for the
development of novel DHFR-targeted antibacterial agents against both Gram-positive
and Gram-negative pathogens.
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INTRODUCTION fatalities [2]. S. aureus is a highly contagious pathogen

The emergence of antibiotic-resistant bacteria has
become a critical global health challenge, resulting in
millions of fatalities annually. Projections indicate that by
2030, antibiotic-resistant bacterial infections could be
responsible for approximately 5.2 million deaths in the
Western Pacific Region [1]. In 2019, Staphylococcus
aureus was linked to over 1 million deaths, whereas other
pathogens, including Escherichia coli and Pseudomonas
aeruginosa, were associated with approximately 500,000

responsible for soft tissue, nasal, and skin infections,
including cellulitis and furuncles. Additionally, it can
cause foodborne illnesses, leading to symptoms such as
abdominal pain, vomiting, and nausea [3-4]. Bacillus
linked to
resistance to both ampicillin and

subtilis, a bacterium diarrhea, has
demonstrated
gentamicin [5-6]. E. coli causes bloody diarrhea,
bacteremia, inflammatory bowel disease, hemorrhagic

colitis, hemolytic uremic syndrome, and urinary tract
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infections [7]. In contrast, P. aeruginosa is responsible for
both acute and chronic infections, particularly in
immunocompromised individuals with conditions such
as chronic obstructive pulmonary disease (COPD), cystic
fibrosis, cancer, trauma, burns, sepsis, and ventilator-
associated pneumonia (VAP), including cases associated
with COVID-19 [8-10]. Therefore, the development of
novel antibacterial agents is crucial to addressing global
health
Development

challenges and achieving the Sustainable
Goals,

promoting well-being across all age groups.

ensuring healthy lives and

Xanthones (9H-xanthen-9-one) are a class of
oxygen-containing heterocyclic compounds distinguished
by their symmetrical dibenzo-y-pyrone core structure
[11]. The structural modification of substituents on
xanthone rings allows for the development of an extensive
range of biological activities, including antimalarial [12-
13], anticancer [14-15], antituberculosis [16], antioxidant
[17], antifungal [18], and antibacterial [19]. Xanthone
derivatives have garnered significant research interest
owing to their broad-spectrum antimicrobial properties
[20]. Isolated xanthone derivatives are currently under
investigation for their potential antimicrobial activity [21-
23]. However, their antimicrobial potency is sometimes
insufficient, and their isolation and purification processes
are labor-intensive and complex. The synthesized
xanthone derivatives were also explored for antibacterial
1,3,6-
strong antimicrobial

activity. Our previous work revealed that

trihydroxyxanthone generated
activity against S. aureus and E. coli, with zones of
inhibition of 35 and 30 mm, respectively. On the other
hand,

inhibition of 20 and 20 mm against S. aureus and E. coli,

1,3-dihydroxyxanthone generated zones of
respectively, while 3,6-dihydroxyxanthone generated
zones of inhibition of 25 and 30 mm, respectively [24]. A
structure-activity relationship (SAR) study of xanthone
derivatives conducted by Lu et al. [25] revealed that the
carbonyl group within the xanthone skeleton influences
antibacterial activity. Additionally, the presence of a
hydroxyl substituent at the C3 position has been
identified as a critical determinant for enhancing the
antibacterial efficacy. Moreover, Bessa et al. [26] reported

that the incorporation of an additional hydroxyl group
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into xanthone compounds enhances their antibacterial
activity against B. subtilis.

Three  hydroxyxanthone  derivatives, 1,5-
dihydroxyxanthone (HX1), 1,6-dihydroxyxanthone
(HX2), and 1,7-dihydroxyxanthone (HX3) were

synthesized via a one-pot reaction using Eaton’s reagent.
Their structures were confirmed by FTIR, MS, and NMR
spectroscopies. Antibacterial activities were assessed
through MIC and MBC assays against P. aeruginosa
ATCC 9027, E. coli ATCC 8739, B. subtilis ATCC 6633,
and S. aureus ATCC 25923. The potential mechanisms
of action were explored through molecular docking,
molecular dynamics simulations, and ADMET analyses.

m EXPERIMENTAL SECTION
Materials

The synthesis of hydroxyxanthones utilizes 2,6-
dihydroxybenzoic acid, hydroquinone, resorcinol, 2-
methoxyphenol, and Eaton's reagent (P,Os/CHsSOsH),
all of which are of pro-analytical grade and sourced from
Sigma Aldrich. Additionally, n-hexane, ethyl acetate,
methanol, dimethyl sulfoxide (DMSO), distilled water,
silica gel for column chromatography, and preparative
silica gel were used in the synthesis process. The
antibacterial activity was evaluated against a panel of
reference bacterial strains obtained from the Research
Center for Pharmaceutical Ingredients and Traditional
Medicine, National Research and Innovation Agency
(BRIN), Indonesia. The tested strains included P.
aeruginosa ATCC 9027, E. coli ATCC 8739, B. subtilis
ATCC 6633, and S. aureus ATCC 25923.

