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INTRODUCTION 

Mycobacterium is a worldwide endemic bacterium involving non-pathogenic and pathogenic species associated with 

infection in many organisms, especially humans and animals1,2. Mycobacterium tuberculosis (MTB) is a respiratory infection 

thought to infect one-quarter of the world's population, and as a bacteria, it has killed more individuals than any other in 

human history3. Around 10.6 million tuberculosis (TB) cases will occur in 2021, with up to 1.6 million people dying 

globally4,5. Tuberculosis therapy is still a challenge, in part due to drug resistance6. As a response, discovering and 

developing drugs to overcome this disease remains urgently needed7. Salicylate synthase from MTB is one of the most 

appealing targets for developing and identifying new anti-TB drugs8.  

Salicylic synthase is responsible for the biosynthesis of mycobactin MTB by converting chorismate to salicylic acid9. 

Mycobactin is a small molecule (siderophore) synthesized by MTB that binds iron ions from host proteins such as transferrin 
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 Abstract 

Mycobacterium tuberculosis (MTB) remains the leading cause of 
infection, with a significant fatality rate, owing primarily to 
drug resistance. MTB contains the enzyme salicylate synthase, 
which regulates mycobactin production to bind iron ions from 
the host cell, facilitating the bacteria to grow and reproduce. 
This study investigates the potential of marine sponges to 
inhibit the MTB salicylate synthase by exploiting a 
computational approach combining molecular docking and 
dynamics simulations. Forty-six compounds 
from Xestospongia sp. were chosen from the Marine Natural 
Products database. The docking results selected four 
compounds (CMNPD15071, CMNPD7640, CMNPD26706, and 
CMNPD7639) from this sponge, which provide more negative 
binding energy than their inhibitors (RVE). After reclassifying 
their interactions, such as hydrophobic and hydrogen bonds, 
CMNPD15071 (Sulfuric acid mono-(8-methoxy-12b-methyl-6-
oxo-2,3,6,12b-tetrahydro-1H-5-oxa-benzo[k]acephenanthrylen-
11-yl) ester) and CMNPD7640 (secoadociaquinone B) 
performed molecular dynamics simulations to assess their 
stability. These two compounds show a promising stability 
profile compared to RVE based on RMSD, RMSF, SASA, and 
gyration analysis. Furthermore, the binding affinity prediction 
of these two compounds using the MM/GBSA calculation 
method reveals that CMNPD15071 (-38.48 kJ/mol) had the 
highest affinity for binding to MTB salicylate synthase 
compared to RVE (-35.36 kJ/mol) and CMNPD7640 (-26.03 
kJ/mol). These findings demonstrate that compounds 
from Xestospongia sp. can block MTB mycobactin biosynthesis 
by inhibiting salicylate synthase. 
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and lactoferrin. MTB requires iron ions to replicate hence inhibiting salicylate synthase activity in mycobactin production is 

a promising target for anti-TB drugs10,11. In addition, mycobactin is not present in host cells, so inhibiting this enzyme can be 

a potential drug target12. A recent study revealed the potential for inhibition of MTB salicylate synthase by 5-phenylfuran-2-

carboxylate and chromane derivatives with inhibition concentrations (IC50) of 250 µM and 55 µM, respectively13,14. However, 

due to a lack of information on inhibitors of this enzyme, the search for compounds that can inhibit salicylate synthase from 

MTB is still essential, particularly those derived from natural sources. 

The marine is a natural resource with high biodiversity and rich in active chemicals spread in various marine ecosystems 

and can be developed into medicine15,16. Marine natural resources such as mollusks, algae, and sponges offer a high potential 

for development as pharmaceutical raw materials17. Xestospongia sp. is a species of sponge that has been shown to have anti-

inflammatory, antioxidant, antibacterial, antifungal, antiviral, and anticancer activities18. Because the activity of Xestospongia 

sp. against MTB is still relatively limited, this investigation was conducted to explore and study the anti-TB activity of 

bioactive compounds from Xestospongia sp. molecularly utilizing a computational study approach. This research is also 

expected to obtain the lead compounds as inhibitors of the salicylate synthase enzyme from MTB. 

