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Abstract

Objective

Mastitis, an inflammation of the mammary glands, is a common infectious disease of dairy cows
worldwide. Controlling this disease is challenging due to the emergence of antibiotic resistance.
Using alternative or complementary compounds alongside antibiotics can be a sustainable
solution for preventing and treating this disease. This study aimed to evaluate the effectiveness of
plant-derived micromolecules in inhibiting Staphylococcus aureus, an important cause of
mastitis, using molecular docking and determining the minimum inhibitory concentration (MIC).
Materials and methods

The 3D structures of the target proteins, including FnBPA and sortase A, were extracted from
structural databases. After modeling and energy optimization, the structures were validated. A
library of 460 plant-derived micromolecules was collected from reliable databases, and 3D
structures were prepared for each molecule. Initial screening of the compounds was performed
using computational tools based on pharmacodynamic properties and ADMET indices. Then,
molecular docking was performed using PyRx version 0.8 software to investigate ligand-receptor
interactions and calculate binding energies. Finally, the minimum inhibitory concentration (MIC)
of two selected compounds, curcumin and indigo carmine, against Staphylococcus aureus in vitro
was determined using the agar dilution method.

Results

The results of the protein structure validation process confirmed the quality of the models. Among
460 compounds, several small molecules with favorable binding energies in the range of -6 to -
10 kcal/mol were identified. Compounds such as indigo, gliasperin A, sanguinarine,
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camptothecin, and indigo carmine exhibited the strongest binding affinity to FnBPA due to
hydrogen bonds and stable hydrophobic interactions with receptor amino acids. Sortase A formed
hydrogen and hydrophobic bonds with several small molecules whose binding energies ranged
from -6.4 to -7.3 kcal/mol. In vitro results showed that curcumin and indigo carmine inhibited
bacterial growth; their MIC values indicated effective antibacterial activity.

Conclusions

The findings of this study illustrated that several plant-derived micromolecules can effectively
inhibit key pathogenic factors of Staphylococcus aureus. Combining computational and
experimental results suggest that these compounds are promising candidates for the development
of novel strategies to control mastitis and reduce reliance on antibiotics. They can also help
address the growing challenge of antibiotic resistance.
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Introduction

Bovine mastitis is one of the most common and costly infectious diseases in the livestock
industry. It significantly affects milk production, dairy product quality and general herd health. It
is mainly caused by bacterial agents and occurs in animals with high milk production. Among
these agents, Staphylococcus aureus is recognized as one of the most important pathogens. Due
to the ability of this bacterium to adhere to host tissues, form biofilms and evade the immune
response, the disease is difficult to control. Antibiotics have been used excessively in recent years
and it has led to an increase in antibiotics resistance in infectious bacteria and has reduced the
effectiveness of conventional treatments. Accordingly, it is important to explore alternative or
complementary compounds, particularly those of natural origin. Plant-derived micromolecules
are considered promising sources of novel antibacterial agents because of their structural
diversity, environmental compatibility, and broad range of biological activities. Advances in
computational approaches, particularly molecular docking, have enabled the rapid and cost-
effective investigation of interactions between ligands and protein targets. Bacterial virulence
factors playa crucial role in pathogenicity and are closely associated with inflammatory responses
in the mammary gland. Among these, proteins such as fibronectin-binding protein A (FnBPA)
and sortase A of Staphylococcus aureus are regarded as promising drug targets because of their
essential roles in bacterial adhesion and virulence. Therefore, this study aimed to identify and
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evaluate plant-derived micromolecules with inhibitory potential against these proteins. We used
computational methods and validated their antibacterial activity through in vitro experiments.
Materials and methods

In this study, the 3D structures of target proteins, including FnBPA and sortase A, were
extracted from structural databases. In cases where the complete structure was not available,
homology modeling methods were used to predict it, and the resulting models were evaluated
using structural validation tools to ensure their accuracy and stability. In the next step, a library
0f460 plant-derived micromolecules was collected fromreliable databases and their 3D structures
were prepared and optimized. For initial screening, the pharmacokinetic and toxicity properties
of these compounds were investigated using pharmacokinetic criteria and ADMET indices to
eliminate inappropriate compounds. Molecular docking was subsequently performed using PyRx
software (version 0.8). Interactions between ligands and target proteins, binding energies, and
interactions with key amino acid residues were analyzed. Docking results were ranked according
to binding affinity (lowest binding energy) and the nature of the ligand—protein interactions,
including hydrogen bonds and hydrophobic interactions. Top-performing compounds were
selected for further analysis. In the experimental section, two commercially available compounds
that revealed favorable molecular docking results were selected to evaluate their antibacterial
activity against Staphylococcus aureus. Minimum inhibitory concentration (MIC) was
determined using agar dilution methods. Staphylococcus aureus was cultured under standard
laboratory conditions. Effects of different compound concentrations on bacterial growth were
assessed. To ensure the accuracy and reproducibility of the results, all experiments were
performed in duplicate.
Results