Instrumentation

Hydroxyxanthone derivatives were synthesized
using various laboratory instruments, including standard
laboratory glassware, a reflux apparatus, a hot plate, a
chromatography column, and a reaction chamber. The
synthesized compounds were characterized using
nuclear magnetic resonance (NMR) spectroscopy (‘H-
NMR and "“C-NMR, NMR BRUKER ASCEND
700 MHz), aliquid chromatography-mass spectrometry
(LC-MS)  Shimadzu-QP  2010S, and infrared
spectrophotometry (FTIR, Shimadzu Prestige21).
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Additionally, antibacterial testing was conducted using a
well plate, Petri dishes, a Bunsen burner, an inoculation
loop, sealing wrap, and standard laboratory glassware.

Procedure

General procedure for the
hydroxyxanthones (HX1-HX3)
A reaction mixture

synthesis  of

comprising 2,6-
dihydroxybenzoic acid (2.5 mmol), a substituted phenol
(hydroquinone, resorcinol, or 2-methoxyphenol)
(2.5 mmol), and Eaton’s reagent (2.5 mL) was subjected
to heating at 80°C for 5h, with reaction progress
monitored via thin-layer chromatography (TLC). Upon
completion, the reaction mixture was cooled to room
temperature and subsequently poured into 25 mL of ice-
cold water to facilitate precipitation. The resulting solid
was collected via filtration, thoroughly washed with water,
and dried under vacuum using a desiccator. The
purification process was carried out by chromatographic
separation using n-hexane and ethyl acetate (1:1 v/v) as
eluents to isolate the target compound. The purified
products were structurally characterized by FTIR, LC-MS,
and NMR spectroscopies to confirm the identity and
purity of the synthesized compounds.
1,5-Dihydroxyxanthone (HX1). HX1 was obtained as a
yellow solid in 3.5% yield. 'H-NMR (CD;OD, 700 MHz):
d (ppm) 6.60 (H, ArH,), 6.62 (H, d, ArH>), 6.72 (H, dd, ]
= 8.8; 2.3 Hz, ArH,), 6.80 (H, dd, Js = 8.4; 1.0 Hz, ArH6),
7.47 (H,t,];=8.2Hz, ArH3),7.92 (H, d, Js = 8.7 Hz, ArHj).
PC-NMR (CDsOD, 700 MHz): § (ppm) 102 (CH,,, C4),
106 (CHar, C8), 108 (CHa,, C8a), 109 (CHa,, C2), 111
(CHa:, C8b), 115 (CHas, C6), 126 (CHa,, C7), 135 (CHar,
C3), 156 (CH,,, C4b), 158 (CH.,, C4a), 161 (C-OH, C6),
168 (C-OH, C1), 181 (C=0, C9). IR (KBr) v/cm™: 1038
(C-0),1457 (C=C), 1603 (C=0), 3171 (=C-H sp*), and
3712 (O-H). MS m/z = 229.04 [M+H]".
1,6-Dihydroxyxanthone (HX2). HX2 was obtained as a
yellow solid in a 38.2% yield. '"H-NMR (CD;OD, 700
MHz): § (ppm) 6.63 (H, dd, ], = 8.2; 1.0 Hz, ArH,), 6.83
(H, dd, ]+ = 8.4; 0.9 Hz, ArH,), 6.71 (H, d, J5 = 2.2 Hz,
ArHs), 6.79 (H, dd, J; = 8.7; 2.2 Hz, ArH;), 7.49 (H, t, s =
8.3 Hz, ArHs), 7.98 (H, d, Js = 8.7 Hz, ArH;). "C-NMR
(CD;0OD, 700 MHz): § (ppm) 101 (CHas, C5), 106 (CHas,
C4), 108 (CHa,, C8a), 109 (CHar, C2), 112 (CHa,, C8b),

Indones. J. Chem., 2026, 26 (3), 948 - 962

113 (CHas C7), 127 (CHas C8), 136 (CHas C3), 156
(CHa,, C4a), 158 (CH,,, C4b), 161 (C-OH, C6), 165 (C-
OH, C1), 181 (C=0, C9). IR (KBr) v/cm™: 1044 (C-0),
1457 (C=C), 1619 (C=0), 3121 (=C-H sp?), and 3503
(O-H). MS m/z = 229.04 [M+H]*.

