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Abstract

Introduction: Dental infections are multifactorial diseases involving bacterial biofilms and host immune responses. Natural
compounds with antibacterial activity, such as Moringa oleifera, have been explored as alternatives to conventional
antibiotics. This study aimed to evaluate the interaction profiles of four Meringa oleifera—derived compounds against
multiple virulence-associated proteins of cariogenic and endodontic pathogens using in silico molecular docking. Methods:
This study was an in silico experimental study using melecular docking simulati to evaluate the binding energy of four M.
oleifera-derived compounds (eugenol, trans-anethole, arachidonic acid, and phytosphingoesine) with five key virulence-
associated proteins of cariogenic and endodontic pathogens (Cystalysin, SrpA, FimA, RadD, and Ddl). AutoDock 4.0 was
used for the docking simulations. Docking results were analyzed based on binding energy (AG) and inhibition constant (Ki)
values. The best binding confermations were selected according to the lowest binding energy and visualized to identify key
ligand-protein interactions using Discovery Studio Visualizer. Results: The phytosphingosine-Ddl exhibited the lowest
binding energy of -7.42 kcal/mol, followed by eugenol with three different receptors (Cystalysin, SrpA, and FimA) and
arachidonic acid-RadD. The lowest inhibition constant was shown by the phylosphlnguslne -Ddl complex at 3.61 pM. Each
compound interacted with various targets, but phytosphi hibited the most and widespread predicted
binding via hydrogen bonds with Glu222, Arg291, Glu306, A5p293 Lys251, and hydrophobic interactions of Phe295,
Phe245, Phe175, and Leu145. Conclusion: This in silico molecular docking study demonstrated that Moringa oleifera—
derived compounds parhcu\arly phytosphingosine, exhibit strong binding affinity toward key virulence-associated proteins of
cariegenic and end itic pathogens. These findi highlight the potential of M. ofeifera as a natural source of antibacterial
agents and support further experimental validation of its therapeutic applications in oral infections
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ABSTRACT

Introduction: Dental infections are multifactorial diseases involving
bacterial biofilms and host immune responses. Natural compounds with
antibacterial activity, such as Moringa oleifera, have been explored as
alternatives to conventional antibiotics. This study aimed to evaluate
the interaction profiles of four Moringa oleifera—derived compounds
against multiple virulence-associated proteins of cariogenic and
endodontic pathogens using in silico molecular docking. Methods:
This study was an in silico experimental study using molecular docking
simulations to evaluate the binding energy of four M. oleifera-derived
compounds (eugenol, trans-anethole, arachidonic acid, and
phytosphingosine) with five key virulence-associated proteins of
cariogenic and endodontic pathogens (Cystalysin, SrpA, FimA, RadD,
and Ddl). AutoDock 4.0 was used for the docking simulations. Docking
results were analyzed based on binding energy (AG) and inhibition
constant (Ki) values. The best binding conformations were selected
according to the lowest binding energy and visualized to identify key
ligand—protein interactions using Discovery Studio Visualizer. Results:
The phytosphingosine-DdI exhibited the lowest binding energy of -7.42
kcal/mol, followed by eugenol with three different receptors
(Cystalysin, SrpA, and FimA) and arachidonic acid-RadD. The lowest
inhibition constant was shown by the phytosphingosine-Ddl complex at
3.61 pM. Each compound interacted with various targets, but
phytosphingosine exhibited the most consistent and widespread
predicted binding via hydrogen bonds with Glu222, Arg291, Glu306,
Asp293, Lys251, and hydrophobic interactions of Phe295, Phe245,
Phel75, and Leul45. Conclusion: This in silico molecular docking
study demonstrated that Moringa oleifera—derived compounds,
particularly phytosphingosine, exhibit strong binding affinity toward
key virulence-associated proteins of cariogenic and endodontic
pathogens. These findings highlight the potential of M. ofeifera as a
natural source of antibacterial agents and support further experimental
validation of its therapeutic applications in oral infections.

Molecular docking, moringa oleifera, dental caries, cariogenic bacteria, virulence factors

INTRODUCTION

Various dental diseases in conservative dentistry, including cariogenic and
endodontic infections, are inflammatory conditions caused by infection that affects
both hard and soft dental tissues, such as enamel, dentin, pulp, and periapical
tissues.! Furthermore, disease development, susceptibility, and progression are
influenced by genetic, environmental, and behavioral factors. Multiple factors
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contribute to the aetiology of periodontitis.? In a vulnerable host, subgingival
dental biofilm triggers an inflammatory and immunological reaction that ultimately
results in the irreversible destruction from dental tissue to the periodontium, which
includes the alveolar bone and periodontal ligament.3

Subgingival bacteria, their virulence factors, and host immunological
responses interact in a complex manner, leading to irreversible tissue damage,
pulp necrosis and periodontitis, a multifactorial inflammatory disease. The
formation of organized, multispecies biofilms and the coordination of diverse
bacterial tactics to colonize, persist, and harm periodontal tissues are important
aspects of disease progression.*

One such factor is the adhesin protein, which mediates the adhesion and
coaggregation processes between bacterial species in microbial communities. In
Fusobacterium nucleatum bacteria, adhesin proteins such as RadD play a role in
connecting the early and late stages of bacterial colonization in the dental plaque
matrix.> The serine-rich repeat adhesin SrpA, which is produced by Streptococcus
sanguinis, binds salivary glycoproteins and facilitates early bacterial adhesion to
tooth surfaces and other microorganisms, starting the formation of biofilms.® To
adhere to host epithelial cells, invade oral tissues, and co-aggregate with other
pathogenic bacteria to sustain mature biofilms, Porphyromonas gingivalis utilizes
FimA, a key fimbrial protein.”

Streptococcus mutans D-alanine: D-alanine ligase (Ddl) is a key enzyme in
the biosynthesis of peptidoglycans, preserving the integrity of the bacterial cell
wall, allowing for survival in the oral cavity's acidic and immunologically
demanding environment, and indirectly promoting biofilm stability by preserving
bacterial viability.® Finally, the PLP-dependent L-cysteine desulfhydrase Cystalysin,
which is secreted by 7reponema denticola, breaks down host cysteine to produce
hydrogen sulfide and ammonia. These substances harm epithelial cells, disrupt
tissue barriers, and trigger inflammatory responses that contribute to the
degradation of dental and surrounding oral tissues.’

More research is being conducted on natural substances with broad-
spectrum antimicrobial activities as potential substitutes for existing antibiotics,
particularly those that target bacterial virulence rather than viability. Promising
candidates include phytosphingosine, arachidonic acid, trans-anethole, and
eugenol, bioactive compounds that have been demonstrated antibacterial, anti-
inflammatory, and biofilm-disrupting qualities.!-13

The structures of these compounds are presented in Figures 1. These
compounds are found in Moringa oleifera, a medicinal plant traditionally used to
treat systemic and oral infections.'* 1> All the compounds were found in the extract
based on the data of the extract’s LC-MS analysis. The application of compounds
produced from M. oleifera is consistent with new approaches to managing
periodontitis, which seek to reduce the development of antibiotic resistance while
interfering with bacterial virulence factors and biofilm formation.6: 1

i HOJ@\/\
T T T OH ~o S

arachidonic acid (1) eugenol (2)
HO OH
o)
HzN P
OH ) .
phytosphingosine (3) trans-anethole (4)

Figure 1. Structure of Moringa oleifera derived compounds

Comprehensive studies assessing the efficacy of natural compounds against
key virulence factors involved in cariogenic and endodontic infections remain
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limited, despite growing interest in these compounds as alternative antimicrobial
agents. Four compounds derived from M. oleifera, eugenol, trans-anethole,
arachidonic acid, and phytosphingosine, are evaluated simultaneously against a
selected group of five virulence-associated proteins from major oral bacteria.
These proteins of Cystalysin, FimA, Ddl, SrpA, and RadD represent various
mechanisms of adhesion, biofilm formation, cell survival, and tissue destruction.

