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Abstract Early childhood caries (ECC) is an aggressive manifestation of dental decay, linked to 
high levels of Streptococcus mutans in dental plaque. In Malaysia, over 70% of children suffer 
from ECC, leading to premature tooth loss, malnutrition, and reduced quality of life. Common 
dental-care ingredients like triclosan and triclocarban pose health risks, necessitating safer 
alternatives. Theaflavins, bioactive compounds in black tea, show potential as natural 
antimicrobial agents. However, the precise molecular interactions of theaflavins with key 
virulence-associated proteins of S. mutans remain underexplored. This study aims to investigate 
the antibacterial mechanisms of theaflavins against S. mutans using in-silico methods. PyRx was 
used to evaluate the binding affinities of four selected compounds, theaflavin (TF1), theaflavin-3-
gallate (TF2A), theaflavin-3ʹ-gallate (TF2B), and theaflavin-3,3ʹ-digallate (TF3), against seven S. 
mutans proteins (PDB 4TQX: Sortase A, PDB 6CAM: Glucan binding protein, PDB 3QE5: Cell 
surface protein, PDB 3VX4: Quorum sensing, PDB 3AIC: Glucosyltransferase, PDB 2W3Z: 
Immune evasion, PDB 3CZC: Carbohydrate uptake). All the ligands were prepared and optimised 
using Avogadro-1.2 prior to the molecular docking. BIOVIA Discovery visualizer was used to 
observe the protein-ligand interactions. Findings indicated that theaflavins exhibit significant 
binding affinities to various S. mutans proteins. Among all tested compounds, TF3 demonstrated 
the strongest binding affinities and favourable hydrogen bonding, particularly against glucan 
binding protein and glucosyltransferase. These results suggest that TF3 may serve as a promising 
lead compound for developing natural anti-caries therapeutics targeting S. mutans virulence 
mechanisms. 
Keywords: Theaflavins, early childhood caries, anti-cariogenic, Streptococcus mutans, molecular 
docking.  

 

 
Introduction 
 
Early childhood caries (ECC) is characterized by the presence of one or more decaying, missing, or filled 
tooth surfaces in any primary tooth in a child aged 71 months or less. Streptococcus mutans is widely 
known for its established role in caries aetiology. This oral health issue is particularly significant in 
underprivileged communities, both in developing and industrialized countries, where malnutrition is 
prevalent [1]. Despite advances in dental education and oral hygiene awareness, dental caries remains 
a serious public health challenge, with current global research indicating an increase in caries prevalence 
[2]. 
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Untreated dental decay can cause discomfort and adversely affect both nutritional status and physical 
development. ECC is a major public health concern in Malaysia, affecting 75% of preschool children and 
leaving a significant proportion untreated [3]. The most recent national epidemiological survey in 2015 
found a caries prevalence of 71% among Malaysian preschool children. The challenges posed by 
COVID-19 have further complicated ECC monitoring, leading to the launch of the Gigiku Sihat mobile 
app [4]. 
 
In terms of infectious agents, a study involving 120 Malaysian children aged <6 years found that more 
than half of the children (55%) tested positive for S. mutans. ECC-affected children showed significantly 
higher counts of S. mutans compared to caries-free children. The prevalence of S. mutans in ECC 
children was notably high at 91%, while only 9% was recorded in caries-free children, indicating the 
significant association of S. mutans in Malaysian children with ECC [5]. 
 
Currently, various antimicrobial agents, including sodium fluoride, chlorhexidine, and stannous ions, are 
utilized for preventing and treating dental caries [6-7]. Other antimicrobial compounds include triclosan 
(TCS) and triclocarban (TCC), which are the most often used antibacterial components in oral care 
products [8]. Nonetheless, deleterious consequences from the use of these antimicrobial ingredients 
have been documented. Excessive fluoride use has been linked to fluorosis, restricting its widespread 
utilisation [9]. TCS exposure has also been associated to neurodevelopmental problems, metabolic 
abnormalities, and cardiovascular damage [10]. Furthermore, concerns are increasing on the extensive 
use of broad-spectrum antimicrobial drugs, which contributes to antimicrobial resistance [11].  
 