1,7-Dihydroxyxanthone (HX3). HX3 was obtained as
a yellow solid in a 17.54% yield. "H-NMR (CD;OD, 700
MHz): § (ppm) 6.59 (H, s, ArHs), 6.61 (H, ArH.,), 6.72
(H, dd, Js = 8.8; 2.3 Hz, ArHs), 6.81 (H, d, Js = 8.4 Hz,
ArH,), 7.46 (H, t, J; = 8.3 Hz, ArH3), 7.91 (H, d, Js = 8.9
Hz, ArHs). PC-NMR (CD;OD, 700 MHz): § (ppm) 102
(CHa, C4), 106 (CHa,, C8), 108 (CHa,, C8a), 109 (CHas,
C2), 111 (CHa,, C8b), 115 (CHa,, C5), 126 (CHa,, C6),
135 (CHa,, C3), 156 (CHa,, C4a), 158 (CHa,, C4b), 161
(C-0OH, C7), 169 (C-OH, C1), 180 (C=0, C9). IR (KBr)
viem™: 1050 (C-0), 1457 (C=C), 1608 (C=0), 2970
(=C-H sp*), and 3724 (O-H). MS m/z = 229.04 [M+H]".

Antimicrobial activity

The antibacterial efficacy of the samples was
evaluated by determining the minimum inhibitory
concentration (MIC) and minimum bactericidal
concentration (MBC) using the microbroth dilution
method [27]. Sample concentrations ranging from 0.78
to 1000 ug/mL were prepared by dilution with methanol
p.a. (Sigma) and dispensed into a sterile 96-well plate
(Biologix). The prepared samples were mixed with
Mueller-Hinton broth (MHB; Oxoid) to a final volume
of 100 pL. After cultivation of the bacterial samples for
24 h, 100 uL of each test culture was adjusted to a
McFarland standard of 0.5 using 0.85% NaCl (Merck),
corresponding to 10° CFU/mL. This preparation was
then added to each well and incubated for 24 h in a
shaker incubator at 150 rpm at 37 °C. Tetracycline
(Sigma) and methanol were used as the positive and
negative controls, respectively. The MIC value is
characterized by the clarity (visible view) of the lowest
concentration that represents it. The MBC value was
derived from the lowest concentration of the sample that
could kill all bacterial cells. The procedure involved
applying MIC and higher-concentration treatments to
Mueller-Hinton agar (MHA; Oxoid). The absence of
bacterial growth at these concentrations indicates the
MBC values.
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Molecular docking study

The RSCB Protein Data Bank (www.rcsb.org)
provided the crystal structures of the DHFR S. aureus
(PDB ID: 2W9H) and DHER synthase (PDB ID: 6XG5)
complexes. Using Chimera software, the protein and
native ligand structures were generated and saved as PDB
files [28]. The hydroxyxanthone structures were drawn in
Avogadro, then optimized using ORCA with the DFT
B3LYP/3-21G method, and saved in .pdb format [29].
Molecular docking and redocking were performed using
AutoDock4. For S. aureus DHFR, a grid box of 30 x 30 x
30 A was defined with the grid center positioned at (7.358,
-5.098, 16.156) along the x, y, and z axes, respectively. For
DHFR synthase, a 25 x 25 x 25 A grid box was employed,
centered at (-7.320, 28.052, 18.699). The Lamarckian
Genetic Algorithm method was utilized for 50 runs, and
the resulting docking outcomes were visualized using
Discovery Studio Visualizer (DSV) 2019 [30-31].

Molecular dynamics simulation

Molecular dynamics (MD) simulations of
halogenated thioxanthones were performed using
GROMACS 2023 software [32-33]. The structural

topology of DHFR S. aureus was created using the
CHARMMS36 force field, whereas the topological
parameters for all compounds were generated using the
CHARMM General Force Field (CGenFF)
(cgenff.com) [34]. Under periodic boundary conditions,

server

the protein-ligand complexes were confined within a
cubic simulation box, hydrated with approximately
11,508 water molecules, and neutralized with sodium
ions. To confirm system stability before additional
simulations, energy minimization was performed for 1 ns
using the steepest descent method, and the process
terminated when the energy convergence criterion of
10 kJ/mol was met. To establish system stability under
regulated thermodynamic conditions of 300 K and 1 atm,
a two-step sequential equilibration process was
The

equilibration process began with the NVT ensemble,

performed, with each phase lasting 100 ps.

which maintained constant particle number, volume, and
temperature, followed by the NPT ensemble, which
controlled particle number, pressure, and temperature.
The modified Berendsen thermostat, which integrates the
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v-rescale and c-rescale approaches, was used for
temperature and pressure coupling [35-36]. Using the
Particle Mesh Ewald approach, electrostatic interactions
across vast distances were efficiently calculated while
[37]. The MD
simulation was then performed for 100 ns, maintaining

maintaining system homogeneity

a steady temperature of 300 K and a pressure of 1 bar. To
assess system stability and conformational changes, MD
simulation results were quantitatively examined using
graphical representations of the root mean square
deviation (RMSD), radius of gyration (Rg), and root
mean square fluctuation (RMSF).