In particular, systematic in silico evaluation of several compounds derived
from Moringa oleifera against key proteins that mediate adhesion, biofilm
formation, bacterial survival, and tissue damage is still rare. Consequently, the
comparative multi-target potential of these compounds and their mechanistic role
in virulence inhibition remain poorly defined. The novelty of this study lies in the
simultaneous multi-target evaluation of four M. oleifera-derived compounds
against virulence-related proteins, an approach that has not been previously
reported.

Therefore, this study aims to evaluate the interaction profiles of four Moringa
oleifera—derived compounds against key virulence-associated proteins of
cariogenic and endodontic pathogens using molecular docking simulations. The
study further seeks to identify which compounds have the strongest potential to
inhibit multiple virulence targets, providing computational evidence to support
their possible use as adjuvant agents in the prevention and treatment of
periodontitis.

METHODS

This study was an in silico molecular docking study conducted to evaluate
compound-protein interactions using molecular docking simulations to determine
the molecular activity of each compound against specified receptors. The three-
dimensional structures of each receptor were obtained from the RCSB Protein Data
Bank (PDB) (https://www.rcsb.org/). This study used five receptors: Cystalysin
(PDB ID: 1C70), SrpA (PDB ID: 5EQ3), FimA (PDB ID: 6]ZK), RadD (PDB ID:
7R71), and DdI (PDB ID: 7U9K). All receptors were prepared by removing native
ligands and other bound molecules before docking simulations were performed,
and then saved in pdb format.

Two reference ligands were used for each target protein: the native ligand
and a positive control. The native ligand refers to the biological ligand that was
crystallized together with the protein in the PDB structure, representing the
natural binding conformation within the active site. The positive control refers to
an inhibitor or compound that has been previously reported to interact with the
corresponding target protein, and is included to provide a reference for
comparison with the docking performance of the tested phytochemical
compounds. L-arginine for RadD, D-glycoserine for Cystalisin and Ddl, Neu5Gc for
SrpA and GalNAc for FimA were the three positive controls utilized in this study.
All structures were obtained from PubChem (CIDs: 67427, 440001, 6234, and
35717). Four compounds (arachidonic acid, eugenol, phytosphingosine, and
trans-anethole) derived from M. oleifera were examined for their capacity to
interfere with virulence factors of periodontitis.

The structures of arachidonic acid, eugenol, phytosphingosine, and trans-
anethole were obtained from the PubChem website
(https://pubchem.ncbi.nim.nih.gov/) with CIDs of 444899, 3314, 122121, and
637563, respectively. After downloading each ligand structure in SDF format, all
structures were converted to PDB format and optimized using Chem3D Ultra 12.0's
MM2 energy minimizer, and saved in pdb format

To validate the docking protocol, each native ligand was re-docked to its
respective protein binding site following receptor and ligand preparation.
AutoDock 4.0 was used to perform molecular docking simulations. Each receptor
and ligand in PDB format was converted to PDBQT format before the simulation
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began. For each receptor, a grid box measuring 40 A x 40 A x 40 A was applied,
with specific x, y, and z coordinates for the grid center. The root mean square
deviation (RMSD) between the docking pose and the crystallographic pose was
calculated to assess the reliability of the docking setup.

RMSD values < 3.0 A were considered acceptable, indicating that the
selected docking parameters were able to accurately reproduce the experimentally
observed bond conformations. Re-docking conformations were visualized using
Discovery Studio 2024 software.

The compound docking process was performed using AutoDock 4.0 software,
similar to the re-docking procedure. The bond energy and inhibition constant for
each receptor-ligand complex were obtained from the test results, and the
receptor-ligand interactions were analyzed and visualized using Discovery Studio
2024. Graphs were generated to illustrate hydrophobic interactions and hydrogen
bonding within receptor-ligand complexes.

RESULTS

Before evaluating the interactions of Moringa oleifera—derived compounds
with target proteins, the docking protocol was first validated to ensure reliability.
Re-docking of native ligands into their respective binding sites was performed,
and the resulting root mean square deviation (RMSD) values were assessed. The
re-docking RMSD values and conformations are presented in Table 1 and Figure
2.

Table 1. Grid center coordinates for each receptor
Grid Center (coordinates)

+hame PDB ID Positive Control y 7 RMSD
Cystalysin 1C70 D-glycoserine 14.561 -4.847 20.75 2.167
SrpA 5EQ3 Neu5Gc 15.260 11.538 9.568 2.436
FimA 6JZK GalNAc 1.287 -3.755 93.097 3.102
RadD 7R7] L-Arginine -6.627 -37.876 107.279  3.097
Ddl 7U9K D-glycoserine 7.923 20.387 27.732 1.159

Figure 2. Re-docking conformation for a. Cystalysin, b. SrpA,
c¢. FimA, d. RadD, and e. Ddl.

The molecular docking interactions between Moringa oleifera-derived
compounds and bacterial virulence target proteins are presented in Table 2. The
parameters analyzed included binding free energy (AG), inhibition constant (Ki),
amino acid residues involved in hydrogen bonding, and hydrophobic interactions
that contribute to the stability of the ligand-receptor complex. Comparisons were
made between test compounds, native ligands, and positive controls to evaluate
relative binding affinity and potential biological activity. These results provide a
basis for identifying compounds with the best affinity for target proteins involved
in cariogenic processes and endodontic infections.
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Table 2. Molecular docking summary for all ligand—target pairs