 

MATERIALS AND METHODS 

Materials 

Enzyme structures 

The structure of MTB salicylate synthase (PDB ID: 3ST6) crystallized with native ligand (RVE) was considered due to its 

high resolution (1.75 Å) (https://www.rcsb.org/)19. The crystallographic structure was created by omitting the protein's B, 

C, and D chains and the associated residues, such as water molecules, to verify the quality of the docking procedure20. Lastly, 

polar hydrogen atoms and Kollman charges were adjusted to the target protein using AutoDock Tools v.1.5.621. 

Test compounds structures 

Forty-six Xestospongia sp. compounds were collected from the Comprehensive Marine Natural Products Database 

(https://www.cmnpd.org/)22. The test compounds were selected based on the 400-500 g/mol molecular weight range. All 

test compounds' structures were converted into *pdbqt format using Open Babel23. Bound inhibitor (RVE) was employed 

as a control to compare with the test compounds. 

 

Methods 

Molecular docking study 

Molecular docking was performed using Autodock software to determine the binding affinity and interactions between 

compounds from Xestospongia sp. against MTB salicylate synthase24. The docking process was confirmed to the enzyme 

binding site using the redocking method by calculating the root mean square deviation (RMSD) of the RVE conformation, 

which must be less than 2 Å25. The test compounds were docked following the RVE binding coordinates with a cubic 

conformational search area of 40 Å. The docking technique involves the Genetic Algorithm, performed up to 100 times run. 

The population was limited to 150, with a maximum of 2,500,000 number evaluations. The other docking algorithm and 

parameters were left as default settings. 

Enzyme-compound interactions analysis 

The best compound's conformation from the docking process was continued to the interaction analysis stage. Discovery 

Studio Visualizer v17.2.0.16349 software was used to study and depict hydrogen bonds and hydrophobic interactions 

produced between enzymes and the best compounds. 

Molecular dynamics simulation 

Molecular dynamics (MD) simulations were carried out using the GROMACS 2022 package26. Protein topology was 

prepared using AMBER99SB-ILDN27, and ligand topology was designed using the General AMBER Force Field (GAFF)28 

generated with the help of ACPYPE29. This simulation was carried out in an aqueous environment as a cubic box using the 

TIP3P water molecule model. The neutral system was obtained after adding Na+ and Cl- ions30,31. An equilibrium system 

https://www.rcsb.org/
https://www.cmnpd.org/
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consisting of protein, ligand, solvent, and ions was received after simulating NVT and NPT at 300 K with a pressure of 1 

bar32. The production system lasts for 50 ns. The simulation results were analyzed using the RMSD, root mean square 

fluctuation (RMSF), solvent accessible surface area (SASA), and radius of gyration (Rg) criteria. Lastly, the binding affinity 

was calculated using the MM/GBSA method approach. 

 

Data analysis 

For molecular docking, the RMSD value was calculated by measuring the distance of RVE's heavy atom between the crystal 

conformation overlapped with the conformation after the redocking process33. For molecular dynamics, the analysis focused 

on assessing the stability of the salicylate synthase and compound complexes based on RMSD and RMSF criteria. The 

measurement of Rg was used to examine the protein folding during the simulation, which correlates with the complex's 

stability34. A lower SASA value indicates a more stable ligand-receptor complex. Lastly, the effectiveness of chemical 

constituents from Xestospongia sp. in binding with MTB salicylate synthase was assessed by calculating their binding energy 

using MM/GBSA approach. 