MM-PBSA binding free energy analysis

The binding free energy calculations were
performed using the g mmpbsa package, in strict
accordance with the methodology reported by Kumari
etal. [38]. Equilibrated MD trajectories of each protein-
ligand complex, together with their corresponding
parameterized topology files, were employed to perform
single-trajectory MM-PBSA calculations. This approach
enabled a rigorous, quantitative evaluation of binding
free energies, thereby providing reliable estimates of the
interaction affinities between the ligands and the DHFR
receptor.

ADMET prediction

The optimized structures of hydroxyxanthones
(HX1-HX3) were initially prepared in PDB format and
subsequently converted to SMILES format using DSV.
Following this conversion, each molecular structure was
individually submitted to the pkCSM web server for
computational analysis [39]. The physicochemical and
ADMET parameters were selected using the ADMET
menu. Subsequently, the pkCSM server generated a
comprehensive dataset for each compound, including an
evaluation of compliance with Lipinski's Rule of Five
detailed
metabolism, excretion, and toxicity profiles.

insights into absorption, distribution,

m RESULTS AND DISCUSSION
Synthesis of Hydroxyxanthone Derivatives

In this study, three hydroxyxanthones were
synthesized by the reaction of thiosalicylic acid with

Enny Fachriyah et al.



952

phenol derivatives (2a—c) using Eaton’s reagent as the
catalyst (Scheme 1). The synthesis of hydroxyxanthone
derivatives yielded yellow solid products via a one-pot
reaction, with yields of 3.5, 38.2, and 17.54% for HXI1,
HX2, and HX3, respectively. All hydroxyxanthones were
characterized using FTIR, LC-MS, 'H-, and "C-NMR.
The FTIR spectra of hydroxyxanthones revealed
several characteristic absorption bands. The hydroxyl
(O-H) stretching vibrations were observed in the range of
3503-3724 cm™', while the aromatic C=C stretching
appeared at 1457 cm™. The successful formation of the
xanthone framework was confirmed by FTIR analysis,
which showed characteristic absorption bands for the
C=0 and C-O-C functional groups at 1603-1609 and
1038-1050 cm ™', respectively. The molecular weights of
the synthesized hydroxyxanthones were confirmed using
(MS).
corresponding to protonated [M+H]" species for HX1,
HX2, and HX3 were detected at m/z229. The '"H- and "°C-
NMR spectra provide additional evidence for the

mass spectrometry Molecular ion peaks

successful synthesis of hydroxyxanthones. The "H-NMR
spectra of compounds HX1-HX3 exhibited characteristic
proton signals within the chemical shift range of 6.59-
7.91 ppm, confirming the presence of six aromatic
protons. The "C-NMR spectra of HX1-HX3 confirmed
the presence of 13 carbon atoms. The characteristic
carbonyl signals of hydroxyxanthones HX1, HX2, and
HX3 were observed at 181, 181, and 180 ppm,
respectively. These spectroscopic data revealed that HX1,
HX?2, and HX3 were successfully synthesized in this study.

In Vitro Antibacterial Assay

The antibacterial activity of HXI1-HX3 was

OH

R1
1 2a-c

2a, R1=0CHj3;, R,=H, R3=H
2b, R1=H, R2=OH, R3=H
2c, R4=H, Ro=H, R3=OH

R1
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evaluated against E. coli, P. aeruginosa, S. aureus, and B.
subtilis using MIC and MBC assays (Table 1). All
MIC
> 1000 pg/mL), indicating limited efficacy against this

compounds were inactive against E. coli

Gram-negative strain, possibly due to the outer
membrane's impermeability, which restricts compound
penetration.  Conversely, all  hydroxyxanthones
exhibited pronounced inhibitory activity against P.
aeruginosa (MIC = 15.62 ug/mL). Among them, HX1
demonstrated the strongest bactericidal effect, with an
MBC of 15.62 ug/mL, which was twofold lower than that
of HX2 and HX3 (31.25 pg/mL). For Gram-positive
strains, HX1 and HX3 exhibited potent activity against
S. aureus and B. subtilis (MIC = 15.62 pg/mL), whereas
HX2 showed weaker inhibition (MIC = 31.25 pg/mL).
Consistent with MIC results, HX1 displayed the most
potent Dbactericidal effects, with MBC values of
15.62 pg/mL against S. aureus and 31.25 pg/mL against
B. subtilis, which were markedly lower than those of
HX2 (>62.5ug/mL) and HX3 (31.25 pg/mL). These
findings indicate that HX1 possesses the highest
antibacterial potency among the synthesized analogues.

Compared with reference compounds, the
hydroxyxanthones showed stronger inhibitory activity
against P. aeruginosa than 3-hydroxyxanthone and 4-
hydroxyxanthone, and their effects were comparable to
The

enhanced potency of HX1 and HX3 may arise from the

tetracycline against Gram-positive bacteria.
favorable positioning of hydroxyl groups at the 1,5- and
1,7-positions, which could enhance hydrogen bonding
and increase lipophilicity, facilitating better interaction
with bacterial targets or membrane permeability.