. . hydrophobic
Target Ligand AG Ki hydrogen bonds interactions
. } Val98, Ala243, Tyr123, R
Native 6.78 10.76 Ser237, Cys171, Lys238
Positive R Arg369, Tyr124, Asp355, R
control >-21 150.55 Ala39
Cys171, Val99, Valog,
. Comp. (1) -5.13 174.80 Lys238, Tyr123 Ala39, His206, Ile205,
Cystalysin Val38, Ala243
Comp. (2) -5.64 72.98 Lys238, Tyr123, His206 Ala39, Ile205
Val99, Val9g, Ile205,
Comp. (3) -3.81 1620 Ala39, Tyr123, Tyr124 His206, Lys238, Ala235
} Ala39, Tyr123, Asp355, Ala39, Cys171, Ile205,
Comp. (4) 5.17 161.76 Tyri24 His206
) Thr346, GIn344, Pro335,
Native -6.36 21.70 Tyr368, Arg347 Pro337, Arg342
Positive R Arg342, Arg347, Thr346, }
control 5.82 53.74 GIn344, Tyr368, Ala343
SrpA Comp. (1) -1.73 54.29x10° Arg342 Pro337, Phe294
Comp. (2) -4.22 802.41 Arg347, Thr346 Phe345, GIn344
Comp.(3)  -3.18  4.663x10°  Gln344, Arg347,Thr346 Phe3:r5é3'z{§347'
Comp. (4) -3.78 1.69x103 Thr346 Arg342, GIn344
. } Lys59, Thr61, Ser75, R
Native 4.96 230.57 Met103
Positive ) Gly101, Ala102, Met103, )
Fima  cONtol 473 343.084 Leu105, Val106
Comp. (1) -3.97 1230 Lys59, Ser75 Lys108, Val106, Leu105
Comp. (2) -4.19 843.62 Met103 Ile73, Leul05
Comp. (3) -1.74 53.30x10° Glu104, Val106 1le73, Leul05
Comp. (4) -4.04 1090 Ser75 Leu105, Val106, Ile73
. . Arg343, Arg6, Tyr195,
- 3
Native 8.27 0.89 x10 Gly36, Gly34, Ala35, Thr33 Arg343, Leu344
Positive ) Asp315, Tyr195, Gly34, )
control 2.78 9230 Argb6
B Lys68, Arg6, Leu39,
RadD Comp. (1) 4.65 390.63 Lys37, Thr33 Leu7?
Comp. (2) -4.00 1170 Gly36, Lys37 Ala35
Gly34, Arg6, Tyr195 Leu39, Leu72, Ala71
- 3 ’ ’ ’ 7 r r
Comp. (3) 2.67 11.12x10 Leu344 Lys37, Lys68
B Leu39, Leu72, Lys68,
Comp. (4) 4.42 579.42 Gly34, Pro32 Lys37, Ala35
Lys130, Asn305, Glu213,
. Val216, GIn214, Glu220
i -3 ’ ’ ’ -
Native 8.94  0.28x10 Tyr246, Ser184, Gly182,
Asn308, Ser183, Lys251
Positive Ile221, Phe294, Asn305, R
control -6.09 34.60 Glu222
Leu145, Val216,
Ddl Comp. (1) -6.52 16.49 Asn305 Phe295, Phel75,
Phe245, 1le187
Comp.(2)  -540  109.80 Ala218, Ala244, Glu220 Phezfgaf :59175'
} Glu222, Arg291, Glu306, Phe295, Phe245,
Comp. (3) 7:42 3.61 Asp293, Lys251 Phe175, Leu145
Comp.(4)  -5.25  142.83 Phe245, Tyr246 Phe175, Phe295,

Leul45

Figure 3. Conformations of the native ligand, M. oleifera compounds, and positive controls
at SrpA A, ligand conformational positioning receptor, and B. close-up view.

149 | Multi-target potential of moringa oleifera-derived compounds against cariogenic and endodontic virulence proteins revealed by molecular docking

Padjadjaran Journal of Dentistry @ Volume 38, Number 1, March 2026



Amin, et al

Figure 4. Molecular interactions of SrpA receptor with A. Arachidonic acid, B. eugenol,
C.native ligand, D. phytosphingosine, E. positive control, and F. trans-anethole.

Figure 5. Conformations of the native ligand, M. o/eifea compouhds, and positive controls
at Cystalysin A, ligand conformational positioning receptor, and B. Close-up view.

o

ol

. TR

Figure 6. Molecular interactions of Cystalysin receptor with A. Arachidonic acid, B. eugenol,
C. native ligand, D. phytosphingosine, E. positive control, and F. trans-anethole.

Figure 7. Conformations of the native ligand, M. oleifera compounds, and positive controls
at FimA A, ligand conformational positioning receptor, and B. Close-up view.
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Figure 8. Molecular interactions of FimA receptor with A. Arachidonic acid, B. eugenol,
C. native ligand, D. phytosphingosine, E. positive control, and F. trans-anethole

Figure 9. Conformations of the native ligand, M. oleifera compounds, and positive controls
at RadD A, ligand conformational positioning receptor, and B Close-up view.

Figure 10. Molecular interactions of RadD receptor with A. Arachidonic acid, B. eugenol,
C. native ligand, D. phytosphingosine, E. positive control, and F. trans-anethole.

Figure 11. Conformations of the native ligand, M. oleifera compounds, and positive controls at
Ddl A, ligand conformational positioning receptor, and B. Close-up view.
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Figure 12. Molecular interactions of Ddl| receptor with A. Arachidonic acid, B. eugenol, C. native
ligand, D. phytosphingosine, E. positive control, and F. ¢rans-anethole.

DISCUSSION

This study explores Moringa oleifera-derived compounds as potential multi-
target inhibitors of key proteins involved in various stages of cariogenic and
endodontic pathogenesis. Previous studies have reported that M. oleifera
possesses antibacterial and anti-biofilm activities against oral pathogens, primarily
attributed to its rich phytochemical content, including phenolics and fatty acids.!®
Molecular docking, along with detailed analysis of hydrogen bonding and
hydrophobic interactions, was performed to determine how these compounds
might interfere with adhesion-related receptors, enzymes required for bacterial
survival, and factors involved in host tissue damage. The results offer new insights
into the ability of M. oleifera compounds to disrupt multiple virulence mechanisms
relevant to dental infection progression, highlighting their potential as
supplementary agents in comprehensive conservative dental therapy.18 1°

The interaction potential of four compounds derived from Moringa oleifera
extract against key virulence-associated proteins of cariogenic and endodontic
pathogens was evaluated using molecular docking simulations. Scoring functions
are used by docking programs to estimate binding energy.?® The four compounds
derived from M. oleifera showed different affinities for the five target proteins
according to molecular docking simulations. The lowest (i.e., strongest) binding
energies were typically displayed by the native ligands, with RadD (-8.27 kcal/mol)
and Ddl (-8.94 kcal/mol) being especially notable. Eugenol showed consistently
favorable binding energies across the majority of targets among the investigated
natural compounds (-5.64 to -3.46 kcal/mol), followed by trans-anethole (-5.17 to
-3.61 kcal/mol) and arachidonic acid (-5.13 to -1.73 kcal/mal).

The weakest binding affinity was observed for phytosphingosine, particularly
with FimA (-1.74 kcal/mol) and SrpA (-2.68 kcal/mol), indicating a low interaction
strength with these adhesin targets. Positive controls demonstrated varied
binding, with RadD (-2.78 kcal/mol) showing least favorably and Ddl (-6.09
kcal/mol) performing the best. A similar trend was observed in the calculated
inhibition constants (Ki). Across all targets, the compounds showed Ki values in
the nanomolar to millimolar range; native ligand binding to RadD (0.89 x103uM
or 890 nM) and Ddl (0.28 x103uM) had the lowest (strongest) Ki values,
supporting their role as reference benchmarks for evaluating ligand performance.

These findings are consistent with previous docking studies, where binding
energies stronger than -6.0 kcal/mol are generally considered indicative of
moderate to strong ligand-protein interactions, particularly for enzymatic targets
such as D-alanine:D-alanine ligase, whereas weaker interactions (above -4.0
kcal/mol) are typically associated with low binding stability or nonspecific
interactions.??

A similar trend was observed in the calculated inhibition constants (Ki), which
ranged from nanomolar to millimolar levels across all targets. The native ligands
for RadD (0.89 x 10-3 uM, equivalent to 890 nM) and Ddl (0.28 x 10-3 uM)
exhibited the lowest Ki values, reflecting their high binding affinity and biological
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relevance. These results are in agreement with previous reports indicating that
biologically active ligands typically display Ki values in the nanomolar to low
micromolar range, while weaker inhibitors fall into the higher micromolar to
millimolar range.?

