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ABSTRACT

Flavonoids primarily function as antioxidants because they modulate metabolism or because they block many pro-oxidant pathways associated with aging.
Quercetin (3,3,4,5,7-pentahydroxyflavone) is one of the most well-studied flavonoids and is found in many plants.Because it inhibits the F1Fo ATP synthase (ATP
synthase), a nanomachine involved in oxidative phosphorylation that produces ATP, quercetin molecules function as antioxidants. Streptococcus mutans ATP
synthase subunit beta protein sequence was retrieved from Uniprot database and the subsequent structural Modeling was done using C-I-TASSER web server. The
predicted Model was validated using PROCHECK Server. 3D ligand coordinates of Quercetin were downloaded from the PubChem database. Both Protein and
Ligand were prepared using AutoDock Tools and LigPlot software tools were used for molecular visualization and analysis.

The present study includes the results of ATP Model Validation using PROCHECK

which shows Favoured regions more than 90% that indicates good quality model and Ribbon view of ATP-Quercetin complex was observed with a Binding
Affinity -6.95 kcal/mol. The conclusion of our study suggest that the inhibition of mitochondrial FOF1-ATPase/ATP synthase may be a possible mechanism involved
in the various effects of polyphenolics found in food and quercetin targets F1 in order to reduce the FOF1-ATPase activity.
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1. INTRODUCTION

FOF1-ATPase/ATP synthase, also known as F-type ATPase, complex V, is found in the inner membrane of eukaryotic mitochondria and produces ATP, which
powers the cell (1). Under some circumstances, it can also function in the other direction, hydrolyzing ATP and pumping protons. The two main complexes that
the enzyme can be divided into are FO and F1(2).The catalytic site of F1, a water-soluble catalytic complex with five subunits, is found on the b subunit. FO0 is
composed of the oligomycin sensitivity-conferring protein (OSCP), which contributes to the stalk region between FO and F1, and a number of membrane proteins,
including a, b, ¢, d, e, F6, and A6L (3). Additionally, when the F1 is de-energized, a natural peptide known as the F1 inhibitor protein, or IF1, is bound to the
enzyme and functions to limit its ATPase activity (4).

Flavonoids, a subclass of polyphenols that have pleiotropic effects on many aspects of cell biology, are gaining special attention due to their potential as therapeutic
agents (5),(6). When pro-oxidant assaults occur, plants produce flavonoids as a defensive mechanism (7),(8),(9). In terms of human health, flavonoid consumption
from plants and fruits is crucial for the prevention and management of a variety of chronic diseases (10).Flavonoids primarily function as antioxidants because
they modulate metabolism or because they block many pro-oxidant pathways associated with aging (11),(12). Quercetin (3,3,4,5,7-pentahydroxyflavone) is one of
the most well-studied flavonoids and is found in many plants. It is also a regular component of human diets (13). Because quercetin can inhibit xanthine oxidase,
remove reactive oxygen species, and donate hydrogen atoms, it has anti-aging and antioxidant qualities (14),(15). Certain chronic diseases, such cancer and
cardiovascular disorders, can be prevented and treated in part by quercetin's high bioavailability and antioxidant properties (16,17).

Because it inhibits the F1Fo ATP synthase (ATP synthase), a nanomachine involved in oxidative phosphorylation that produces ATP, quercetin molecules function
as antioxidants. Quercetin, in fact, binds to a common location on the inner surface of the N-terminal domains of the o and B subunits of the F1 moiety to prevent
the rotation of the gamma subunit ATP synthase (18). As evidenced by the rod outer segments of the bovine retina, this inhibitory action causes the electron
transport chain, which is linked to ATP synthase, to slow down and simultaneously produce reactive oxygen species (19). But flavonoids also function as broad-
spectrum antibacterial agents; this action might possibly be attributed to a decrease in ATP synthase activity, since bacteria need energy generation continuously to
maintain their high rate of proliferation through the regulation of protein synthesis and DNA replication (12),(20).Thus, the aim of the study is to analyze molecular
docking studies FDA approved Quercetin inhibitory potential of ATP synthase FOF1 subunit beta from streptococcus mutans.