Overall, these results highlight HX1 and HX3 as the

HXq.3

HX1, R{=OH, R,=H, Ry=H
HX2, Ry=H, R,=OH, R3=H
HX3, Ry=H, Rp=H, Ry=OH

Scheme 1. Synthesis of hydroxyxanthone derivatives HX1-HX3: (a) Eaton’s reagent (2.5 mL)
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Table 1. The MIC and MBC values of hydroxyxanthone derivatives

Compound

MIC (ug/mL)

- - —— Reference
E.coli P aeruginosa S.aureus B.subtilis
1,5-Dihydroxyxanthone (HX1) > 1000 15.62 15.62 15.62 This work
1,6-Dihydroxyxanthone (HX2) > 1000 15.62 31.25 31.25 This work
1,7-Dihydroxyxanthone (HX3) > 1000 15.62 15.62 15.62 This work
Tetracycline 0.78 0.78 0.78 0.78 This work
3-Hydroxyxanthone 125 - 62.50 - [40]
4-Hydroxyxanthone > 256 > 256 64 64 [26]
Trimethoprim 0.5 4.0 4.0 2.0 [41]
Compound ‘ MBC (ng/mL) _ Reference
E.coli P aeruginosa S.aureus B.subtilis
HX1 > 1000 15.62 15.62 31.25 This work
HX2 > 1000 31.25 >62.5 >62.5 This work
HX3 > 1000 31.25 >31.25 31.25 This work
Tetracycline 0.78 1.56 0.78 0.78 This work

Table 2. Molecular docking results of the synthesized all hydroxyxanthones

DHER E. coli DHER S. aureus

Compound Binding ener Binding ener

’ (kcalg/mol)gy H-bond (kcalg/mol)gy H-bond
HX1 -6.23 Ala7, Tyr100 -6.32 Ala7
HX2 -6.29 Asp27, Thr46 —-6.41 Ala7
HX3 -6.37 Ala7, Asp27, Tyr100 -6.68 Ala7, Asp27
Tetracycline -8.30 Ile5, Ala7, Asp27, Ser49, Ile94 -7.73 Leu5, Asp27, Phe92
Trimethoprim -6.84 Ile5, Asp27, Ser49, Ile94 -7.19 Ile14, Asp27, Phe92

most promising candidates for further antibacterial
development.

Molecular Docking Study

Molecular docking was performed to elucidate the
potential mechanism of the antibacterial activity of the
synthesized HX1-HX3 by inhibiting DHFR from E. coli
and S. aureus. The reliability of the docking protocol was
validated by redocking the native ligand trimethoprim
into the active site of DHFR, yielding RMSD values of
0.97 A for E. coli and 1.99 A for S. aureus, confirming the
accuracy of the docking parameters (RMSD <2 A). As
RMSD values below 2 A indicated a reliable and
reproducible docking protocol, these findings confirmed
the validity of the docking parameters employed [42].
Subsequently, trimethoprim exhibited a lower binding
energy for DHFR from S. aureus (-7.19 kcal/mol)
compared to DHFR from E. coli (—6.84 kcal/mol). The

findings of this docking study align with those reported
by Ali Salman et al, that
trimethoprim effectively inhibited DHFR from E. coli
and S. aureus. Nonetheless, in vitro studies by Ali Salman

who demonstrated

et al. [41] demonstrated that trimethoprim is highly
active against E. coli, suggesting the possibility of an
additional mode of action against Gram-negative
bacteria, in addition to DHFR inhibition.

As summarized in Table 2, the binding affinities of
the hydroxyxanthones toward DHFR E. coli ranged from
-6.23 to —6.37 kcal/mol, while those for DHFR S. aureus
were slightly stronger, ranging from -6.32 to
—6.68 kcal/mol. This trend aligns with the in vitro
findings: all compounds were inactive against E. coli
(MIC > 1000 pg/mL), whereas they showed significant
inhibitory activity against S. aureus and B. subtilis (MIC
15.62-31.25 pg/mL). The lower binding energies toward
S. aureus DHFR thus support the observed selectivity for

Enny Fachriyah et al.
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Gram-positive bacteria. Subsequently, compared with
trimethoprim and tetracycline, all tested compounds
exhibited higher binding energies, indicating that the
hydroxyxanthones had weaker inhibitory potential than
trimethoprim and tetracycline. These findings were
similar to the in vitro results, which showed that all
hydroxyxanthones had MICs higher than those of
trimethoprim and tetracycline.