Consequently, researchers worldwide are turning their attention to alternative ingredients [12]. Research 
on preventing dental caries has been done using tea extracts to inhibit the growth of cariogenic bacteria. 
Theaflavins, prominent bioactive compounds in black tea, show promising antimicrobial properties 
particularly theaflavin-3,3′-digallate (TF3) [13]. Yet, the specific molecular interactions between 
theaflavins and S. mutans virulence factors remain insufficiently explored.  
 
Molecular docking, a computational technique that predicts the preferred orientation and binding affinity 
of small molecules to their protein targets, is a valuable tool for elucidating the molecular interactions. It 
enables in-silico screening of ligand interactions with specific microbial proteins, offering insights into 
their potential as therapeutic agents [11]. Therefore, this study employs molecular docking to investigate 
the binding interactions of four theaflavin derivatives (TF1, TF2A, TF2B, and TF3) with seven virulence-
associated S. mutans proteins. By identifying theaflavins-protein interactions with the strongest binding 
affinities and favourable molecular interactions, this work aims to elucidate their potential as natural 
inhibitors targeting key pathogenic mechanisms of S. mutans. 
 
Materials and Methods 
 
Molecular docking was performed to determine the binding sites and affinity of theaflavins on seven main 
proteins (Sortase A: PDB 4TQX; Glucan binding protein: PDB 6CAM; Cell surface protein: PDB 3QE5; 
Quorum sensing: PBD 3VX4; Glucosyltransferase: PDB 3AIC; Immune evading: PDB 2W3Z; 
Carbohydrate uptake PtxB: PBD 3CZC) linked to anti-S. mutans activities. PyRx software (version 0.8) 
was used for the virtual screening of the ligands and target proteins which integrated AutoDock Vina for 
the molecular docking. The co-crystalised ligand was docked to its protein respectively as a control 
except for PDB 2W3Z and 3CZC as these proteins have no co-crystalised ligand bonded. The proteins 
and compounds were loaded as macromolecules and ligands respectively, which were then converted 
into pdbqt format. The binding energy and hydrogen bonding were used to analyse the molecular docking 
output. The results of all possible docked conformations of the ligands were generated and saved in an 
Excel file. The key parameters such as number of H-bonding and distance between the H-bonded 
residues of the proteins and ligands were analysed by BIOVIA Discovery Studio [11]. The most 
favourable binding poses of the ligands were analysed by selecting those with the lowest free energy of 
binding (ΔG) and the highest number of active residues involved in the H-bonding. 
 
Protein Preparation 
All protein/macromolecules used were downloaded in three-dimensional (3D) structure from Protein Data 
Bank (https://www.rcsb.org/) as PDB files and prepared using BIOVIA Discovery Studio Visualizer. The 
proteins were prepared by removing water molecules, adding hydrogen (polar), and defining the active 
site from the co-crystalised ligand prior to removing it [11]. The grid box (XYZ coordinates) for all proteins 
were determined based on their active site or around their crystal structures (Table 1). Then, the 
prepared proteins were saved as a PDB file. 
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Table 1. The coordinates of macromolecules 
 

Macromolecules Classification PDB ID Coordinates 
X Y Z 

Sortase A Hydrolase 4TQX 6.66 28.82 −14.81 
Glucan binding 
protein C 

Sugar binding 
protein 

6CAM 238.48 −28.20 3.63 

Antigen I/II 
carboxy-terminus 

Adhesin 3QE5 73.86 50.75 130.59 

ATP-binding 
protein ComA 

Signaling protein 
(Quorum sensing) 

3VX4 40.67 30.28 8.75 

Glucansucrase Glycosyltransferase 3AIC 193.01 47.23 193.58 
CE4 esterase Hydrolase 2W3Z 40.74 57.74 23.042 
PTS IIB(PtxB) Phosphotransferase 3CZC 9.79 39.59 3.63 

 
 

Ligand Preparation 
All ligands (Figure 1) were downloaded from PubChem library (https://pubchem.ncbi.nlm.nih.gov/) in 3D 
conformation as SDF files format. Avogadro software was used to prepare and optimise the ligands. The 
ligand preparation was done by adding hydrogen atom and optimising the ligands’ geometry until the 
structure became static. The prepared ligands were saved as a PDB file. 

