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	Abstract

	
	The emergence of antibiotic resistance and the declining drug effectiveness make it imperative to identify potential drug candidates. This study aims to synthesize hydroxyxanthone derivatives as antibacterial candidates. Activity tests were carried out in vitro using Staphylococcus aureus and Escherichia coli, and in silico using molecular docking. Sulfonated hydroxyxanthone derivatives (2a and 2b) were synthesized from 1,3,7- and 1,3,6-trihydroxyxanthones (1a and 1b) through the sulfonation method, yielding 41% and 44%, respectively. The compounds showed greater efficacy against Escherichia coli, with maximum inhibition zones of 14.33 mm (1a) and 15.00 mm (1b), while the sulfonated compound 2b showed relatively better activity against Staphylococcus aureus with an inhibition zone of 14.00 mm, highlighting the impact of molecular structure on antibacterial performance. Molecular docking analysis against penicillin-binding protein 1A (PBP1A) revealed that sulfonated compounds (2a and 2b) exhibited the lowest binding affinity (−7.9 kcal/mol), stronger than the native ligand (penicillin G, -7.4 kcal/mol) and the positive control (amoxicillin, −7.7 kcal/mol), with key interactions with residues Ser487, Thr670, and Thr672, indicating high complex stability and potential inhibitory activity against PBP1A.
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INTRODUCTION
Antibiotic resistance significantly contributes to the rising prevalence and severity of bacterial diseases, posing major challenges to healthcare systems worldwide. According to the World Health Organization (WHO), antimicrobial resistance (AMR) causes approximately 1.27 million deaths annually, and it contributes to a total of about 5 million deaths worldwide each year, taking into account both direct and associated fatalities(Murray et al., 2022), illustrating the importance of AMR to global public health. Furthermore, AMR is estimated to cause 10 million deaths globally by 2050, making it a major health problem(Tang, Millar, & Moore, 2023). Some bacterial strains have shown resistance to various antibiotics, including Methicillin-resistant Staphylococcus aureus (MRSA). MRSA has long been recognized as a leading cause of antibiotic resistance globally. It spreads easily, especially in hospital settings (Ali Alghamdi et al., 2023).
Natural product-derived compounds offer a viable approach to discovering and acquiring antibiotic candidates. Natural product-derived frameworks remain a valuable source of bioactive compounds, contributing approximately 50% of all approved drugs and a significant proportion of antibacterial agents (Newman & Cragg, 2020). Among these compounds, xanthone derivatives have attracted considerable scientific interest because they exhibit a broad spectrum of biological activities, including antibacterial, antioxidant, and anti-inflammatory effects. Their structural flexibility allows for extensive chemical modification, enhancing their potential in antibacterial drug discovery (Feng, Lu, Gan, Zhang, & Lin, 2020; Kurniawan et al., 2021; Liu, Shen, & Zhu, 2022; Salman et al., 2019).
Xanthone derivatives exhibit potential antibacterial bioactivity. The α- and γ-mangostin, prenylated xanthones isolated from Garcinia mangostana, exhibited potent effects against resistant bacteria such as Staphylococcus aureus and Enterococcus spp. Specifically, α-mangostin from the pericarp of G. mangostana showed strong antibacterial effects against Gram-positive bacteria (Górecka et al., 2025).  Furthermore, the synthesized hydroxyxanthone series demonstrated inhibitory effects against Staphylococcus aureus, Escherichia coli, and Bacillus cereus (Yuanita et al., 2020). The prenylated 1,3-dihydroxyxanthone derivative exhibited moderate activity against Escherichia coli (inhibition zone >5 mm at 15% concentration) (Emmy Yuanita et al., 2023). However, variations and substitution positions significantly affect the level of activity produced. The hydroxyl group at position C3 provides the best antibacterial activity compared with C6 and C1 (Lu et al., 2023). Duangsrisai et al. (2014) reported that 1,5,6- and 1,3,7-trihydroxyxanthones inhibited Staphylococcus aureus growth with MICs of 64 µg/mL, while 1,3,6-trihydroxy-8-methylxanthone and 1,4,5-trihydroxy-2-methylxanthone exhibited stronger activity, with MIC values of 12.5 µg/mL and 8 µg/mL, respectively. These results indicate that modifying substituent patterns on the xanthone core could be an effective strategy for developing novel antibacterial agents.