However, the Ki values of the compounds were higher (weaker) than those
of their respective positive controls for a number of targets, particularly SrpA and
FimA. 54.29x10° uM or 54.29 mM for arachidonic acid binding to SrpA and
53.30x10° uM for phytosphingosine binding to FimA. This variation may be
attributed to differences in how scoring functions account for hydrophobic and
hydrogen bonding interactions. Higher binding affinities are generally indicated by
lower (more negative) binding energies, which also imply a more stable and
favorable interactions.?! 22 According to the docking data, almost all test ligands
form 2-4 hydrogen bonds, mainly with key residues such as Lys238, Tyr123,
His206, Ala39, and Val99. These residues are part of the same binding pocket as
the native ligand, so the interaction of the test ligand can be said to overlap with
the physiological binding site. This overlap indicates that the ligand is able to
inhibit the proteolytic activity of Cystalysin (figure 5-6) through direct competition
with the natural ligand. The greater the number of H-bonds, the more stable the
interaction, and this is consistent with the relatively low AG and Ki values.'?

In SrpA (figure 3-4), the test ligands generally form 1-3 H-bonds, with
important residues such as Lys340, Lys373, Asp434, Thr372, which are known to
be located in the sialic-acid—binding groove of SrpA. Previous structural studies
have demonstrated that these residues play a critical role in recognizing and
stabilizing sialic acid during bacterial adhesion, particularly through electrostatic
and hydrogen-bond interactions.?® The interaction of the test ligands with these
residues indicates that they occupy a similar binding region as the native sialic
acid ligand, suggesting a competitive binding mode. This finding is consistent with
earlier docking and crystallographic studies, where ligands capable of interacting
with key lysine and aspartate residues exhibited effective inhibition of sialoglycan
binding.?’

Furthermore, ligands with lower binding free energy (AG), such as Compound
3 and Compound 4, showed a higher degree of overlap with the native ligand
binding site, supporting their potential as competitive inhibitors of SrpAsialoglycan
adhesion. Ligands to FimA (figure 7-8) show the formation of 2-3 H-bonds with
residues such as Lys59, Ser75, Glu70, Val105, which are residues corresponding
to the native ligand interaction site. These findings are in agreement with previous
studies indicating that polar and charged residues in the FimA binding pocket are
essential for ligand recognition and stabilization.?8

The overlap between the test ligand interactions and the native binding site
suggests a competitive inhibition mechanism, where the ligands may block the
adhesion process by occupying the functional binding pocket.?® Similar interaction
patterns have been reported in other adhesin-targeted docking studies, where
hydrogen bonding with key residues contributes significantly to binding specificity.
In addition to hydrogen bonding, hydrophobic interactions involving residues such
as Leu104 and Ile73 further enhance complex stability, which is consistent with
previous reports highlighting the importance of hydrophobic contacts in
maintaining ligand-protein interactions within adhesin domains.

In RadD (figure 9-10), the ligands exhibited a similar interaction pattern,
forming 1-3 hydrogen bonds primarily with residues such as Gly36, Arg45, Tyr195,
and Lys73, which are located within the predicted interaction domain of the
protein. Previous studies have shown that RadD functions as an adhesin involved
in interspecies bacterial aggregation, where charged residues such as arginine and
lysine play a crucial role in mediating electrostatic interactions with partner cells.3°

The interaction of the test ligands with Arg45 and Lys73 suggests that these
compounds occupy regions critical for adhesion-related interactions, indicating a
potential competitive binding mechanism. This observation is consistent with prior
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computational and functional studies, where ligands targeting positively charged
residues in adhesin domains were able to disrupt protein-protein interactions.

Furthermore, ligands with more negative binding free energy (AG) values
demonstrated a greater degree of overlap with the predicted interaction interface,
supporting their potential to competitively interfere with the RadD-mediated
adhesion mechanism.3! In Ddl (figure 11-12), the ligands formed 2-4 hydrogen
bonds with key active-site residues, including Glu223, Asp293, Lys251, and
Phe295. These residues are well documented as part of the catalytic pocket
responsible for D-alanine activation and D-Ala-D-Ala dipeptide formation, a crucial
step in bacterial peptidoglycan biosynthesis.3?

The interaction of the test ligands with Glu223 and Lys251 is particularly
significant, as these residues are directly involved in substrate binding and
catalytic activity. Previous structural and inhibition studies have shown that
compounds interacting with these residues can effectively block the enzymatic
formation of D-Ala-D-Ala, thereby inhibiting bacterial cell wall synthesis.33

The observed overlap between the test ligands and the native substrate
binding site indicates a competitive inhibition mechanism. Moreover, ligands
exhibiting lower AG values showed stronger and more stable interactions within
the catalytic pocket, further supporting their potential as Ddl inhibitors, consistent
with earlier docking and enzymatic inhibition studies.

The complexes stabilized ligand—-receptor binding in active or binding sites
by forming numerous hydrogen bonds across several targets with important
catalytic or binding-site residues.3* Lower (larger) binding energies and maybe
stronger inhibitory effects are the outcome of compounds that can form hydrogen
bonds. These compounds are thus more likely to stay anchored inside the active
site. For instance, eugenol formed hydrogen bonds with Lys238 and Tyr123 in
Cystalysin, important catalytic residues essential for PLP-dependent activity.

These interactions suggest a potential disruption of enzymatic function.
Phytosphingosine presented the most hydrogen bonds compared to the other
compounds, which generated an extensive hydrogen bond complex. Hydrogen
bond networks consist of interactions connecting the side chains of numerous
residues throughout the protein. Hydrogen bond networks stabilize the overall
protein structure and have been shown to play a role in activation and allostery.3>
Eugenol also exhibited strong hydrogen bonding interactions, as indicated by the
number of hydrogen bonds formed.

These polar interactions imply that these substances can successfully
stabilize their binding to vital virulence proteins, which may interfere with the
mechanisms of bacterial colonization or survival.*® The conformations of all the
ligands were illustrated in Figures 3, 5, 7, 19, and 11 followed by the molecular
interactions of hydrogen bonds and hydrophobic interactions for each ligand in a
specific receptor were demonstrated in Figures 4, 6, 9, 10, and 12. Ligands are
color-coded for clarity: red (native ligand), blue (positive control), orange
(arachidonic acid), purple (eugenol), grey (phytosphingosine), and yellow (trans-
anethole).

Hydrophobic interactions, primarily driven by van der Waals forces with
nonpolar residues, play an important role in stabilizing ligand-protein complexes.
Previous studies have shown that hydrophobic contacts significantly contribute to
binding affinity, especially when combined with hydrogen bonding. 3 In this study,
phytosphingosine and arachidonic acid exhibited the most frequent hydrophobic
interactions across targets, involving residues such as Phe295 and Leu145 in Dd|,
Ile73 and Leul05 in FimA, and Ala39 and Ile205 in Cystalysin. Similar patterns
have been reported, where residues like leucine, isoleucine, and phenylalanine
play key roles in ligand stabilization.38 3°

However, despite extensive hydrophobic interactions, phytosphingosine
showed relatively weak binding affinity, indicating that hydrophobic contacts alone
are insufficient without complementary hydrogen bonding and electrostatic
interactions. These interactions are particularly important for lipophilic
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compounds, which rely on embedding within hydrophobic pockets to achieve
effective binding. The moderate to strong binding energies observed for these
compounds may be attributed to extensive hydrophobic interactions, sometimes
complemented by hydrogen bonding. This supports the compounds' potential as
multi-target inhibitors of oral bacterial virulence factors.*

The limitation of this study is that the findings are based solely on in silico
molecular docking simulations, which may not fully represent the complexity of
biological systems. Docking scores and predicted binding modes do not account
for pharmacokinetic properties, compound solubility, membrane permeability, or
metabolic stability, which may influence biological activity in vivo. Furthermore,
protein flexibility and solvent effects were only partially considered, which may
affect the accuracy of predicted ligand-receptor interactions. Therefore, the
inhibitory potential of the investigated compounds should be interpreted as
preliminary and hypothesis-generating rather than definitive evidence of biological
efficacy.