 

RESULTS AND DISCUSSION 

Molecular docking study 

Mycobacterium tuberculosis remains a primary infectious disease with a high mortality rate in every country. Therefore, 

searching for compounds that can be candidates for anti-tuberculosis drugs is still very much needed. Computational 

studies using molecular docking methods are essential in accelerating drug development, especially in finding lead 

compounds35. This study tries to reveal the potential of Xestospongia sp. to inhibit mycobactin biosynthesis in MTB. 

Based on the validation results, the redocking technique obtained an RMSD RVE value of 0.47 Å (Figure 1). This RMSD 

value was calculated by measuring the distance of RVE's heavy atom between the crystal conformation overlapped with 

the conformation after the redocking process. The best RVE conformation from the redocking results has a bond energy of 

-9.17 kcal/mol. This conformation's hydroxyl and carbonyl groups form hydrogen bonds with residues Gly270, Tyr385, 

Arg405, Gly419, Gly421, and Lys438 on the active site of MTB salicylate synthase19. In addition, the RVE benzene ring 

exhibits hydrophobic interactions with Leu268 and His334. 

A total of 30 compounds from Xestospongia sp. gave a binding energy range from -0.15 to -9.98 kcal/mol, and as many as 16 

compounds do not provide binding affinity. This binding affinity indicates the stability of the binding between the ligand 

and the target protein36. Two potential compounds from this marine sponge are CMNPD7640 (secoadociaquinone B) and 

CMNPD15071 (sulfuric acid mono-(8-methoxy-12b-methyl-6-oxo-2,3,6,12b-tetrahydro-1H-5-oxa-benzo 

[k]acephenanthrylen-11-yl) ester) (Figure 2) has a better binding affinity than RVE and binds to the active site of salicylate 

synthase with energies of -9.98 and -9.93 kcal/mol, respectively. In addition, these two compounds are also estimated to 

have an inhibition constant of 52.29 nM for CMNPD7640 and 48.59 nM for CMNPD15071. 

Interestingly, these two compounds share a similar basic framework, being quinone derivatives, and exhibit a similar 

interaction pattern with RVE. The CMNPD7640 and CMNPD15071 compounds exhibit similar interactions, including 

hydrogen bonding with residues Lys205, Gly270, Thr271, His334, Glu431, and Lys438, as well as hydrophobic interactions 

with two residues Ala269 and Ile423 on the binding site of MTB salicylate synthase. Furthermore, unique hydrogen bonding 

was observed in the CMNPD7640 sulfonate groups that interacted with Arg405. Meanwhile, the sulfonate group of 

CMNPD15071 interacts with Ser301 (Figure 2). The 2D structure of the best-identified compound from Xestospongia sp. is 

depicted in Figure 3, as determined by molecular docking results. 

 

Molecular dynamics simulation 

The stability of the top two hit compounds obtained from the molecular docking process was verified through a 50 ns MD 

simulation. The MD trajectory was utilized to compute the RMSD of the entire complex system37 and the corresponding 

graph is depicted in Figures 4A-C. During the simulation, it was observed that the salicylate synthase complex with the 

RVE inhibitor exhibited the highest stability, as indicated by an average RMSD of 0.606 nm. When the salicylate synthase 

interacted with the compound CMNPD15071, it demonstrated even better stability than CMNPD7640, with average RMSD 

https://journal.umpr.ac.id/index.php/bjop
https://portal.issn.org/resource/ISSN/2621-4814
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values of 0.648 and 0.689 nm, respectively. Interestingly, the compound CMNPD15071 derived from Xestospongia sp. 

exhibited exceptional stability with a low RMSD of 0.163 nm. Moreover, the RVE inhibitor and CMNPD7640 also displayed 

reasonably stable interactions with RMSD average values of 0.179 and 0.325 nm, respectively. 

 

 
Figure 1. Visualization of the RVE crystallographic conformation (green) overlapping with the redocking conformation (pink) on the active site of MTB 

salicylate synthase. Dashed lines in green and pink indicate hydrogen bonds and hydrophobic interactions. 