2. MATERIALS AND METHOD.

2.1 Protein Modelling and Docking Studies

Streptococcus mutans ATP synthase subunit beta protein sequence was retrieved from Uniprot database (Uniprot ID: P95789; UniProt, 2023) (21) and the
subsequent structural Modeling was done using C-I-TASSER web server (22). The predicted Model with highest confidence score (C-Score: 1.08) was further
validated using PROCHECK Server and subsequently used for Protein-Ligand docking studies. 3D ligand coordinates of Quercetin were downloaded from
PubChem database (PubChem CID: 5280343;). Both Protein and Ligand were prepared using AutoDock Tools (Morris et al., 2009)(23) by removing water
molecules, protonation and addition of Gasteiger charges prior to docking. Protein-Ligand docking studies performed using AutoDock 4.2 (Morris et al., 2009).
PyMOL (Schrédinger, LLC) and LigPlot+ (Laskowski & Swindells, 2011) software tools were used for molecular visualization and analysis(24).

3. RESULTS
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3.1 ATP Model Validation using PROCHECK

Ramachandran Plot
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Favoured regions 97%
Favoured regions > 90% shows good quality model
Plot statistics
Residues in most favoured regions [A.B.L] 320 79.6%
Residues in additional allowed regions [a.b.l.p] 59 14.7%
Residues in generously allowed regions [~a,~b.~1L~p] 11 2.7%
Residues in disallowed regions 12 3.0%
Number of non-glycine and non-proline residues 402 100.0%
Number of end-residues (excl. Gly and Pro) 3
Number of glycine residues (shown as triangles) 44
Number of proline residues 20
Total number of residuces 469

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%. a good quality model would be expected
to have over 90% in the most favoured regions.

3.2 Quercetin 3D Structure

3.3 Ribbon view of ATP-Quercetin complex with a Binding Affinity -6.95 kcal/mol
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LigPlot Interaction
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4. DISCUSSION

Numerous diseases with no cure and bacteria with several resistances are worldwide concerns. Thus, it is imperative to take advantage of novel molecular targets
in order to broaden the range of treatments available for these ailments. A multitude of clinical disorders are linked to the dysfunction of FOF1-ATP synthase(25).
Nevertheless, despite numerous attempts, no pharmaceutical modulator of this intriguing target has been given clinical approval for the treatment of illnesses other
than infectious ones(26).The concept of treating human diseases with exogenous FOF1-ATP synthase inhibitors is not new. Positive outcomes have been
documented in the inhibition of this enzyme by polyphenols, aurovertins, and glyco macrolides, which stops the growth of many tumor cell lines(27). Though
further study is still required, it is theoretically possible to target exogenous inhibitor binding sites to treat various disorders involving FOF1-ATP synthase.

In vitro and in silico, Shastri et al. (2025) showed that quercetin (QC) exhibits broad-spectrum antibiofilm and anti-quorum sensing activities against Gram-negative
bacteria. They reported minimum inhibitory concentration (MIC) values of 125 pg/mL against Chromobacterium violaceum, 250 pg/mL against Pseudomonas
aeruginosa, and 500 pg/mL against Serratia marcescens(28). Similarly, a 2024 investigation on broad-spectrum antibacterial activity by Mandal et al. established
ATP synthase inhibition as a key mechanism of antibacterial action by confirming that quercetin's hydroxyl groups act on bacterial membranes and energy
transduction systems (29).Additionally, quercetin and similar flavonoids harm the bacterial respiratory chain and disturb the bioenergetic status, including inhibition
of ATP synthase and membrane depolarization, according to a 2023 study published in Molecules, highlighting the crucial significance of this target(30).