CONCLUSION

This in silico molecular docking study demonstrated that Moringa oleifera—
derived compounds, particularly phytosphingosine, exhibit strong binding affinity
toward key virulence-associated proteins of cariogenic and endodontic pathogens.
These findings highlight the potential of M. oleifera as a natural source of
antibacterial agents; however, further in vitro and in vivo studies are required to
validate these findings.

The implications of this research suggest that M. oleifera-derived compounds
could serve as promising lead molecules for the development of multi-target
antibacterial agents and adjunctive therapeutics in conservative dental therapy,
particularly for managing complex cariogenic and endodontic infections.
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ABSTRACT

Introduction: Dental infections are multifactorial diseases involving
bacterial biofilms and host immune responses. Natural compounds with
antibacterial activity, such as Moringa oleifera, have been explored as
alternatives to conventional antibiotics. This study aimed to evaluate
the interaction profiles of four Moringa oleifera—derived compounds
against multiple virulence-associated proteins of cariogenic and
endodontic pathogens using in silico molecular docking. Methods:
This study was an in silico experimental study using molecular docking
simulations to evaluate the binding energy of four M. oleifera-derived
compounds (eugenol, trans-anethole, arachidonic acid, and
phytosphingosine) with five key virulence-associated proteins of
cariogenic and endodontic pathogens (Cystalysin, SrpA, FimA, RadD,
and Ddl). AutoDock 4.0 was used for the docking simulations. Docking
results were analyzed based on binding energy (AG) and inhibition
constant (Ki) values. The best binding conformations were selected
according to the lowest binding energy and visualized to identify key
ligand—protein interactions using Discovery Studio Visualizer. Results:
The phytosphingosine-DdI exhibited the lowest binding energy of -7.42
kcal/mol, followed by eugenol with three different receptors
(Cystalysin, SrpA, and FimA) and arachidonic acid-RadD. The lowest
inhibition constant was shown by the phytosphingosine-Ddl complex at
3.61 pM. Each compound interacted with various targets, but
phytosphingosine exhibited the most consistent and widespread
predicted binding via hydrogen bonds with Glu222, Arg291, Glu306,
Asp293, Lys251, and hydrophobic interactions of Phe295, Phe245,
Phel75, and Leul45. Conclusion: This in silico molecular docking
study demonstrated that Moringa oleifera—derived compounds,
particularly phytosphingosine, exhibit strong binding affinity toward
key virulence-associated proteins of cariogenic and endodontic
pathogens. These findings highlight the potential of M. ofeifera as a
natural source of antibacterial agents and support further experimental
validation of its therapeutic applications in oral infections.

Molecular docking, moringa oleifera, dental caries, cariogenic bacteria, virulence factors

INTRODUCTION

Various dental diseases in conservative dentistry, including cariogenic and
endodontic infections, are inflammatory conditions caused by infection that affects
both hard and soft dental tissues, such as enamel, dentin, pulp, and periapical
tissues.! Furthermore, disease development, susceptibility, and progression are
influenced by genetic, environmental, and behavioral factors. Multiple factors
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o contribute to the aetiology of periodontitis.? In a vulnerable host, subgingival
dental biofilm triggers an inflammatory and immunological reaction that ultimately
results in the irreversible destruction from dental tissue to the periodontium, which
includes the alveolar bone and periodontal ligament.3

Subgingival bacteria, their virulence factors, and host immunological
responses interact in a complex manner, leading to irreversible tissue damage,
pulp necrosis and periodontitis, a multifactorial inflammatory disease. The
formation of organized, multispecies biofilms and the coordination of diverse
bacterial tactics to colonize, persist, and harm periodontal tissues are important
aspects of disease progression.*

One such factor is the adhesin protein, which mediates the adhesion and
coaggregation processes between bacterial species in microbial communities. In
Fusobacterium nucleatum bacteria, adhesin proteins such as RadD play a role in
connecting the early and late stages of bacterial colonization in the dental plaque
matrix.> The serine-rich repeat adhesin SrpA, which is produced by Streptococcus
sanguinis, binds salivary glycoproteins and facilitates early bacterial adhesion to
tooth surfaces and other microorganisms, starting the formation of biofilms.® To
adhere to host epithelial cells, invade oral tissues, and co-aggregate with other
pathogenic bacteria to sustain mature biofilms, Porphyromonas gingivalis utilizes
FimA, a key fimbrial protein.”

Streptococcus mutans D-alanine: D-alanine ligase (Ddl) is a key enzyme in
the biosynthesis of peptidoglycans, preserving the integrity of the bacterial cell
wall, allowing for survival in the oral cavity's acidic and immunologically
demanding environment, and indirectly promoting biofilm stability by preserving
bacterial viability.® Finally, the PLP-dependent L-cysteine desulfhydrase Cystalysin,
which is secreted by 7reponema denticola, breaks down host cysteine to produce
hydrogen sulfide and ammonia. These substances harm epithelial cells, disrupt
tissue barriers, and trigger inflammatory responses that contribute to the
degradation of dental and surrounding oral tissues.’

More research is being conducted on natural substances with broad-
spectrum antimicrobial activities as potential substitutes for existing antibiotics,
particularly those that target bacterial virulence rather than viability. Promising
candidates include phytosphingosine, arachidonic acid, trans-anethole, and
eugenol, bioactive compounds that have been demonstrated antibacterial, anti-
inflammatory, and biofilm-disrupting qualities.!-13

The structures of these compounds are presented in Figures 1. These
compounds are found in Moringa oleifera, a medicinal plant traditionally used to
treat systemic and oral infections.'* 1> All the compounds were found in the extract
based on the data of the extract’s LC-MS analysis. The application of compounds
produced from M. oleifera is consistent with new approaches to managing
periodontitis, which seek to reduce the development of antibiotic resistance while
interfering with bacterial virulence factors and biofilm formation.6: 1

i HOJ@\/\
T T T OH ~o S

arachidonic acid (1) eugenol (2)
HO OH
o)
HzN P
OH ) .
phytosphingosine (3) trans-anethole (4)

Figure 1. Structure of Moringa oleifera derived compounds

Comprehensive studies assessing the efficacy of natural compounds against
key virulence factors involved in cariogenic and endodontic infections remain
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limited, despite growing interest in these compounds as alternative antimicrobial
agents. Four compounds derived from M. oleifera, eugenol, trans-anethole,
arachidonic acid, and phytosphingosine, are evaluated simultaneously against a
selected group of five virulence-associated proteins from major oral bacteria.
These proteins of Cystalysin, FimA, Ddl, SrpA, and RadD represent various
mechanisms of adhesion, biofilm formation, cell survival, and tissue destruction.

In particular, systematic in silico evaluation of several compounds derived
from Moringa oleifera against key proteins that mediate adhesion, biofilm
formation, bacterial survival, and tissue damage is still rare. Consequently, the
comparative multi-target potential of these compounds and their mechanistic role
in virulence inhibition remain poorly defined. The novelty of this study lies in the
simultaneous multi-target evaluation of four M. oleifera-derived compounds
against virulence-related proteins, an approach that has not been previously
reported.