Validating protein structures indicated that predicted models were of sufficient quality for
molecular docking studies. Molecular docking analyses revealed that several numbers of 460
micromolecules showed favorable binding affinities toward target proteins. Binding energies of
all 460 micromolecules ranged from—1.1 to —9.8 kcal/mol for FnBPA and from —0.9 to —7.3
kcal/mol forsortase A. Micromolecules with bindingenergiesbetween—6 and —10 kcal/mol were
selected for both proteins, they signified strong binding affinity to target proteins. Among
compounds evaluated, indigo, gliasperin A, sanguinarine, camptothecin, and indigo carmine
exhibited the strongestbinding affinities to FnBPA. Theirbindingenergieswere —9.8,-9.6,—94,
—9.2, and —8.9 kcal/mol, respectively. These compounds interacted with key amino acids within
the active site and formed stable ligand—protein complexes through hydrogen bonds and
hydrophobic interactions. In the present study, curcumin formed three hydrogen bonds with
sortase A, one of which was with arginine 197 in the active site. This small molecule, which is a
polyphenolic compound in turmeric, has been reported to have antibacterial effects in several
studies. Other small molecules, such as sanguinarine, phaseollidin, phaseolin, and sugeroside,
showed good binding energy with the receptor. On the other hand, they only contained
hydrophobic bonds and were not located in the active site of sortase A. Arginine 197 crystallized
hydrophobic bonds with phaseollidin, sanguinarine, and camptothecin in the active site of sortase
A. Although these bonds are weaker than hydrogen bonds, they may still inhibit the receptor.
Structural analyses showed that the arrangement of these ligands in the binding site could disrupt
normal function of the protein and prevent bacterial adhesion to host cells. In vitro, MIC
determinations illustrated that curcumin and indigo carmine significantly inhibited the growth of
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Staphylococcus aureus. Both compounds inhibited bacterial growth at certain concentrations,
even though their efficacy was different. These results were consistent with molecular docking
results, which can indicate that compounds with low binding energy have favorable antibacterial
activity.
Conclusions

The results of this study indicated that the simultaneous use of computational and laboratory
approaches is an effective method for identifying new antibacterial compounds. The plant-derived
micromolecules investigated in this study showed promise in inhibiting the pathogenicity of
Staphylococcus aureus. They were especially those with high binding energies and stable
interactions with essential bacterial proteins. Validation of the antibacterial activity of these
compounds in vitro reinforces the importance of results obtained from molecular docking. It also
demonstrates that these methods can serve as initial screening tools in drug discovery process.
Assuming increasing prevalence of antibiotic resistance and limitations of current therapeutic
approaches, these natural compounds may represent as promising alternatives or complementary
options to improve management of bovine mastitis. However, further studies are required before
these compounds can be translated into practical applications. They include comprehensive
evaluations of their toxicity, stability, pharmacokinetic properties, and in vivo efficacy. Overall,
this study provides a foundation to identify novel natural antibacterial agents to control bacterial
infections in veterinary medicine and supports future development of plant-based therapeutics.
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Figure 1. FnBPA quality assessment with ERRAT?2 program
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Figure 2. FnBPA quality assessment by Ramachandran plot
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Table 1. The number of receptor amino acids that are in the allowed and disallowed regions
of the modeled structure based on the Ramachandran plot

Characteristics S FnBPA Sortase A

5,1 513 Collas g oy i ;3 48 edualginel (7) dlass 90.7% 88.97.
Residues in most favoured regions
L,15 513 5bxe g 3 a5 camlgiel (7) dlaws 8.5 9.5/,
Residues in additional allowed regions
S5yl 515 b B _nlg 5> a8 eapuligel (7) dlass 0.47, 0.8
Residues in generously allowed regions
B,05 515 sbre pi (g p> a8 colgisel (%) dlows 0.47. 0.87.