 

 
 
Figure 1. Chemical structure of theaflavins retrieved from PubChem database. A: Theaflavin (TF1), B: 
Theaflavin-3-gallate (TF2a), C: Theaflavin-3ʹ-gallate (TF2b), D: Theaflavin-3,3ʹ-digallate (TF3) 
 
Results and Discussion 
 
Molecular docking simulation is essential, especially for the screening of potential new drug compounds. 
The results from our molecular docking simulation of theaflavins with the selected proteins were 
compared with their known inhibitors or co-crystalised ligands except for 2W3Z and 3CZC, as no co-
crystallised ligands were bound to these proteins. Additionally, the molecular docking results were 
analysed to identify the most promising protein that exhibited the strongest interaction with theaflavins. 
  
Theaflavins (TFs) belong to a class of polyphenolic compounds featuring a benzotropolone skeleton. 
They impart the brownish pigment to black tea, comprising approximately 2–6% of its dried leaves 
(Camellia sinensis). TFs are produced during the oxidation of specific catechins (epicatechin and 
epigallocatechin-3-gallate) [14-16]. Fermentation transforms catechins into TFs, primarily theaflavin 
(TF1), theaflavin-3-gallate (TF2A), theaflavin-3’-gallate (TF2B), theaflavin-3,3’-digallate (TF3), and 
certain polymers of thearubigin [17]. TFs are potentially valuable for preventing and/or treating the 
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progression of dental caries. Notably, TFs inhibit the gene expression of glucan binding proteins (Gbps) 
GbpB and GbpC in S. mutans during biofilm formation, influencing bacterial aggregation and playing a 
crucial role in sucrose-dependent biofilm formation as well as cell shape integrity [18-20]. Upon testing 
on human lung fibroblast tissue, CEM cells, A549, and Vero cells, TFs were reported to have minimum 
to no effect on these cells [21]. Among all TFs, TF3 was studied for its biological activities such as 
antioxidant, anti-inflammatory, anti-microbial, and anti-cancer properties. It was suggested as a potential 
adjuvant treatment for ovarian cancer by targeting Chk2 and p27 [22]. TF3 was also reported to exhibit 
a potent inhibitory effect on α-hemolysin (Hla) of Staphylococcus aureus [23]. Besides, it showed a 
promising anticariogenic properties by inhibiting the formation of S. mutans biofilm without impacting the 
bacterial growth [24].  

 
In the present study, the molecular docking simulations demonstrated a broad range of binding energies 
for TF1, TF2a, TF2b, and TF3 against multiple target proteins. The first target, Sortase A (PDB 4TQX), 
is responsible for bacterial adhesion and biofilm development by anchoring surface proteins to the 
bacterial cell wall [25]. This mechanism is further mediated by glucan binding protein (GbpC, PDB 
6CAM), which aids in the attachment of S. mutans to the tooth surface by binding to glucans and thus 
stabilises the biofilms [26]. Meanwhile, glucosyltransferase (Gtf, PDB 3AIC) is essential for synthesising 
the glucans [27]. Besides, the cell surface protein PAc (PDB 3QE5) also plays a key role in bacterial 
adhesion to tooth surfaces by interacting with salivary glycoproteins for colonisation [28].  
 
As for bacterial communication, quorum sensing protein (PDB 3VX4) is responsible for regulating 
bacterial gene expression based on the bacterial population density, thus ensuring coordinated biofilm 
formation and virulence factors [29]. In terms of bacterial survival and biofilm maintenance, the immune 
evasion protein (PDB 2W3Z) helps in the bacterial evasion of host immune defense, and the 
carbohydrate uptake protein (PDB 3CZC) facilitates the acquisition of essential nutrients [30-31]. 
Together, these proteins are crucial for bacterial adhesion, biofilm formation, integrity and survival.  
 
The result of molecular docking analysis showed that all binding energy values were negative which 
indicates the stabilisation of the TFs-protein complexes [32], as presented in Table 2. The strongest 
binding affinity was exhibited by TF3 against several target proteins, with the lowest binding energy 
observed against 6CAM (−10.6 kcal/mol). The high affinity of TF3 towards 6CAM may indicate its 
potential as a potent inhibitor against the glucan binding protein. Meanwhile, the order of binding affinity 
(6CAM > 3AIC > 2W3Z > 3QE5 > 3VX4> 4TQX > 3CZC) may suggest its favourable binding for certain 
active sites as well as its specificity towards these proteins. 
 