Therefore, this study aims to evaluate the interaction profiles of four Moringa
oleifera—derived compounds against key virulence-associated proteins of
cariogenic and endodontic pathogens using molecular docking simulations. The
study further seeks to identify which compounds have the strongest potential to
inhibit multiple virulence targets, providing computational evidence to support
their possible use as adjuvant agents in the prevention and treatment of
periodontitis.

METHODS

This study was an in silico molecular docking study conducted to evaluate
compound-protein interactions using molecular docking simulations to determine
the molecular activity of each compound against specified receptors. The three-
dimensional structures of each receptor were obtained from the RCSB Protein Data
Bank (PDB) (https://www.rcsb.org/). This study used five receptors: Cystalysin
(PDB ID: 1C70), SrpA (PDB ID: 5EQ3), FimA (PDB ID: 6]ZK), RadD (PDB ID:
7R71), and DdI (PDB ID: 7U9K). All receptors were prepared by removing native
ligands and other bound molecules before docking simulations were performed,
and then saved in pdb format.

Two reference ligands were used for each target protein: the native ligand
and a positive control. The native ligand refers to the biological ligand that was
crystallized together with the protein in the PDB structure, representing the
natural binding conformation within the active site. The positive control refers to
an inhibitor or compound that has been previously reported to interact with the
corresponding target protein, and is included to provide a reference for
comparison with the docking performance of the tested phytochemical
compounds. L-arginine for RadD, D-glycoserine for Cystalisin and Ddl, Neu5Gc for
SrpA and GalNAc for FimA were the three positive controls utilized in this study.
All structures were obtained from PubChem (CIDs: 67427, 440001, 6234, and
35717). Four compounds (arachidonic acid, eugenol, phytosphingosine, and
trans-anethole) derived from M. oleifera were examined for their capacity to
interfere with virulence factors of periodontitis.

The structures of arachidonic acid, eugenol, phytosphingosine, and trans-
anethole were obtained from the PubChem website
(https://pubchem.ncbi.nim.nih.gov/) with CIDs of 444899, 3314, 122121, and
637563, respectively. After downloading each ligand structure in SDF format, all
structures were converted to PDB format and optimized using Chem3D Ultra 12.0's
MM2 energy minimizer, and saved in pdb format

To validate the docking protocol, each native ligand was re-docked to its
respective protein binding site following receptor and ligand preparation.
AutoDock 4.0 was used to perform molecular docking simulations. Each receptor
and ligand in PDB format was converted to PDBQT format before the simulation
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began. For each receptor, a grid box measuring 40 A x 40 A x 40 A was applied,
with specific x, y, and z coordinates for the grid center. The root mean square
deviation (RMSD) between the docking pose and the crystallographic pose was
calculated to assess the reliability of the docking setup.

RMSD values < 3.0 A were considered acceptable, indicating that the
selected docking parameters were able to accurately reproduce the experimentally
observed bond conformations. Re-docking conformations were visualized using
Discovery Studio 2024 software.

The compound docking process was performed using AutoDock 4.0 software,
similar to the re-docking procedure. The bond energy and inhibition constant for
each receptor-ligand complex were obtained from the test results, and the
receptor-ligand interactions were analyzed and visualized using Discovery Studio
2024. Graphs were generated to illustrate hydrophobic interactions and hydrogen
bonding within receptor-ligand complexes.

RESULTS

Before evaluating the interactions of Moringa oleifera—derived compounds
with target proteins, the docking protocol was first validated to ensure reliability.
Re-docking of native ligands into their respective binding sites was performed,
and the resulting root mean square deviation (RMSD) values were assessed. The
re-docking RMSD values and conformations are presented in Table 1 and Figure
2.

Table 1. Grid center coordinates for each receptor
Grid Center (coordinates)

+hame PDB ID Positive Control y 7 RMSD
Cystalysin 1C70 D-glycoserine 14.561 -4.847 20.75 2.167
SrpA 5EQ3 Neu5Gc 15.260 11.538 9.568 2.436
FimA 6JZK GalNAc 1.287 -3.755 93.097 3.102
RadD 7R7] L-Arginine -6.627 -37.876 107.279  3.097
Ddl 7U9K D-glycoserine 7.923 20.387 27.732 1.159

Figure 2. Re-docking conformation for a. Cystalysin, b. SrpA,
c¢. FimA, d. RadD, and e. Ddl.

The molecular docking interactions between Moringa oleifera-derived
compounds and bacterial virulence target proteins are presented in Table 2. The
parameters analyzed included binding free energy (AG), inhibition constant (Ki),
amino acid residues involved in hydrogen bonding, and hydrophobic interactions
that contribute to the stability of the ligand-receptor complex. Comparisons were
made between test compounds, native ligands, and positive controls to evaluate
relative binding affinity and potential biological activity. These results provide a
basis for identifying compounds with the best affinity for target proteins involved
in cariogenic processes and endodontic infections.
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Table 2. Molecular docking summary for all ligand—target pairs

. . hydrophobic
Target Ligand AG Ki hydrogen bonds interactions
. } Val98, Ala243, Tyr123, R
Native 6.78 10.76 Ser237, Cys171, Lys238
Positive R Arg369, Tyr124, Asp355, R
control >-21 150.55 Ala39
Cys171, Val99, Valog,
. Comp. (1) -5.13 174.80 Lys238, Tyr123 Ala39, His206, Ile205,
Cystalysin Val38, Ala243
Comp. (2) -5.64 72.98 Lys238, Tyr123, His206 Ala39, Ile205
Val99, Val9g, Ile205,
Comp. (3) -3.81 1620 Ala39, Tyr123, Tyr124 His206, Lys238, Ala235
} Ala39, Tyr123, Asp355, Ala39, Cys171, Ile205,
Comp. (4) 5.17 161.76 Tyri24 His206
) Thr346, GIn344, Pro335,
Native -6.36 21.70 Tyr368, Arg347 Pro337, Arg342
Positive R Arg342, Arg347, Thr346, }
control 5.82 53.74 GIn344, Tyr368, Ala343
SrpA Comp. (1) -1.73 54.29x10° Arg342 Pro337, Phe294
Comp. (2) -4.22 802.41 Arg347, Thr346 Phe345, GIn344
Comp.(3)  -3.18  4.663x10°  Gln344, Arg347,Thr346 Phe3:r5é3'z{§347'
Comp. (4) -3.78 1.69x103 Thr346 Arg342, GIn344
. } Lys59, Thr61, Ser75, R
Native 4.96 230.57 Met103
Positive ) Gly101, Ala102, Met103, )
Fima  cONtol 473 343.084 Leu105, Val106
Comp. (1) -3.97 1230 Lys59, Ser75 Lys108, Val106, Leu105
Comp. (2) -4.19 843.62 Met103 Ile73, Leul05
Comp. (3) -1.74 53.30x10° Glu104, Val106 1le73, Leul05
Comp. (4) -4.04 1090 Ser75 Leu105, Val106, Ile73
. . Arg343, Arg6, Tyr195,
- 3
Native 8.27 0.89 x10 Gly36, Gly34, Ala35, Thr33 Arg343, Leu344
Positive ) Asp315, Tyr195, Gly34, )
control 2.78 9230 Argb6
B Lys68, Arg6, Leu39,
RadD Comp. (1) 4.65 390.63 Lys37, Thr33 Leu7?
Comp. (2) -4.00 1170 Gly36, Lys37 Ala35
Gly34, Arg6, Tyr195 Leu39, Leu72, Ala71
- 3 ’ ’ ’ 7 r r
Comp. (3) 2.67 11.12x10 Leu344 Lys37, Lys68
B Leu39, Leu72, Lys68,
Comp. (4) 4.42 579.42 Gly34, Pro32 Lys37, Ala35
Lys130, Asn305, Glu213,
. Val216, GIn214, Glu220
i -3 ’ ’ ’ -
Native 8.94  0.28x10 Tyr246, Ser184, Gly182,
Asn308, Ser183, Lys251
Positive Ile221, Phe294, Asn305, R
control -6.09 34.60 Glu222
Leu145, Val216,
Ddl Comp. (1) -6.52 16.49 Asn305 Phe295, Phel75,
Phe245, 1le187
Comp.(2)  -540  109.80 Ala218, Ala244, Glu220 Phezfgaf :59175'
} Glu222, Arg291, Glu306, Phe295, Phe245,
Comp. (3) 7:42 3.61 Asp293, Lys251 Phe175, Leu145
Comp.(4)  -5.25  142.83 Phe245, Tyr246 Phe175, Phe295,