Residues in disallowed regions
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Table 2. Binding energy and hydrogen bonds between ligand and FnBPA

WS Jla!
5 Jonsd o L) (gign b ygiw - S8 GiiSo,
B A W IV JC R Py Sargd i
. Chemical Li d -
Ligand formula  (Scal/mol) 1gand- Ligand-receptor interaction
receptor with hydrophobic bonds

interaction with
hydrogen bonds

Pro219, Gly222, Gly255,
Val256, Phe306, Pro309,
Ile352, Glu353, Ser412,
Val413, Tyrd414
Pro219, Gly222, Arg224,
Hsd220(3.35), Val256, Phe306, Pro309,
11e307(3.26) Ser351, 1le352, Phe355,
Leu498, Val499
Pro219, Hsd 220, Gly222,
Arg224, Gly255, Val256,
Phe306, Pro309, Ser351,
Ser412, Leud498, Val499,
Pro219, Hsd220, Gly222,
Val256, Ser257, Phe306,
Phe306, Pro309, Ser351

Indigo C16H10N202 -9.8 Ser351(28)

Glyasperin A C,5H,604 -9.6

Sanguinarine C, H;4NO,* 9.4 -

Arg224(3.04),
Hsd254(3.06)

Arg224(3.28),

Hsd254(3.31), Hsd220, Gly255, Val256,
8.9  Ser351(3.02), Phe306, Ile307, Pro309,

Ser412(3.93), Tyr337, Leud98

Val499(2.90)

Camptothecin C,oH;sN,O4 -9.2

Indigo C16H3N2Nazo
carmine 8y
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Table 3. Binding energy and hydrogen bonds between ligand and Sortase A
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Nga L ok
s looy 3 9” e b s ;- N S
S oG csthend Jgeo sl 390 o B
. 3 Chemical J Ligand- #1939 )d (B9
Ligand formula (Kcal/mo receptor Ligand-receptor interaction
1) interaction with hydrophobic bonds
with hydrogen
bonds
Glul05, Asnl14, Serl 16,
Tebufenozi CorHo NSO 73 Argl197(2.92, Prol63, Vall68, Leul69, Thr
de 227028 ‘ 3.04) 180, Ile182, Val193, Trp194,
Glul95
Asn107(3.05)
) , Glul05, Glul08, Serl 16,
Indigo = CyeHsNoNao - 5 5 4 0112(2.87)  Pro163, Leul69, Aspl70,
carmine 0O5S,
, Ile182
Argl197(2.92)
Glul05, Serl16, Pro163,
Phaseollidi CoHo O 71 Vall68(2.70), Thrl164, Leul69, Thr180,
n 20772004 : Glul95(2.90) 1Ilel182, Trp194, Argl97,
11e199
Sanguinari Glul05, Serl116, Pro163,
CyH 4, NO,* -6.9 - Leul69, Ile182, Vall93,
ne
Argl97
Ser116, Pro163, Leul69,
Coptisine  C;9H{4,NO4* -6.9 - Thr180, Ile182, Vall93,
Glul95, Arg197, 11e199
. Pro91, Ala92, Alal04,
Sugereosid 4 0, 68 OV 29121(2 0. Glu105, Pro163, Thri64,
¢ 2R Vall93, Trp194, Glu195
Pro163, Vall68, Leul69,
Phaseolin C,0H,30, -6.7 2?194(2'99)’ Thr180, Ile182, Vall93,
ul95(2.79) 11e199
e
Glul05, Asnl14, Serl16,
TP a0 66 Tp1946n) UGS mte e
Vall93, Glul95, 11e199
Pro163, Thr164, Leul69,
Ca“grtlmhe CoHiN,O4 6.5 gﬁg‘;(é%?) flel 82, Val193, Arg197.
el99
Asnl14Q087 b 01 Ala92, Thro3,
Curcumin C21H2006 -6.4 )’ Glu105, Vall68, Thr180,

Ser116(3.18),
Argl197(3.18)

Gly192, Val193, I1e199
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Table 4. Pharmacokinetic indices of ligands

Y L PU s u.\:. u»l“ _‘j? (Human CYP‘}SO
Lies d oadle 51,08/ glodg, . hepatotoxicity) (especially
tsan ADMET HIA 3 . CYP3A4)++
BBB
Indigo Yes High Yes 0.798 -
Glyasperin A Yes Low No 0.538 --
Sanguinarine Yes High Yes 0.161 e+
Camptothecin Yes High No 0.974 -
Indigo Yes Low No 1.0
carmine
Tebufenozide Yes High Yes 0.683 ++
Phaseollidin Yes High Yes 0.62 ++
Coptisine Yes High Yes 0.15 -t
Sugereoside Yes High No 0.402 -
Phaseolin Yes High Yes 0.631 ++
Curcumin Yes High No 0.429 -
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Figure 7. Determination of minimum inhibitory concentration by agar dilution method. A)
Curcumin, B) Indigo carmine
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