 

 
Figure 2. Molecular interactions of the best compounds from the Xestospongia sp. on the active site of the MTB salicylate synthase. (A) CMNPD7640 and (B) 

CMNPD15071. 
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Figure 3. 2D structures representation of (A) CMNPD7640 and (B) CMNPD15071. 

 

Meanwhile, during the simulation, the RMSF value for each complex was recorded, and the corresponding graph is shown 

in Figure 4D. This RMSF graph provides insights into the fluctuation of amino acid residues in the salicylate synthase over 

the 50 ns simulation period. Notably, all complexes exhibited a similar trend of fluctuating amino acid residues, with certain 

residues showing high-intensity oscillations. Specifically, residues Ala7, Pro278, Lys293, Ser331, and Gly412 displayed 

significant fluctuations. Notably, residues 293-304 demonstrated higher fluctuations than other compounds. However, the 

RMSF graph also highlighted a compelling observation: CMNPD15071 exhibited the ability to stabilize the amino acid 

residues of MTB salicylate synthase, resulting in lower fluctuations compared to other compounds. This finding suggests 

that CMNPD15071 may form more stable interactions with the salicylate synthase, potentially contributing to its inhibitory 

potential against MTB. 

 

 
Figure 4. Evaluation of the RMSD criteria for the salicylate synthase-compounds complex of (A) protein-RVE, (B) protein-CMNPD7640, (C) protein-

CMNPD15071, and (D) RMSF MTB salicylate synthase backbone during 50 ns MD simulation. 

 

The plot of Rg is presented in Figure 5A. The lowest Rg value indicated the most stable compound in the complex with 

salicylate synthase. The best-hit compound was observed to have the same protein folding stability during the simulation38. 

Based on the analysis results, the average Rg values of the CMNPD15071 and CMNPD7640 complexes were 2.228 and 2.229 

nm, respectively, lower than the RVE Rg value of 2.234 nm. These findings show that the CMNPD15071 complex has the 

lowest Rg value and higher cohesiveness than other hit compounds. 

https://journal.umpr.ac.id/index.php/bjop
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To comprehensively investigate the stability of each hit compound complex, we conducted a SASA analysis for each ligand. 

This analysis provides valuable insights into the complex's folding and stability39 by monitoring variations in the protein 

solvent area during the simulation (Figure 5B). The SASA analysis graph revealed that all hit compounds exhibited a 

similarly wide range of areas accessed by solvent molecules. The average SASA values for each complex were 196.87, 195.24, 

and 194.15 nm2 for RVE, CMNPD7640, and CMNPD15071, respectively. Interestingly, CMNPD15071 demonstrated 

exceptional stability compared to the other compounds, as evidenced by its SASA area remaining relatively unchanged 

throughout the experiment. This suggests that CMNPD15071 forms vigorous interactions with the salicylate synthase, 

enhancing its stability within the complex. 

 

 
Figure 5. Evaluation of (A) Rg and (B) SASA graph during 50 ns MD simulations. 

 

The effectiveness of chemical constituents from Xestospongia sp. in binding with MTB salicylate synthase was assessed by 

calculating their binding energy using the MM/GBSA approach. This influential computational tool delves into the 

molecular-level interactions between ligands and the receptor's active site, providing valuable insights into the stability and 

affinity of potential drug candidates as anti-TB agents40. The total binding energy (ΔEBind) for the RVE system, which serves 

as a known inhibitor, was determined to be -35.36 kJ/mol. This value reflects the totality of various interactions, including 

electrostatic, van der Waals, and solvation energies, which contribute to the overall stability of the ligand-receptor complex41. 

Interestingly, the energy of CMNPD15071 was more negative at -38.48 kJ/mol, indicating that this compound may have a 

stronger binding affinity to MTB salicylate synthase than the RVE inhibitor, suggesting that it may form highly stable 

interactions with the target enzyme. On the other hand, CMNPD7640 exhibited a more positive binding energy of -26.03 

J/mol than RVE. In Table I, we presented a comprehensive set of calculated binding energies for each system, providing a 

detailed comparison of the potential inhibitory capabilities of the compounds from Xestospongia sp. against MTB salicylate 

synthase. 