Recent studies also highlight sulfonamide-substituted xanthones as promising bioactive compounds because of their enhanced solubility and stronger interactions with target enzymes and bacterial proteins. Duan et al. (2022) synthesized benzosulfonamide xanthones with potent 
α-glucosidase inhibition (IC₅₀ = 0.4 ± 0.05 µM), and Malekpoor et al. (2015) also reported that hydroxy methoxy xanthone sulfonamide showed antibacterial activity against Staphylococcus aureus and Escherichia coli with MIC 125 µg/mL. Computational analyses further corroborate these findings, indicating that sulfonated and sulfonamide xanthones exhibit higher binding energies and enhanced pharmacokinetic profiles due to stronger hydrogen-bonding and electrostatic interactions (Kurniawan et al., 2024). Collectively, these studies underscore the potential of sulfonated and sulfonamide xanthone derivatives as multifunctional scaffolds with antimicrobial and enzyme-inhibitory properties.
Therefore, this study aimed to identify potential antibacterial candidates from sulfonate-substituted hydroxyxanthone derivatives. Sulfonated hydroxyxanthone derivatives were obtained through synthesis from 1,3,7- and 1,3,6- using chlorosulfonic acid as a source of sulfonate groups. The synthesis method was carried out conventionally, by stirring at room temperature. Activity tests were carried out in vitro using Staphylococcus aureus and Escherichia coli, and in silico by docking with the Penicillin-Binding Protein 1A (PBP1A) receptor. Therefore, this study aimed to identify potential antibacterial candidates from sulfonate-substituted hydroxyxanthone derivatives. This study also compared how substituent position affects the resulting antibacterial activity.
METHODOLOGY
Materials and Instrumentals
The materials included phloroglucinol (C₆H₆O₃), resorcylic acid (C₇H₆O₄), Eaton’s reagent (P₂O₅/CH₃SO₃H), chlorosulfonic acid (ClSO₃H), ethanol (C₂H₅OH), ethyl acetate (C₄H₈O₂), n-hexane (C₆H₁₄), distilled water, nutrient agar (NA), Escherichia coli, Staphylococcus aureus, sodium chloride (NaCl), ciprofloxacin, dimethyl sulfoxide (DMSO, (CH₃)₂SO). Meanwhile, the research equipment used glassware, a three-neck flask, a magnetic stirrer, thin-layer chromatography (TLC), UV–Vis spectroscopy, FTIR spectroscopy, and 1H NMR spectroscopy. In vitro antibacterial assays were conducted using Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative). 
Methods
Synthesis of sulfonated xanthone derivatives (2a and 2b)
The trihydroxyxanthones were synthesized via a conventional reflux condensation method, following the procedure reported by Yuanita et al.  (2025a). The reaction used phloroglucinol and resorcylic acid precursors under acidic conditions, followed by recrystallization to obtain pure xanthone derivatives.
Sulfonation was performed according to a modified procedure described by Yuanita et al. (2025a). One millimole of 1,3,6-trihydroxyxanthone was dissolved in 5 mL of ethanol, then cooled to 0 °C in a three-neck flask equipped with a magnetic stirrer. Subsequently, 2 mL of chlorosulfonic acid (30 mmol) was slowly added while stirring continuously and maintaining at 0 ± 5 °C for 1 h. Reaction progress was monitored every 30 min using thin-layer chromatography (TLC). For workup, the product was poured into crushed ice, filtered, and the resulting precipitate was vacuum-dried. The sulfonated products were characterized using UV–Vis, FTIR, and ¹H NMR spectroscopy. Figure 1 shows the synthesis scheme.


