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Abstract: Over the past decade, methicillin-resistant Staphylococcus aureus (MRSA) has become
a major source of biofilm formation and a major contributor to antimicrobial resistance. The
genes that govern biofilm formation are regulated by a signaling mechanism called the quorum-
sensing system. There is a need for new molecules to treat the infections caused by dangerous
pathogens like MRSA. The current study focused on an alternative approach using juglone deriva-
tives from Reynoutria japonica as quorum quenchers. Ten bioactive compounds from this plant,
i.e., 2-methoxy-6-acetyl-7-methyljuglone, emodin, emodin 8-o-b glucoside, polydatin, resveratrol,
physcion, citreorosein, quercetin, hyperoside, and coumarin were taken as ligands and docked with
accessory gene regulator proteins A, B, and C and the signal transduction protein TRAP. The best
ligand was selected based on docking score, ADMET properties, and the Lipinski rule. Considering
all these parameters, resveratrol displayed all required drug-like properties with a docking score
of −8.9 against accessory gene regulator protein C. To further assess the effectiveness of resveratrol,
it was compared with the commercially available antibiotic drug penicillin. A comparison of all
drug-like characteristics showed that resveratrol was superior to penicillin in many aspects. Penicillin
showed a binding affinity of −6.7 while resveratrol had a score of −8.9 during docking. This was
followed by molecular dynamic simulations wherein inhibitors in complexes with target proteins
showed stability inside the active site during the 100 ns simulations. Structural changes due to
ligand movement inside the cavity were measured in the protein targets, but they remained static
due to hydrogen bonds. The results showed acceptable pharmacokinetic properties for resvera-
trol as compared to penicillin. Thus, we concluded that resveratrol has protective effects against
Staphylococcus aureus infections and that it suppresses the quorum-sensing ability of this bacterium
by targeting its infectious proteins.

Keywords: quorum sensing; quorum quenching; resveratrol; pharmacokinetics; multidrug resistance

1. Introduction

Antibiotic resistance has created an alarming situation in the health sector globally
and antibiotic-resistant pathogens are often described as “superbugs” [1]. Repeated and
uncontrolled use of antibiotics to target DNA, RNA, and protein synthesis exerts bacte-
riostatic or bactericidal effects on multiple targets, resulting in strong selective pressure
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on bacterial communities which subsequently gives rise to bacterial strains resistant to
those antibiotics. Virulence, pathogenicity, and biofilm formation by resistant pathogens
are significant problems that create unusual medical emergency situations. The main rep-
resentative among these notorious pathogens is methicillin-resistant Staphylococcus aureus
(MRSA) [2]. S. aureus has quickly become a leading cause of healthcare-related diseases.
The COVID-19 pandemic was associated with a 13% increase in MRSA infections in 2020
in the Americas compared to 2019. MRSA has been linked to two types of infection:
hospital-acquired and community-acquired (CAI) [3]. Persistent infections associated
with biofilm development can persist in host tissues and implanted materials such as
bone, catheters, pacemakers, and prosthetic joints, resulting in osteomyelitis, heart valve
endocarditis, and other complications [4]. Many factors have been implicated in biofilm
development, such as bacterial density, stress responses, physiological features, antibiotic
resistance, neutralization of antibiotics by EPSs (exopolysaccharides), enzyme synthesis,
and QS (quorum-sensing) capabilities [5].