To understand the molecular-level details, we analyzed the individual energy components contributing to the overall 

binding stability. The electrostatic energy (ΔEELE) arises from the electrostatic interactions between charged residues in the 

active site of MTB salicylate synthase and the ligand42. In the RVE system, this energy was slightly positive at 70.05 kJ/mol, 

suggesting a net repulsion between the ligand and the receptor. However, CMNPD15071 exhibited a significantly more 

negative value of -47.56 kJ/mol, indicating attractive electrostatic interactions with specific residues in the active site. 

Likewise, CMNPD7640 displayed a highly negative electrostatic energy of -74.75 kJ/mol, indicating strong attractive forces 

between the ligand and the enzyme. This result may be attributed to interactions formed by Xestospongia sp. compounds 

with positively charged residues of Lys205 and His334, as well as negatively charged Glu431, contributing to the electrostatic 

energy when binding to MTB salicylate synthase. 

Conversely, the electrostatic contribution to the solvation energy (ΔEGB) considers the interactions of the ligand with the 

solvent molecules in the surrounding environment43. The RVE system demonstrated a relatively negative value of -79.07 

kJ/mol, indicating a favorable solvation effect that promotes binding. However, both CMNPD15071 and CMNPD7640 

showed positive values (61.3 and 89.91 kJ/mol, respectively), suggesting that these compounds may experience less 

favorable solvation effects when binding to MTB salicylate synthase. Nevertheless, the positive solvation contribution does 

not negate their potential as inhibitors, as other strong interactions contribute to their overall binding affinity44. 

Furthermore, the van der Waals energy (ΔEVDW) was pivotal in the favorable binding energy45. CMNPD7640 and 

CMNPD15071 displayed highly negative van der Waals energies (-35.6 and -45.69 kJ/mol, respectively), indicating strong 
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attractive forces between the ligand and the enzyme's hydrophobic pockets. These values were significantly more negative 

than the RVE system's van der Waals energy (-22.33 kJ/mol), implying that the Xestospongia sp. compounds may form 

tighter and more stable interactions within the active site of MTB salicylate synthase. 

 
Table I. The MM/GBSA binding energy calculated for the RVE and chemical constituents from Xestospongia sp. 

Energies (kJ/mol) RVE CMNPD7640 CMNPD15071 

ΔEVDW -22.33 -35.60 -45.69 
ΔEELE     70.05 -74.75 -47.56 
ΔEGB     -79.07 89.91 61.30 
ΔESURF   -4.01 -5.59 -6.53 
ΔEBind  -35.36 -26.03 -38.48 

 

In summary, this comprehensive computational analysis provides valuable molecular insights into the potential inhibitory 

capabilities of chemical constituents from Xestospongia sp. against MTB salicylate synthase. The study highlights 

CMNPD15071 and CMNPD7640 as promising candidates for further investigation and development as potential 

therapeutic agents against tuberculosis. Moreover, these findings underscore the significant potential of marine natural 

products in the quest for novel anti-TB drugs, setting the stage for further experimental validations in drug development. 

 

CONCLUSION 

This study succeeded in identifying CMNPD15071 (sulfuric acid mono-(8-methoxy-12b-methyl-6-oxo-2,3,6,12b-tetrahydro-

1H-5-oxa-benzo[k]acephenanthrylen-11-yl) ester) and CMNPD7640 (secoadociaquinone B) from Xestospongia sp. which can 

inhibit mycobactin biosynthesis based on their affinity and interaction to MTB salicylate synthase. However, further research 

based on molecular dynamics studies showed that the CMNPD15071 has the potential as a lead compound for the salicylate 

synthase inhibitor of MTB. This finding can be an impetus for future investigations for antimicrobial agents against MTB. 
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