Figure 1. Synthesis of sulfonated xanthone derivatives (2a–2b) via electrophilic substitution using chlorosulfonic acid.
Molecular Docking
The workflow used UCSF Chimera, Gaussian, ChemDraw Professional 15.0, HyperChem, Discovery Studio Visualizer, AutoDock Tools, and AutoDock Vina, following a general docking protocol adapted from Yuanita et al., (2025a). The bacterial target enzyme used was Penicillin-Binding Protein 1A (PBP1A) (PDB ID: 3UDI), was downloaded from the Protein Data Bank website.

Antibacterial Assay
The antibacterial activities were evaluated in vitro using the agar well diffusion method Yuanita et al., 2020). Staphylococcus aureus and Escherichia coli were employed as the test microorganisms. Sterile nutrient agar (NA) medium was prepared by autoclaving at 121°C for 30 minutes and pouring into sterile Petri dishes. Bacterial strains were cultivated on NA at 37°C for 24 hours, then incubated for an additional 24 hours in nutrient broth until they reached the 0.5 McFarland turbidity standard (≈1.5 × 10⁸ CFU/mL). The DMSO and Amoxicillin served as the negative and positive controls, respectively. The synthesized compounds were prepared in DMSO and applied to 6mm wells on agar plates previously seeded with the bacterial suspension. Each well received 100 µL of the test sample, the negative control, or the positive control.
The diameter of the inhibition zone was determined using the following equation (1):

           (1)

Where Dv, Dc, Dh, and Dd are the diameters of the vertical, cylinder, horizontal, and diagonal of the inhibition zone, respectively. The antibacterial activity was categorized based on the diameter of the inhibition zone. Inhibition zones of < 5 mm were classified as weak activity, 5–10 mm as moderate activity, 11–20 mm as strong activity, and > 20 mm as very strong activity (Asril et al., 2024; Halimathussadiah et al., 2021; Musa et al., 2024)


RESULTS AND DISCUSSION
Synthesis and Characterization of Sulfonated Xanthone Derivatives (2a–2b)
Compounds 2a and 2b were synthesized via electrophilic substitution, initiated by the reaction of chlorosulfonic acid with the aromatic rings of compounds 1a and 1b. The mechanism involves the formation of an arenium ion intermediate, followed by delocalization and deprotonation. The resulting proton (H⁺) combines with chloride ions from chlorosulfonic acid to generate HCl, which stabilizes the sulfonate group on the xanthone framework (Yuanita et al., 2025a). Substitution is expected at either the C2 or C4 positions. The C2 position is typically activated by intramolecular coordination between the C1 hydroxyl and the carbonyl group, facilitating electrophilic substitution. However, the presence of bulky groups at C-2 can shift substitution to the C-4 position. Sulfonation yielded a red solid in 41% and 44% yields within one hour. Thin-layer chromatography (TLC) showed a new Rf value of 0.6 (n-hexane: ethyl acetate, 7:3), confirming product formation.

Table 1. FTIR Data of hydroxyxanthone derivatives (1a, 1b, 2a, and 2b)
	[bookmark: _Hlk220874334]Functional group
	wavenumbers (cm⁻¹)