Among the hydroxyxanthone derivatives, HX3
showed the most favorable binding affinity to S. aureus
DHER (-6.68 kcal/mol), consistent with its strong in vitro
antibacterial activity (MIC = 15.62 ug/mL, MBC =
31.25 pg/mL). Compound HX1 exhibited
antibacterial potency (MIC = 15.62 pg/mL), consistent

similar

with its comparable binding energy (-6.32 kcal/mol).
Compound HX2, on the other hand, displayed slightly
weaker binding energy (-6.41 kcal/mol) and reduced
31.25 pg/mL). These
observations indicate that the number and position of

antibacterial activity (MIC =

hydroxyl substituents on the xanthone ring significantly

@ A%
R

R

@ b
B M
5%

K88

ki A0
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influence hydrogen-bonding capacity and interaction
stability within the DHFR active site, thereby modulating
biological activity. The 2D-interaction analysis is shown
in Fig. 1 and 2. Trimethoprim, the reference DHFR
inhibitor, formed multiple stabilizing hydrogen bonds
with key catalytic residues, including Ile5, Asp27, Ser49,
and Ile94, in E. coli DHFR and Leu5, Asp27, and Phe92
in S. aureus, consistent with its potent antibacterial
activity (MIC = 0.5 pg/mL) [41]. Tetracycline, which
exhibited the most favorable binding energy
(—8.30 kcal/mol for E. coli and —7.73 kcal/mol S. aureus),
also engaged in extensive hydrogen bonding and n-alkyl
interactions, reflecting its broad-spectrum potency. In
contrast, the hydroxyxanthones interacted with fewer
active-site residues. HX3 with the lowest binding energy
value formed with Ala7, Asp27, and Tyr100 in n-sulfur
and m-alkyl interactions with Met20 and interacts with
Asp27 via m-anion interactions. Furthermore, van der
Waals interactions occur between Ile5, Ala6, Ilel4,
Leu28, Trp30, Phe31, Thr46, Ile50, Ile94, Gly95, Gly96,

o) . ®
A:
A A% A8
Ao
Interactions
[ van der Waals B pi-Sigma
I Conventional Hydrogen Bond ] Alkyl
[] carbon Hydrogen Bond [ pi-Alkyl

[ sulfurX

Fig 1. The visualization of non-covalent interactions of (a) trimethoprim, (b) tetracycline, and (c) HX3 in the active

site of DHFR E. coli
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£

RS

(b)
Ridg

(c)

9 X
Atfs &%
RHE i b KB
mp K& R
Ay

Interactions

[ van der Waals I Pi-pi Stacked
I Conventional Hydrogen Bond I pi-pi T-shaped
[ carbon Hydrogen Bond [ Pi-Alkyl

I Pi-Sigma

Fig 2. The visualization of non-covalent interactions of (a) trimethoprim, (b) tetracycline, and (c) HX3 in the active

site of DHEFR S. aureus

and Thr113. Additionally, tetracyline interacted more with
Ile5, Ala7, Asp27, Ser49, and Ile94, while trimethopim
with Ile5, Asp27, Ser49, and Ile94. Therefore, it could be
the reason why the hydroxyxanhtones gave weaker
binding energy (—6.37 kcal/mol) than the trimethoprim
(—6.84 kcal/mol) and tetracycline (—8.30 kcal/mol).
Compounds HX1 and HX2 also formed hydrogen bonds
with residues Ala7, Asp27, Thr46, and Tyr100, which are
located in the substrate-recognition region of DHFR.
Although these interactions were less extensive than those
of the standard drugs, their orientation within the binding
pocket suggests that the xanthone scaffold is capable of
mimicking key pharmacophoric features essential for
DHEFR inhibition.

the of DHFR S. aureus,
hydroxyxanthone HX3 interacts with Ala7 and Asp27
through conventional hydrogen bonds; with Ile14, Leu20,
and Val31 through pi-alkyl bonds; and with Val6, Leu28,
Thr46, Ile50, Phe92, Gly93, Gly94, and Phe98 through van
der Waals interactions (Fig. 2). Additionally, tetracycline

In active  site

showed more hydrogen interactions with Leu5, Asp27,

and Phe92; and trimethorphyrin with Ile14, Asp27, and
Phe92. Therefore, it could be the reason why the
hydroxyxanhtones gave a weaker binding energy
(—6.68 kcal/mol) than trimethoprim (—7.19 kcal/mol)
and tetracycline (-7.73 kcal/mol).