A recent study [33] highlighted that a strong binding interaction may be indicated by a binding energy of 
−7 kcal/mol or lower (e.g., −8 or −9 kcal/mol). The binding energy threshold of −7.0 kcal/mol is commonly 
used to distinguish between strong and weak binders. By this criterion, all TFs demonstrated 
considerable binding affinity, particularly TF3. For instance, the 6CAM-TF3 complex (Figure 2) surpasses 
this threshold by a wide margin (−10.6 kcal/mol), indicating a strong and plausible biologically relevant 
interaction. In contrast, the 3CZC-TF2a complex (−4.8 kcal/mol) displayed the weakest interaction, 
suggesting a reduced likelihood of inhibitory potential against 3CZC. Furthermore, it is noteworthy that 
most TFs outperformed the co-crystallised ligands or known inhibitors in terms of their binding energy 
against targets such as 6CAM, 3QE5, 3VX4, and 3AIC, implying their superior inhibition profiles against 
these proteins.  
 

 
Table 2. The binding energy, hydrogen bond formation and interacting residues of all ligands for each protein 
 

PBD 4TQX 
Active site: Ala139, Cys205, and Arg213 

Ligands Binding Energy 
(kcal/mol) 

Number of 
H-bonds  

H-bonded residues with distance (Å) 

Chalcone −6.1 0 NA 
TF1 −6.1 3 His140 (2.8), Ser148 (2.67) 
TF2a −5.7 5 Thr206 (2.71), Asp207 (2.88 & 2.56), Ala208 (2.22), Val141 (2.75) 

TF2b −6.8 4 His140 (2.50), Met144 (2.43), Gly143 (2.01), Ser147 (2.79) 
TF3 −6.2 5 Ser138 (2.17), Cys205 (3.09), Ala210 (2.68), Arg213 (2.90, 2.37, 2.56)  
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PBD 6CAM 
Active site: Ser347, Asn349, Glu360, and 410-418 

Ligands Binding Energy 
(kcal/mol) 

Number of 
H-bonds 

H-bonded residues with distance (Å) 

β-D-
glucopyran
ose 

−5.3 5 Ser347 (2.27 & 2.95), Asn349 (1.76), Glu360 (2.70), Thr449 (2.75) 

TF1 −9.5 5 Ser347 (3.05), His358 (2.91), Asp402 (1.90), Asp408 (2.44), Asn442 (2.69) 
TF2a −9.2 7 Asn349 (2.94), Glu360 (2.16), Gln391 (2.00), Gly403 (2.74), Asn442 (2.32), 

Thr449 (2.28), Trp451 (2.94) 
TF2b −8.7 8 Ser347 (2.26), Asn349 (2.70), Trp351 (2.20), Glu360 (2.59 & 2.82), Gly403 (2.65), 

Trp451 (2.12 & 2.75) 
TF3 −10.6 6 Ser347 (1.84 & 2.32), Asn349 (2.82), Thr353 (2.23), Glu360 (2.60), Thr449 (2.43) 

PBD 3QE5 
Active site: Gln1024, Gly1055, Asn1076, Ile1157, Asn1320, Gly1321, Ala1323 

Ligands 
 

Binding Energy 
(kcal/mol) 

Number of 
H-bonds 

H-bonded residues with distance (Å) 

α-D-
glucopyran
ose 

−4.9 6 Tyr1056 (2.17), Phe1058 (2.83), Tyr1074 (2.98), Asn1076 (2.09, 2.03), Asn1079 
(1.77) 

TF1 −7.7 4 Asp1115 (1.64), Lys1259 (2.17), Ala1260 (2.47), Ala1323 (2.74) 
TF2a −6.6 10 Lys1023 (2.09), Leu1113 (2.25), Gln1024 (2.94), Asn1114 (1.81 & 2.18), Ser1258 

(2.48), Lys1259 (2.07), Gly1319 (2.63), Gly1321 (2.96) 
TF2b −8.1 8 Gln1024 (2.71, 1.84), Asn1114 (2.07), Aps1115 (1.94 & 2.20), Ile1157 (2.63), 

Lys1259 (2.14), Gly1321 (2.53) 
TF3 −8.2 8 Gln1024 (2.05), Asn1114 (2.12), Gly1144 (2.30), Ile1157 (2.84), Ala1260 (2.01), 