	
	1a
	1b
	2c
	2b

	O–H
	3432
	3390
	3435
	3451

	C=O
	1637
	1609
	1638
	1626

	C=C aromatic
	1484
	1373
	1482
	1496

	C–O–C
	1185
	1167
	1250
	1184

	O=S=O
	–
	–
	1196
	1374

	S=O
	–
	–
	1060
	1068

	S–O
	–
	–
	820
	852


The synthesis products were elucidated using Fourier-transform infrared (FTIR) and proton nuclear magnetic resonance (¹H-NMR). FTIR data for compounds 2a and 2b are shown in Table 1 and are also compared with those for compounds 1a and 1b. Compounds 2a and 2b show new absorption bands at 1196, 1060, and 820 cm⁻¹, corresponding to O=S=O, S=O, and S–O stretching vibrations, respectively. The presence of a C–S vibration at 660 cm⁻¹ further supports sulfonate substitution. The –OH stretching band exhibits a slight shift from 3432 to 3435 cm⁻¹, suggesting minimal alteration in hydrogen bonding.
[image: ]
Figure 2. ¹H-NMR spectrum of sulfonated 1,3,7-trihydroxyxanthone (2a)
To further characterize the synthesized compounds, the 1H-NMR spectra of sulfonated 1,3,7-trihydroxyxanthone (2a) and 1,3,6-trihydroxyxanthone (2 b) are shown in Figures 2 and 3, respectively. Additionally, Table 2 presents the 1H-NMR spectra of 1a and 1b reported in previous studies. For compound 2a, the presence of H proton peaks from the OH group observed at 12.88, 11.73, and 10.33 ppm indicates that sulfonate substitution via the OH group has not occurred. Differences in the proton chemical shift values relative to compound 1a indicate the influence of the introduced sulfonate substituent on the electronic distribution within the xanthone framework. Together with the loss of the aromatic proton at C-2, this observation suggests that sulfonation likely occurred at the C-2 position.
In contrast, the hydroxyl proton signal was not detected in the spectrum of compound 2b. The absence of the –OH proton signal is likely attributable to the lability of hydroxyl protons and their exchange with solvents such as water, which can result in broadened or missing signals, a phenomenon commonly observed in phenolic and sulfonated compounds(Nerantzaki et al., 2011). The 1H-NMR spectrum of compound 2b displayed four aromatic proton signals as doublets at δ 7.92 (H-8), 6.97 (H-7), 6.69 (H-4), and 6.22 ppm (H-2) within the 6–8 ppm region (see Figure 2), indicating coupling between adjacent aromatic protons. The disappearance of the H-5 resonance and changes in the aromatic proton coupling pattern indicated sulfonation at C-5. In compound 1b, H-7 and H-8 appear as doublets of doublets due to coupling with H-5, whereas in compound 2b, both appear as doublets, indicating the absence of the adjacent H-5 proton. Furthermore, H-7 and H-8 shift from δ 8.02–8.04 and 8.75 ppm to δ 6.97 and 7.92 ppm, respectively, consistent with the electronic effects of introducing a sulfonic acid group at C-5
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Figure 3. ¹H-NMR spectrum of sulfonated 1,3,6-trihydroxyxanthone (2b)
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Tabel 2. 1H NMR Chemical Shift Data (δ, ppm) for Compounds 1a, 2a, 1b, and 2b
	Peaks
	Compounds

	
	1a*
	1b**
	2a
	2b

	C-2
	6.14 (1H, d, J=2.1 Hz)
	6.20-6.22 (1H, s, J= 2.10 Hz)
	-
	6.22 (1H, d, J=2.1 Hz)

	C-4
	6.28 (1H, d, J=2.1 Hz)
	6.36 (1H, s, J= 2.10 Hz)
	6.18 (1H, d, J=2.1 Hz)
	6.69 (1H, d, J=2.3 Hz)

	C-5
	7.58 (1H, d, J=3.0 Hz)
	6.84 (1H, s, J= 2.10 Hz)
	7.38 (1H, d, J=3.0 Hz)
	-

	C-6
	7.73 (1H, dd, J=3.0; 9.0 Hz)
	-
	7.64 (1H, dd, J=3.0, 9.2 Hz)
	-

	C-7
	-
	8.02-8.04 (1H, dd, J= 8.75; J= 2.10 Hz)
	-
	6.97 (1H, d, J=2.0 Hz)

	C-8
	7.90 (1H, d, J=9.0 Hz)
	8.75 (1H, dd, J= 8.75; J= 2.10 Hz)
	7.86 (1H, d, J=9.0 Hz)
	7.92 (1H, d, J=8.7 Hz)

	1-OH
	12.83 (OH, s)
	-
	12.88 (OH, s)
	-

	3-OH
	12.48 (OH, s)
	-
	11.73 (OH, s)
	-

	6-OH
	
	-
	
	-

	7-OH
	12.58 (OH, s)
	-
	10.33 (OH, s)
	-

	 *(Yuanita et al., 2025a)
**(Yuanita et al., 2025b)