MD Simulation

MD simulations were performed to evaluate the
stability and dynamic behavior of HX1-HX3 within the
active site of S. aureus DHFR. The RMSD profiles of all
ligands (Fig. 3(a)) remained within 0.33-1.75 A,
indicating that each compound maintained a stable
conformation throughout the 100 ns simulation, with
minimal positional deviation from the initial docking
pose. The low RMSD values confirm the structural
robustness of the complexes and the reliability of the
[42]. Among the
reference inhibitors, trimethoprim and tetracycline

predicted binding orientations

exhibited the most stable ligand trajectories, consistent
with their strong affinity and potent in vitro antibacterial
activity.
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The RMSD of the protein-ligand complexes (Fig.
3(b)) further supported these findings, with average
values following the order: trimethoprim (1.54 A) <
tetracycline (3.43 A) < HX3 (4.87 A) < HX1 ~ HX2. The
smaller deviations for trimethoprim and tetracycline
reflect stronger and more persistent interactions with the
DHFR active site [43]. Among the hydroxyxanthones,
HX3 showed the lowest RMSD, suggesting greater
conformational stability and stronger binding than HX1
and HX2, which exhibited greater fluctuations and lower
stability. These dynamic observations align well with the
docking and in vitro results, reinforcing that the enhanced
stability of HX3 within the DHFR binding pocket
underlies its superior antibacterial potency and that
hydroxyl substitution patterns critically influence the
binding stability and  biological activity  of
hydroxyxanthones.

The RMSEF is an important parameter for assessing

the flexibility and dynamic behavior of a protein structure
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Fig 3. RMSD (a) ligand and (b) complex for HX1-HX3, tetracycline, trimethoprim

40

during MD simulations. Higher RMSF values indicate
regions with greater conformational mobility, whereas
lower values indicate more structurally constrained,
stable regions [44]. The RMSF profile displayed in Fig.
4(a) indicates that compounds HX1-HX3 exhibited
amino acid fluctuation patterns similar to those of
tetracycline and trimethoprim, with average RMSF values
below 2 A. These findings suggested that the residues
surrounding the ligand-binding site revealed minimal
structural perturbation, maintaining a relatively stable
conformation throughout the simulation [45]. Analysis
of the Rg demonstrated that all ligand-bound complexes
maintained stable Rg values with minimal fluctuations
(Fig. 4(b)). This observation suggested that the protein
preserved its structural compactness without
undergoing significant conformational expansion.
Collectively, the MD results confirm that all
hydroxyxanthones maintain stable interactions within

the S. aureus DHFR binding cavity over the course of the
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HX2
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155 A
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Fig 4. (a) RMSF and (b) Rg for HX1-HX3, tetracycline, and trimethoprim
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simulation. The lower RMSD values and reduced
conformational drift of HX3 highlight its enhanced
structural adaptability and interaction stability, providing
molecular evidence for its comparatively stronger
antibacterial activity. When integrated with the docking
and in vitro findings, the MD simulations reinforce the
DHFR
significantly to the antibacterial mechanism of the

conclusion  that inhibition  contributes

hydroxyxanthone derivatives.
MM-PBSA Binding Free Energy Analysis

The MM-PBSA binding free energy analysis
indicates that the xanthone derivatives HX1-HX3 exhibit
consistently favorable binding affinities toward DHFR .
aureus (—15.92 to —16.88 kcal/mol), predominantly driven
by strong van der Waals interactions, with complementary
electrostatic contributions, thereby reflecting stable, well-
defined interactions within the enzyme active site (Table
3). This favorable energetic profile is in good agreement
with their moderate antibacterial activities against P.
aeruginosa, S. aureus, and B. subtilis, as evidenced by MIC
values largely ranging from 15.62 to 31.25 pg/mL, suggesting
that inhibition of DHFR plays a meaningful role in bacterial
growth suppression. Within this series, HX1 and HX3
display a more balanced interaction energy landscape
accompanied by comparatively lower MIC values,
supporting a positive correlation between the predicted
binding affinities and the experimentally observed
antibacterial potencies among these structurally related
compounds. In contrast, tetracycline, despite exhibiting a
less favorable MM-PBSA binding free energy toward
DHFR (-12.84 kcal/mol) relative to the HX derivatives,
shows substantially superior antibacterial efficacy (MIC =

957

0.78 ug/mL across all tested strains), which can be
attributed to its efficient intracellular accumulation and
well-established multi-target mechanism of action
rather than a sole reliance on DHFR inhibition [37].

ADMET Properties

ADMET analysis was conducted to further

evaluate the drug-likeness and pharmacokinetic
properties of hydroxyxanthone derivatives (Table 4).
Rule of

hydroxyxanthones comply with established criteria,

According to Lipinski's Five, all
including a molecular weight not exceeding 500 g/mol,
a log P value below 5, a topological polar surface area
(TPSA) of less than 140 A2 and a hydrogen bond donor
and acceptor count not exceeding five [46]. The Caco-2
assay is widely used as an in vitro model of human
intestinal mucosa to assess the absorption potential of
orally administered drugs. A compound is classified as
having high Caco-2 permeability if its permeability value
exceeds 0.90 [47]. All the compounds had a Caco-2 value
greater than 0.9. The intestinal absorption (IA)
parameter estimates the percentage of drug absorption
in the human intestine, with values below 30% indicating
poor absorption and those above 80% indicating high
absorption [48]. All hydroxyxanthones had IA values
> 80%, indicating that they were readily absorbed.