Leul45

Figure 3. Conformations of the native ligand, M. oleifera compounds, and positive controls
at SrpA A, ligand conformational positioning receptor, and B. close-up view.
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Figure 4. Molecular interactions of SrpA receptor with A. Arachidonic acid, B. eugenol,
C.native ligand, D. phytosphingosine, E. positive control, and F. trans-anethole.

Figure 5. Conformations of the native ligand, M. o/eifea compouhds, and positive controls
at Cystalysin A, ligand conformational positioning receptor, and B. Close-up view.

/o

ol

. TR

Figure 6. Molecular interactions of Cystalysin receptor with A. Arachidonic acid, B. eugenol,
C. native ligand, D. phytosphingosine, E. positive control, and F. trans-anethole.

Figure 7. Conformations of the native ligand, M. oleifera compounds, and positive controls
at FimA A, ligand conformational positioning receptor, and B. Close-up view.
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Figure 8. Molecular interactions of FimA receptor with A. Arachidonic acid, B. eugenol,
C. native ligand, D. phytosphingosine, E. positive control, and F. trans-anethole

Figure 9. Conformations of the native ligand, M. oleifera compounds, and positive controls
at RadD A, ligand conformational positioning receptor, and B Close-up view.

Figure 10. Molecular interactions of RadD receptor with A. Arachidonic acid, B. eugenol,
C. native ligand, D. phytosphingosine, E. positive control, and F. trans-anethole.

Figure 11. Conformations of the native ligand, M. oleifera compounds, and positive controls at
Ddl A, ligand conformational positioning receptor, and B. Close-up view.
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Figure 12. Molecular interactions of Ddl| receptor with A. Arachidonic acid, B. eugenol, C. native
ligand, D. phytosphingosine, E. positive control, and F. ¢rans-anethole.

DISCUSSION

This study explores Moringa oleifera-derived compounds as potential multi-
target inhibitors of key proteins involved in various stages of cariogenic and
endodontic pathogenesis. Previous studies have reported that M. oleifera
possesses antibacterial and anti-biofilm activities against oral pathogens, primarily
attributed to its rich phytochemical content, including phenolics and fatty acids.!®
Molecular docking, along with detailed analysis of hydrogen bonding and
hydrophobic interactions, was performed to determine how these compounds
might interfere with adhesion-related receptors, enzymes required for bacterial
survival, and factors involved in host tissue damage. The results offer new insights
into the ability of M. oleifera compounds to disrupt multiple virulence mechanisms
relevant to dental infection progression, highlighting their potential as
supplementary agents in comprehensive conservative dental therapy.18 1°

The interaction potential of four compounds derived from Moringa oleifera
extract against key virulence-associated proteins of cariogenic and endodontic
pathogens was evaluated using molecular docking simulations. Scoring functions
are used by docking programs to estimate binding energy.?® The four compounds
derived from M. oleifera showed different affinities for the five target proteins
according to molecular docking simulations. The lowest (i.e., strongest) binding
energies were typically displayed by the native ligands, with RadD (-8.27 kcal/mol)
and Ddl (-8.94 kcal/mol) being especially notable. Eugenol showed consistently
favorable binding energies across the majority of targets among the investigated
natural compounds (-5.64 to -3.46 kcal/mol), followed by trans-anethole (-5.17 to
-3.61 kcal/mol) and arachidonic acid (-5.13 to -1.73 kcal/mal).

The weakest binding affinity was observed for phytosphingosine, particularly
with FimA (-1.74 kcal/mol) and SrpA (-2.68 kcal/mol), indicating a low interaction
strength with these adhesin targets. Positive controls demonstrated varied
binding, with RadD (-2.78 kcal/mol) showing least favorably and Ddl (-6.09
kcal/mol) performing the best. A similar trend was observed in the calculated
inhibition constants (Ki). Across all targets, the compounds showed Ki values in
the nanomolar to millimolar range; native ligand binding to RadD (0.89 x103uM
or 890 nM) and Ddl (0.28 x103uM) had the lowest (strongest) Ki values,
supporting their role as reference benchmarks for evaluating ligand performance.

These findings are consistent with previous docking studies, where binding
energies stronger than -6.0 kcal/mol are generally considered indicative of
moderate to strong ligand-protein interactions, particularly for enzymatic targets
such as D-alanine:D-alanine ligase, whereas weaker interactions (above -4.0
kcal/mol) are typically associated with low binding stability or nonspecific
interactions.??

A similar trend was observed in the calculated inhibition constants (Ki), which
ranged from nanomolar to millimolar levels across all targets. The native ligands
for RadD (0.89 x 10-3 uM, equivalent to 890 nM) and Ddl (0.28 x 10-3 uM)
exhibited the lowest Ki values, reflecting their high binding affinity and biological
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relevance. These results are in agreement with previous reports indicating that
biologically active ligands typically display Ki values in the nanomolar to low
micromolar range, while weaker inhibitors fall into the higher micromolar to
millimolar range.?

However, the Ki values of the compounds were higher (weaker) than those
of their respective positive controls for a number of targets, particularly SrpA and
FimA. 54.29x10° uM or 54.29 mM for arachidonic acid binding to SrpA and
53.30x10° uM for phytosphingosine binding to FimA. This variation may be
attributed to differences in how scoring functions account for hydrophobic and
hydrogen bonding interactions. Higher binding affinities are generally indicated by
lower (more negative) binding energies, which also imply a more stable and
favorable interactions.?! 22 According to the docking data, almost all test ligands
form 2-4 hydrogen bonds, mainly with key residues such as Lys238, Tyr123,
His206, Ala39, and Val99. These residues are part of the same binding pocket as
the native ligand, so the interaction of the test ligand can be said to overlap with
the physiological binding site. This overlap indicates that the ligand is able to
inhibit the proteolytic activity of Cystalysin (figure 5-6) through direct competition
with the natural ligand. The greater the number of H-bonds, the more stable the
interaction, and this is consistent with the relatively low AG and Ki values.'?