Antibacterial Activity
The antibacterial activity of the synthesized compounds was evaluated in vitro against Staphylococcus aureus and Escherichia coli, representing Gram-positive and Gram-negative bacteria, respectively. Staphylococcus aureus and Escherichia coli are major pathogens responsible for various life-threatening diseases. These bacteria can express virulence factors that help them evade immune recognition (Malak et al., 2020; Naidoo & Zishiri, 2025). The S. aureus cell wall is composed of thick, rigid peptidoglycan, so many compounds are developed to pass through it. In contrast, Escherichia coli has a thin cell wall coated with a lipopolysaccharide layer, which makes it difficult for polar compounds to penetrate (Kolo et al., 2024).
Table 3.  Antibacterial activity of hydroxyxanthone derivatives
	Compound
	Concentration (ppm)
	Inhibition zone (mm)

	
	
	S. aureus
	E. coli

	1,3,7-Trihydroxyxanthone (1a)
	50
	10.33
	12.33

	
	100
	11.33
	13.33

	
	150
	12.00
	14.33

	1,3,7-Trihydroxyxanthone-sulfonate (2a)
	50
	10.33
	11.33

	
	100
	11.00
	12.33

	
	150
	12.00
	13.66

	1,3,6-Trihydroxyxanthone (1b)
	5
	8.00
	10.00

	
	10
	10.50
	10.50

	
	15
	12.00
	15.00

	1,3,6-Trihydroxyxanthone-sulfonate (2b)
	5
	8.50
	10.00

	
	10
	10.50
	11.00

	
	15
	14.00
	12.00

	Control (+) Amoxicillin
	5
	18–20
	21–23

	Control (–) DMSO
	5
	<2
	<2


Table 3 shows the inhibition zone results for the compounds. The compounds performed better against Escherichia coli. In group a (1,3,6-trihydroxyxanthone derivatives), the highest inhibition zone was found in compound 1a with a zone of 14.33 mm, while in group b, the greatest inhibition zone was observed in 1b with a value of 15 mm. Escherichia coli has a thinner outer membrane, allowing small molecules to pass through easily. In contrast, Staphylococcus aureus has a much thicker peptidoglycan layer, which acts as a barrier to antimicrobial diffusion and reduces compound penetration into cells (Pokhrel et al., 2022; Wang et al., 2022). This could explain the enhanced inhibitory activity of the test compounds toward Escherichia coli.
However, molecular structure also influences inhibition effectiveness. Compound 2b performed better on Staphylococcus aureus than on Escherichia coli. Despite having a thicker peptidoglycan structure, Staphylococcus aureus lacks an outer membrane, allowing more polar compounds such as 2b to reach intracellular targets more readily after diffusing through the culture medium. Sulfonate groups increase the polarity and solubility of the compounds, facilitating diffusion through the agar matrix and increasing their availability near bacterial cells (Eloff, 2019). In addition, the hydroxyl group at the C-7 position (2a) may enhance the compound's biological interaction relative to the C-6 position (2b). Compounds with a hydroxyl substituent at this position may demonstrate stronger intermolecular interactions than those substituted at alternative positions (Freitas & Ribeiro da Silva, 2018; Miladiyah et al., 2018). Molecular docking analysis further supports these findings, revealing that sulfonated compounds possess lower binding energies (Table 4). This suggests more stable interactions with the target protein, which may explain the enhanced antibacterial activity. Overall, the synthesized compound exhibited strong antibacterial activity, as indicated by inhibition zone diameters of 10–20 mm.