Gln1312 (1.93), Tyr1314 (2.88), Gly1321 (1.89) 
PBD 3VX4 

Active site: Tyr537, Lys567, Ser666, Asp689, Ala690, His720 
Ligands  Binding Energy 

(kcal/mol) 
Number of 
H-bonds 

H-bonded residues with distance (Å) 

Adenosine-
5’-
Triphospha
te 

−7.2 11 Asp542 (2.43), Thr543 (2.54), Ala562 (3.09), Gly564 (2.05), Ser565 (2.95), Gly566 
(2.07), Lys567 (2.43), Thr568 (2.10), Thr569 (2.45), Gln609 (2.64), Gln736 (2.41) 

TF1 −7.7 5 Tyr537 (2.38), Lys567 (2.70), Thr569 (2.48), Lys572 (2.16), Gln609 (2.68) 
TF2a −8.7 5 Ser565 (2.52 & 2.90), Gly566 (1.94), Lys567 (2.33), His720 (2.66) 
TF2b −7.9 7 Ala562 (2.91), Gly566 (2.0 & 2.69), Lys567 (1.99), Thr568 (2.61), Gln609 (2.22 & 

2.34)  
TF3 −7.6 11 Thr543 (2.08), Ser563 (2.21), Ser565 (2.63), Gly566 (1.72 & 2.81), Lys567 (2.76), 

Lys572 (2.52), Gln609 (2.0), Asp689 (2.28), Gln736 (2.04 & 2.92) 
PBD 3AIC 

Active site: Tyr430, Leu433, Arg475, Asp477, Asn481, Glu515, Trp517, His587, Asp588, Tyr916  
Binding 

site: PDB 
3AIC 

Binding Energy 
(kcal/mol) 

Number of 
H-bonds 

H-bonded residues with distance (Å) 

Acarbose −7.8 7 Tyr430 (2.77), Asp477 (2.28), His587 (2.18), Asp588 (2.78), Gln592 (2.09, 2.36, 
2.60) 

TF1 −9.9 4 Asn481 (2.55), Trp517 (2.86), Asp588 (2.34), Asp593 (1.98) 
TF2a −9.2 

 
9 Asp424 (1.92), Thr426 (2.90), Tyr430 (2.18), Asn481 (2.42), Trp517 (2.18), 

Asn537 (2.72), Arg540 (2.21), Asp593 (2.32), Tyr610 (2.80) 
TF2b −10.1 4 Tyr430 (2.56), Asp593 (1.87), Asp909 (2.33), Lys977 (2.34) 
TF3 −10.0 6 Asp380 (2.46), Asp424 (2.61), Asn481 (2.58), Trp517 (3.0), Glu590 (2.68), Asp909 

(2.64) 
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PBD 2W3Z 
Active site: Asp114, Asp115, His166, His 170, Arg211, His281, Trp239, Asp244, Leu279,  

Ligands 
 

Binding Energy 
(kcal/mol) 

Number of 
H-bonds 

H-bonded residues with distance (Å) 

TF1 −7.9 2 Trp239 (2.04), Ala246 (2.29) 
TF2a −7.7 5 Asp115 (2.0), His166 (2.68), Tyr172 (2.68), Gly214 (2.14), Glu247 (2.17) 
TF2b −8.9 8 Asp115 (2.43), Asp118 (2.30), His170 (2.04 & 2.24), Tyr172 (2.08), Ser284 (2.79), 

Glu285 (2.52), Lys286 (2.15) 

TF3 −9.4 5 Asp118 (2.81), Ser169 (2.44), His170 (2.21), Glu285 (2.30), Lys286 (2.08) 
PBD 3CZC 

Active site: Cys8, Gly9, Asn10, Gly11, Mse12,13, 14, Ser15, Met66, Pro67, His68 
Ligands Binding Energy 

(kcal/mol) 
Number of 
H-bonds 

H-bonded residues with distance (Å) 

TF1 −5.5 4 Gly9 (2.73), Mse12 (2.70), Ser38 (2.60), Glu43 (2.77) 
TF2a −4.8 4 Asn10 (2.33), Gly11 (2.76), Mse12 (2.48), Ser15 (2.63) 
TF2b −5.2 4 Cys8 (2.21), Mse12 (2.96), Ser38 (2.59), Glu43 (2.67) 
TF3 −5.7 3 Gly11 (2.37), Mse12 (2.02), Ser38 (2.19) 