In a previous study, they investigated the impact of combining resveratrol with other active inhibitors at suboptimal quantities to see if resveratrol and other
phytochemicals additively contribute to the inhibitory effect of dietary phytochemicals on FOF1-ATPase. Red wine contains inadequate levels of kaempferol,
quercetin, and resveratrol(31). These combinations have a cumulative inhibitory effect that results in 56% inhibition as compared to the separate components
alone.Thus, even at much lower quantities of individual substances, the combination of these and other active chemicals in the diet may be able to modify the
enzymatic activity of the FOF1-ATPase in vivo(32). Experiments continue to support this synergistic principle. Quercetin and cirsiliol, two structurally related
flavones, inhibit ATP synthesis and dramatically lower the intracellular energy balance in methicillin-resistant Staphylococcus aureus (MRSA) and methicillin-
resistant Staphylococcus epidermidis (MRSE) isolated from patients, according to a seminal study by Ravera et al. (2023).Importantly, molecular docking
investigations revealed that cirsiliol and quercetin have similar binding chains on the F1 moiety's o and B subunits, with binding interactions involving Ser-267 on
the y subunit being especially important(33). These results highlight the constant nature of polyphenol binding sites across bacterial ATP synthases and directly
parallel and support the binding affinity of —6.95 kcal/mol for quercetin obtained in the current work at the ATP synthase 3 subunit of Streptococcus mutans. A
2025 investigation also verified that quercetin administration reduced intracellular ATP levels in S. aureus in a dose-dependent manner, and that this ATP depletion
was associated with enhanced persister cell formation and bacterial dormancy(34). Ojo et al. (2022) carried out combined experimental and molecular docking
studies on quercetin and vitamin E with diabetes-associated mitochondrial ATPase from a structural point of view. They found that quercetin had a higher binding
affinity than vitamin E and suggested that FOF1-ATPase inhibition could be a useful anti-apoptotic therapeutic approach in metabolic diseases [34]. Additionally,
the study emphasized the anti-apoptotic significance of quercetin's interaction with the catalytic B subunit of the enzyme, which is directly related to the target
protein used in this study(35). The current study provides strong justification for the choice of Streptococcus mutans ATP synthase beta subunit as the study's target.
In silico molecular docking of phytochemicals from Murraya koenigii against S. mutans glycosyltransferase was carried out by Maheswari & Sankar (2024),
demonstrating the bacterium's susceptibility to flavonoid-based inhibitors and developing validated docking protocols that are applicable to all of its enzyme targets
(36). Furthermore, the atpD gene and its encoded 3 subunit constitute a central vulnerability that can be exploited by phytochemicals like cinnamaldehyde and
related polyphenolics to disrupt cell membrane integrity and energy metabolism, according to a 2025 review on natural compounds targeting Streptococcus
species(37). The competitiveness of quercetin as a potential inhibitor is confirmed by the binding affinity of —6.95 kcal/mol obtained in this study for quercetin at
this target, which compares favorably with previously published values for other flavonoids docked against S. mutans proteins, which typically ranged from —5.5
to —7.8 kcal/mol. A number of scaffolds have been shown to bind and inhibit the Mtb ATP synthase enzyme, including squaramide, quinoline, sulfonamide, and
imidazo [1,2 -a] pyridine ethers. According to recent research, the polyphenol scaffold prevents the y subunit from rotating both clockwise and counterclockwise,
hence inhibiting mitochondrial Mtb ATP synthase(33). Through polar contacts and H-bonds, these polyphenol compounds bound to the y subunit's c-terminal tip,
according to X-ray crystallographic investigations. Try 68, Asp 32, Gly 62, Glu 65, and Glu 67, which are all within 4 A" of the bound chemicals, were involved
in the polar contact between the inhibitor compounds and the mitochondrial enzyme.
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5. CONCLUSION

The results of our study suggest that the inhibition of mitochondrial FOF1-ATPase/ATP synthase may be a possible mechanism involved in the various effects of
polyphenolics found in food. The same ATP synthase has been revealed to be present on the plasma membranes of a number of tumor cell lines and human umbilical
vein endothelial cells. Additionally, it has been demonstrated that this protein binds to angiostatin, a powerful inhibitor of angiogenesis and cell
proliferation. According to our most current research, quercetin targets F1 in order to reduce the FOF1-ATPase activity.

Possible Future Directions:

Nanoparticles synthesis to increase bioavailability of this drug.

Nano formulated drug efficacy testing against Antibiofilm /n-vitro studies of different dental pathogens.

Pre-clinical studies Antibiofilm different animal models (/n-vivo).

Clinical Trial (Phase L, 11, and III).

FDA approval.

Additional pre and post marketing analysis and approval.

Product launching
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