Molecular Docking
Molecular docking of compounds against the Penicillin-binding protein 1A (PBP1A) from the Gram-negative Acinetobacter baumannii to investigate the possible mechanism of action of the compounds as antibacterial agents. PBP1A was chosen as the docking target because it plays a crucial role in bacterial cell wall biosynthesis. It catalyzes cross-link formation during transpeptidase activity. Inhibition of this enzyme can cause cell wall damage and ultimately lead to bacterial cell lysis. PBP1A also plays an important role in peptidoglycan biosynthesis and cell division in Acinetobacter baumannii, which is known to be resistant to several antibiotics (Kang & Boll, 2022).
Validation of the docking method was achieved through a redocking of the native ligand. The Root Mean Square Deviation (RMSD) of the native ligand after redocking was 1.724 Å, which was less than 2.000 Å, indicating that the docking method used was acceptable (Mulyati & Seulina Panjaitan, 2021; Verdonk et al., 2003). Table 4 presents the binding affinities and docking interaction results.
Building on this validation, the native ligand, Penicillin G, interacts with several key residues, including Ser487 and Thr670, via hydrogen bonds (Patil et al., 2019). In addition, a salt bridge with Lys669 enhanced the stability of the protein-ligand complex. Moreover, Table 4 shows several interactions with other residues in the binding site, namely van der Waals interactions, which contribute to stabilizing the interaction of the ligand with the receptor.
Amoxicillin, as a positive control in an in vitro test, has a binding affinity of -7.7 kcal/mol, suggesting a higher bond stability than the native ligand. Amoxicillin forms H-bonds with Thr670, Thr672, and Ser487, along with additional interactions such as π–sigma (Tyr707), amide–π stacking (Thr673), and C–H interaction (Leu486), which improve the stability of the positive control. A study by Singh et al. (2024) found that the β-lactam structure, such as that of amoxicillin, increases affinity for PBPs through hydrogen and polar interactions at the active sites (Singh et al., 2024). Notably, the similarity of several residues that interact with the native ligand (like Thr670, Ser487, and Thr672) indicates that amoxicillin strengthens the validation of the docking method or serves as a benchmark for inhibitor activity.


Table 4. Binding affinity and interaction types of compounds (1a, 1b, 2a, and 2b) with selected bacterial target proteins.
	Compounds
	Binding Affinity (kcal/mol)
	Interactions

	
	
	H-Bond
	Van der Waals
	Others

	1,3,7-trihydroxyxanthone (1a)
	-7.2
	Thr672, Ser434, Thr670, Ser487 (H-bond)
	Ala676, Asp675, Ser470, Asn674, Asn489, Thr673, Gly671, Tyr485, Tyr707
	Thr672 (pi-sigma)

	1,3,6-trihydroxyxanthone (1b)
	-7.2
	Thr670, Thr672, Ser487, Ser470 (H-Bond)
	Ile710, Gly709, Tyr707, Gly708, Gly671, Ser434, Leu486
	

	1,3,7-trihydroxyxanthone sulfonated (2a)
	-7.9
	Thr670, Ser434, Thr672, Asn489 (H-bond)
	Thr654, Tyr707, Gly671, Lys669, Asn469, Ser470, Thr673, Asn674, Asp675; Ser487
	

	1,3,6-trihydroxyxanthone sulfonated (2b)
	-7.9
	Thr670, Ser487, Thr672, Thr673 (H-bond)
	Tyr485, Ser434, Ser470, Lys669, Gly671, Gly708, Ala676, Asn674, Asp675
	Tyr707(pi-pi stacked)

	Ligan native (penicillin G)
	-7.4
	Asn489, Ser434, Ser487, Thr672, Thr670
	Ala676, Thr673, Asp675, Lys437, Tyr707, Gly708, Gly671, Ser470, Asn674
	Lys669 (salt bridge)

	Amoxicillin
(positive control)
	-7.7
	Tyr485, Lys669, Thr670, Ser487, Thr672
	Thr654, Ser434, Asn489, Ala676, Asp675, Ser470, Asn674, Gly709
	Leu486(C-H bond), Tyr707(pi-sulfur), Thr673(amide-pi stacked)