 
 

 
 
Figure 2. Image A, B, and C show the interactions of TF3, β-D-glucopyranose, and the superimposed 
structures of TF3 (grey) and β-D-glucopyranose (yellow) within the binding site of 6CAM, respectively 
 
 
H-bonds play an essential role in establishing the strength and specificity of protein-ligand interactions. 
Table 2 shows that TF3 forms a higher number of H-bonds with 3VX4 (11 bonds) compared to the other 
analysed TFs as illustrated in Figure 3. TF3 formed a similar number of H-bonds as the control, 
Adenosine-5'-Triphosphate, suggesting its comparable activity to the control and potentially an effective 
inhibitor against this protein. In terms of H-bond distances, the optimum distance ranges from 1.5 to 2.6 
Å [32]. H-bonds with a distance greater than 3.0 Å may indicate a weak and readily disturbed interaction. 
The H-bond distance determines the strength of the interaction whereby the shorter the bond, the 
stronger the binding affinity and interaction of the protein-ligand complex. Furthermore, a single H-bond 
can contribute to approximately 20-25 kJ/mol of energy, which enhances the stability of the interaction 
[32]. 
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Figure 3. Image A, B, and C show the interactions of TF3, ATP, and the superimposed structure of 
TF3 (grey) and ATP (yellow) within the binding site of 3VX4, respectively 
 
 
TF3 consistently formed H-bonds within the favourable range of distances across most proteins. 
However, the H-bond formed with Cys205 in 4TQX had a distance of 3.09 Å, suggesting a weaker 
interaction that might be less stable compared to other TFs-protein interactions. Despite this, the overall 
binding profile of TF3 with 4TQX is reinforced by additional non-covalent interactions (Figure 4), such as 
van der Waals forces and pi-alkyl interactions, compensating for the weaker H-bonding. TF3 formed H-
bonds with active residues of 4TQX (Cys205, Arg213), 6CAM (Ser347, Glu360, Asn349), 3QE5 (Ile1157, 
Gln1024, Gly1321), 3VX4 (Asp689, Lys567), 3AIC (Trp517, Asn481), 2W3Z (His170), and 3CZC 
(Mse12, Gly11). This further emphasises the specificity of TF3. These residues are critical for catalytic 
activity [26, 30, 31,34-36], and their involvement in H-bond formation may suggest that TF3 is capable 
of interfering with the enzymes function. 
 

 
 
Figure 4. Image A, B, and C show the Interactions of TF3, chalcone, and the superimposed structure 
of TF3 (grey) and chalcone (yellow) within the binding site of 4TQX, respectively 
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Given these results, TF3 presents itself as a more promising candidate for further drug development 
efforts than the current inhibitors in terms of both binding energy and H-bond interactions. TF3 could 
serve as a lead compound for the development of enzyme inhibitors targeting 6CAM and other proteins. 
The strong binding interactions observed for TF3 make it a prime candidate for further experimental 
validation, such as enzyme inhibition assays and in vivo studies. The significant binding energy and 
number of H-bonds formed with critical residues suggest that TF3 may exhibit broad-spectrum enzyme 
inhibitory activity, making them useful in the context of multi-target drug design. This could be particularly 
beneficial in therapeutic areas where multiple pathways contribute to progression such as caries. 
 
Conclusions 
 
This study investigated the antibacterial potential of TFs against S. mutans, a key contributor to early 
childhood caries, using molecular docking. Among the four TFs tested (TF1, TF2a, TF2b, TF3), TF3 
demonstrated the strongest binding affinities, particularly against glucan binding protein and 
glucosyltransferase, with low binding energies indicating stable interactions. TF3’s ability to form multiple 
H-bonds with critical proteins involved in bacterial adhesion and biofilm formation highlights its potential 
as an effective anti-caries agent. The insights from this study may provide a foundation for future 
experimental validation and drug design efforts. Further studies are warranted to explore the dynamic 
interactions between protein and TFs at the atomic level as well as the therapeutic potential of TF3 in 
the context of enzyme inhibition and multi-target drug development. 
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