In SrpA (figure 3-4), the test ligands generally form 1-3 H-bonds, with
important residues such as Lys340, Lys373, Asp434, Thr372, which are known to
be located in the sialic-acid—binding groove of SrpA. Previous structural studies
have demonstrated that these residues play a critical role in recognizing and
stabilizing sialic acid during bacterial adhesion, particularly through electrostatic
and hydrogen-bond interactions.?® The interaction of the test ligands with these
residues indicates that they occupy a similar binding region as the native sialic
acid ligand, suggesting a competitive binding mode. This finding is consistent with
earlier docking and crystallographic studies, where ligands capable of interacting
with key lysine and aspartate residues exhibited effective inhibition of sialoglycan
binding.?’

Furthermore, ligands with lower binding free energy (AG), such as Compound
3 and Compound 4, showed a higher degree of overlap with the native ligand
binding site, supporting their potential as competitive inhibitors of SrpAsialoglycan
adhesion. Ligands to FimA (figure 7-8) show the formation of 2-3 H-bonds with
residues such as Lys59, Ser75, Glu70, Val105, which are residues corresponding
to the native ligand interaction site. These findings are in agreement with previous
studies indicating that polar and charged residues in the FimA binding pocket are
essential for ligand recognition and stabilization.?8

The overlap between the test ligand interactions and the native binding site
suggests a competitive inhibition mechanism, where the ligands may block the
adhesion process by occupying the functional binding pocket.?® Similar interaction
patterns have been reported in other adhesin-targeted docking studies, where
hydrogen bonding with key residues contributes significantly to binding specificity.
In addition to hydrogen bonding, hydrophobic interactions involving residues such
as Leu104 and Ile73 further enhance complex stability, which is consistent with
previous reports highlighting the importance of hydrophobic contacts in
maintaining ligand-protein interactions within adhesin domains.

In RadD (figure 9-10), the ligands exhibited a similar interaction pattern,
forming 1-3 hydrogen bonds primarily with residues such as Gly36, Arg45, Tyr195,
and Lys73, which are located within the predicted interaction domain of the
protein. Previous studies have shown that RadD functions as an adhesin involved
in interspecies bacterial aggregation, where charged residues such as arginine and
lysine play a crucial role in mediating electrostatic interactions with partner cells.3°

The interaction of the test ligands with Arg45 and Lys73 suggests that these
compounds occupy regions critical for adhesion-related interactions, indicating a
potential competitive binding mechanism. This observation is consistent with prior
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computational and functional studies, where ligands targeting positively charged
residues in adhesin domains were able to disrupt protein-protein interactions.

Furthermore, ligands with more negative binding free energy (AG) values
demonstrated a greater degree of overlap with the predicted interaction interface,
supporting their potential to competitively interfere with the RadD-mediated
adhesion mechanism.3! In Ddl (figure 11-12), the ligands formed 2-4 hydrogen
bonds with key active-site residues, including Glu223, Asp293, Lys251, and
Phe295. These residues are well documented as part of the catalytic pocket
responsible for D-alanine activation and D-Ala-D-Ala dipeptide formation, a crucial
step in bacterial peptidoglycan biosynthesis.3?

The interaction of the test ligands with Glu223 and Lys251 is particularly
significant, as these residues are directly involved in substrate binding and
catalytic activity. Previous structural and inhibition studies have shown that
compounds interacting with these residues can effectively block the enzymatic
formation of D-Ala-D-Ala, thereby inhibiting bacterial cell wall synthesis.33

The observed overlap between the test ligands and the native substrate
binding site indicates a competitive inhibition mechanism. Moreover, ligands
exhibiting lower AG values showed stronger and more stable interactions within
the catalytic pocket, further supporting their potential as Ddl inhibitors, consistent
with earlier docking and enzymatic inhibition studies.

The complexes stabilized ligand—-receptor binding in active or binding sites
by forming numerous hydrogen bonds across several targets with important
catalytic or binding-site residues.3* Lower (larger) binding energies and maybe
stronger inhibitory effects are the outcome of compounds that can form hydrogen
bonds. These compounds are thus more likely to stay anchored inside the active
site. For instance, eugenol formed hydrogen bonds with Lys238 and Tyr123 in
Cystalysin, important catalytic residues essential for PLP-dependent activity.

These interactions suggest a potential disruption of enzymatic function.
Phytosphingosine presented the most hydrogen bonds compared to the other
compounds, which generated an extensive hydrogen bond complex. Hydrogen
bond networks consist of interactions connecting the side chains of numerous
residues throughout the protein. Hydrogen bond networks stabilize the overall
protein structure and have been shown to play a role in activation and allostery.3>
Eugenol also exhibited strong hydrogen bonding interactions, as indicated by the
number of hydrogen bonds formed.

These polar interactions imply that these substances can successfully
stabilize their binding to vital virulence proteins, which may interfere with the
mechanisms of bacterial colonization or survival.*® The conformations of all the
ligands were illustrated in Figures 3, 5, 7, 19, and 11 followed by the molecular
interactions of hydrogen bonds and hydrophobic interactions for each ligand in a
specific receptor were demonstrated in Figures 4, 6, 9, 10, and 12. Ligands are
color-coded for clarity: red (native ligand), blue (positive control), orange
(arachidonic acid), purple (eugenol), grey (phytosphingosine), and yellow (trans-
anethole).

Hydrophobic interactions, primarily driven by van der Waals forces with
nonpolar residues, play an important role in stabilizing ligand-protein complexes.
Previous studies have shown that hydrophobic contacts significantly contribute to
binding affinity, especially when combined with hydrogen bonding. 3 In this study,
phytosphingosine and arachidonic acid exhibited the most frequent hydrophobic
interactions across targets, involving residues such as Phe295 and Leu145 in Dd|,
Ile73 and Leul05 in FimA, and Ala39 and Ile205 in Cystalysin. Similar patterns
have been reported, where residues like leucine, isoleucine, and phenylalanine
play key roles in ligand stabilization.38 3°

However, despite extensive hydrophobic interactions, phytosphingosine
showed relatively weak binding affinity, indicating that hydrophobic contacts alone
are insufficient without complementary hydrogen bonding and electrostatic
interactions. These interactions are particularly important for lipophilic
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compounds, which rely on embedding within hydrophobic pockets to achieve
effective binding. The moderate to strong binding energies observed for these
compounds may be attributed to extensive hydrophobic interactions, sometimes
complemented by hydrogen bonding. This supports the compounds' potential as
multi-target inhibitors of oral bacterial virulence factors.*

The limitation of this study is that the findings are based solely on in silico
molecular docking simulations, which may not fully represent the complexity of
biological systems. Docking scores and predicted binding modes do not account
for pharmacokinetic properties, compound solubility, membrane permeability, or
metabolic stability, which may influence biological activity in vivo. Furthermore,
protein flexibility and solvent effects were only partially considered, which may
affect the accuracy of predicted ligand-receptor interactions. Therefore, the
inhibitory potential of the investigated compounds should be interpreted as
preliminary and hypothesis-generating rather than definitive evidence of biological
efficacy.

CONCLUSION

This in silico molecular docking study demonstrated that Moringa oleifera—
derived compounds, particularly phytosphingosine, exhibit strong binding affinity
toward key virulence-associated proteins of cariogenic and endodontic pathogens.
These findings highlight the potential of M. oleifera as a natural source of
antibacterial agents; however, further in vitro and in vivo studies are required to
validate these findings.

The implications of this research suggest that M. oleifera-derived compounds
could serve as promising lead molecules for the development of multi-target
antibacterial agents and adjunctive therapeutics in conservative dental therapy,
particularly for managing complex cariogenic and endodontic infections.
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