Furthermore, among the test compounds, sulfonated compounds (2a and 2b) showed the best binding affinity (-7.9 kcal/mol), indicating the most stable complex with the PBP1A receptor. Research by Singh (2024) found that ligands with lower binding energy form more stable complexes. Both compounds 2a and 2b interact with residues Thr670, Thr672, and Ser487, which also interact with the native ligand and the positive control. These findings indicate that the two compounds exhibit similar interaction patterns with the reference ligands in the protein's active site, suggesting comparable inhibitory activity. Previous studies have identified residues such as Ser487, Thr670, Thr672, Asn489, and Tyr707 as key components of the PBP1A binding pocket, frequently observed in docking analyses (Patil et al., 2019). Compounds 2a and 2b benefit from sulfonate groups, which facilitate additional hydrogen bonds and electrostatic interactions and promote a more stable charge distribution, thereby enhancing interactions with charged residues in target proteins (Zhou & Pang, 2018). In terms of energy stability, both compounds (2a and 2b) are nearly equivalent. However, in terms of interactions with amino acid residues, compound 2b is superior because it interacts with more residues. This also explains the antibacterial test results, which showed that compound 2b had the best activity against Staphylococcus aureus, which has a thicker peptidoglycan structure. This aligns with PBP1A's important role in peptidoglycan biosynthesis.
Figure 4 shows the interactions for the native ligand, positive control, and test compounds. The native ligand (penicillin G) and the positive control amoxicillin, bind to key PBP1A residues such as Ser487, Thr670, and Thr672 through hydrogen bonds and additional interactions (π–sigma and amide–π stacking), which support the stability of the complex and are in line with the affinity values ​​in Table 2 (amoxicillin −7.7 kcal/mol). These residues also interact with the test compounds, as shown in Figure 4. However, in one of the non-sulfonate compounds (Figure 4. (C) and (D)), an unfavorable donor–donor interaction was identified that can cause electrostatic repulsion and disrupt the orientation of the ligand in the active pocket, thereby decreasing the stability of the complex and resulting in a lower binding affinity of -7.2 kcal/mol (Table 4).
However, in vitro testing (Table 3) showed that the non-sulfonate compounds (1a and 1b) produced larger inhibition zones, indicating greater antibacterial activity than the sulfonate compounds (2a and 2b). This difference likely reflects micropharmacokinetic factors, namely membrane permeability and agar diffusion. The higher polarity of sulfonate compounds can inhibit diffusion through the bacterial membrane and agar matrix, explaining the resulting smaller inhibition zones (Scorciapino et al., 2017).
Overall, although 2a and 2b have potential as PBP1A inhibitors based on in silico studies, the non-sulfonate compounds (1a and 1b) demonstrated greater biological efficacy under experimental conditions. These results emphasize the importance of combining in silico and in vitro approaches in developing antibacterial candidates, as well as the need for further structural optimization to balance target affinity and pharmacokinetic properties.
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Figure 4.  Two-dimensional visualization of molecular docking (A): Native ligand (Penicillin G), (B): Control positive (amoxicillin), (C): 1a, (D): 1b, (E): 2a, and (F): 2b toward the active site of PDB1A

CONCLUSION
Sulfonated hydroxyxanthone derivatives have been successfully synthesized through chlorosulfonation reactions between 1,3,7-trihydroxyxanthone and 1,3,6-trihydroxyxanthone with chlorosulfonic acid, yielding 41% and 44%, respectively. In vitro results showed that the non-sulfonated compounds (1a and 1b) had the best antibacterial activity, with the largest inhibition zone against Escherichia coli (15.00 mm), indicating greater biological activity than the other derivatives. In contrast, molecular docking studies revealed that sulfonated compounds (2a and 2b) had the lowest binding affinity to PBP1A (−7.9 kcal/mol) with interactions at key residues such as Ser487, Thr670, and Thr672, indicating potential as stable inhibitors. Overall, compound 1b is the most promising candidate based on experimental activity. In contrast, sulfonated compounds could be further developed through structure optimization to improve the balance between target affinity and pharmacokinetic properties.
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