The volume of distribution (VDss) reflects drug
distribution in the body; values of log VDss < -0.15
indicate low tissue distribution. All hydroxyxanthones
have VDss values above this threshold, suggesting a
preference for tissue distribution over plasma [49]. The
(BBB)
hydroxyxanthones is below 0.3, and their central nervous

blood-brain  barrier permeability of all

Table 3. MM-PBSA binding energy of ligand trimethoprim, tetracycline, and compounds HX1, HX2, and HX3 toward

DHER §. aureus protein

Energy terms (kcal/mol)

Compound van der , Polar ~ Nonpolar Gas-phase  Solvation Binding
. Electrostatic ) .

Waal's solvation solvation free energy free energy energy
HX1 -28.42 -11.51 25.96 -2.91 -39.93 23.05 -16.88
HX2 -23.36 -11.20 21.53 -2.89 —34.56 18.64 -15.92
HX3 —24.44 -9.41 20.33 -2.81 -33.85 17.52 -16.33
Trimethoprim -31.20 -28.22 41.44 -4.12 -59.42 37.33 -22.09
Tetracycline -36.54 0.02 27.98 -4.29 -36.52 23.69 -12.84
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Table 4. ADMET results of hydroxyxanthones HX1-HX3

Properties Compound
HX1 HX2 HX3
Molecular weight 228.203 228.203 228.203
log P 2.3574 2.3574 2.3574
Physicochemical Rotatable bond 0 0 0
H-bond acceptor 4 4 4
H-bond donor 2 2 2
Surface area 95.35 95.35 95.35
Caco-2 permeability  1.016 1.041 1.041
Absorption Intestinal absorption ~ 96.71 95.251  95.251
Skin permeability —2.781 2735  -2.735
VDss 0.045 0.03 0.03
Distribution BBB permeability 0.025 0.048 0.048
CNS permeability -2.038 -2.086 —-2.086
CYP2D6 substrate No No No
Metabolism CYP3A4 substrate No No No
CYP2D6 inhibitor No No No
CYP3A4 inhibitor No No No
Excretion Total clearance 0.105 0.147 0.074
Renal OCT2 substrate No No No
hERG I inhibitor No No No
Toxicity hERG II inhibitor No No No
Hepatoxicity No No No
Skin sensitization No No No

system (CNS) permeability is below -2, indicating that
these compounds are unlikely to penetrate the blood-
brain and central nervous system barriers [50]. None of
the hydroxyxanthone derivatives were identified as
inhibitors of CYP2D6 and CYP3A4
enzymes. Subsequently, the excretion data indicated that

substrates or

none of the hydroxyxanthones exceeded the Renal
Organic Cation Transporter 2 (OCT2) threshold, yet their
total clearance values ranged from 0.074 to 0.147. None of
the hydroxyxanthones exhibited inhibitory effects on
hERG I or hERGI, suggesting a lack of cardiotoxicity and
low risk of inducing cardiac arrhythmia. Furthermore,
hepatotoxicity, which is linked to liver damage, was not
observed in any of the predicted values, indicating no
adverse effects on liver function. Additionally, none of the

compounds demonstrated any potential for skin
sensitization.
m CONCLUSION

Three  hydroxyxanthone  derivatives  were

successfully synthesized with yields of 3.5, 38.2, and
17.54%, respectively. Their chemical structures were

MS, and NMR. The in vitro
that the
hydroxyxanthones exhibited inhibitory activity against
E. coli, as indicated by MICs exceeding 1000 pg/mL.
Conversely, these compounds displayed an MIC of

confirmed by FTIR,

antibacterial assay showed none of

15.62 ug/mL against P. aeruginosa. Furthermore, HX1
and HX3 exhibited MIC values of 15.62 pg/mL against
S. aureus and B. subtilis, whereas HX2 showed a higher
MIC value of 31.25 ug/mL. The MBC values of HX1-
HX3 range from 15.62-1000 pg/mL. The molecular
docking analysis revealed that the binding energies of
HX1-HX3 ranged from -6.23 to —6.37 kcal/mol for
DHFR E. coli and from —6.32 to —6.68 kcal/mol for
DHER S. aureus. These values are higher than those
observed for trimethoprim and tetracycline. The 100-ns
MD that HXI1-HX3
maintained stability in their interactions with DHFR E.
coli and DHER S. aureus. However, the RMSD values of
tetracycline and trimethoprim were lower than those of
HX1-HX3. Additionally, these compounds conformed
to Lipinski's rule of five and fulfilled the essential criteria

simulation demonstrated
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for the ADMET property predictions. In conclusion,
compounds HX1 and HX3 were the most potent
antibacterial candidates against P. aeruginosa, S. aureus,
and B. subtilis.
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