The failure of several conventional pharmaceutical approaches and continuous in-
crease in mortality statistics has created an urgent need for new approaches. Alternative
strategies to the use of antibiotics for bacterial infections are based upon the quenching
of signaling mechanisms. Disruption of these pathways may play an important role in
controlling microbial gene expression in human infections [3]. These signaling pathways
are responsible for inter- and intraspecies communication and for the regulation of gene
expression, and are categorized broadly under the convenient term “quorum-sensing” [4].
Bacterial cell-to-cell connection has garnered attention in recent years as studies have
demonstrated the function of quorum signals in the adhesion and proliferation of harmful
bacteria [5]. The discovery of quorum signals has introduced a new dimension to the
compounding health crises. Bacterial communication is carried out via the synthesis of tiny
signal molecules known as autoinducers. The most thoroughly researched autoinducer
molecule in Gram-positive bacteria is the autoinducer peptide (AIP) [6]. The accessory
gene regulator (Agr) locus is a significant regulator in the S. aureus QS system, consisting
of two operons controlled by the P2 and P3 promoters. The P2 operon controls AgrA, -B,
-C, and -D synthesis in response to extracellular AIP [7]. The P3 operon controls RNAIII
expression, which has been shown to be responsible for the transition from a sticky phe-
notype to a poisonous one [8]. Quorum sensing regulates important bacterial behaviors,
e.g., attachment to surfaces, biofilm formation, bioluminescence, the secretion of different
types of chemicals, motility, virulence, and pathogenicity [9]. Several synthetic and natural
substances have been explored for their quorum-sensing inhibitory action [10]. However,
the limitations of these drugs against various forms of resistance have prompted a quest
for new quorum-sensing inhibitors for possible use in a variety of applications.

Considering the rise of antibiotic resistance, QS inhibitors may provide an alternative
to standard antibiotic therapies. Bioactive phytoconstituents are being utilized to treat
infectious diseases caused by biofilmogenic bacteria. Plant-based bioactive compounds can
decrease the expression of disease pathogenesis genes by interacting with QS-associated
virulence factors and affecting biofilm formation. Several compounds have previously
been shown to have antibiofilm activities, including quercetin, catechin, rosmarinic acid,
limonoid, ichangin, apigenin, kaempferol, and naringenin [11]. It is critical to identify
powerful QS inhibitors (QSIs), ideally from natural sources. Plant secondary metabolites
may result in the effective treatment of a variety of illnesses [11].

In this study, resveratrol, a typical stilbenoid commonly utilized in dietary supple-
ments and renowned for its antioxidant potential, was evaluated for a QS inhibitory
effect [12]. Resveratrol has been evaluated for its ability to inhibit various QS-regulated
behaviors of infectious pathogens, namely biofilm formation, exopolysaccharide syn-
thesis, and motility [13]. We investigated the antibacterial compound isolated from
Reynoutria japonica. S. aureus was used as a reference organism and its virulence protein
targets were docked against multiple ligands. Hit molecules were selected based on their
physiochemical and pharmacokinetic properties. To explore the structural changes in the
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AgrC receptor protein of S. aureus, in silico research comprising molecular docking and
simulation studies was performed to better understand the mechanism of the QS inhibitory
function. Our study reveals that the antibacterial properties of resveratrol are better than
those of penicillin in many aspects, and that resveratrol has the potential to suppress the
quorum-sensing activity of bacteria [14].

2. Results

The FASTA sequences of the accessory gene regulator proteins A, B, and C and the
signal transduction protein TRAP were retrieved from UniProt under accession numbers
P0A017, P0C1P7, O07911, and Q84DC6 and were 238, 189, 430, and 167 residues in length,
respectively (Figure 1). To inhibit the biosynthetic pathways of these protein targets, a
molecular docking approach was used followed by molecular dynamic simulations. The
Agr system is a global staphylococcus regulator with a dual regulatory effect on staphy-
lococcal virulence. In aspects of clonal lineage distribution, antibiotic resistance profile,
biofilm generation, and virulence factor expression, Agr groupings differ [15]. Because
of its role in modulating virulence factor production and biofilm development, the agr
system is an interesting therapeutic target. Interfering with or totally suppressing the agr
system might be a useful method for lowering staphylococcal pathogen virulence and
controlling staphylococcal disease. Additionally, because AgrC catalyzes AgrA phosphory-
lation and activation, inhibitors inhibiting AgrC or AgrA may be effective at preventing
disease development [16]. AgrB is the most unique component of the staphylococcal Agr
system, since its sequence varies in comparison to other quorum-sensing proteins. The
N-terminal domain of AgrB is usually inherited in staphylococcal species, whereas the
initial 34 residues of the first transmembrane hydrophilic domain are fully conserved across
the four S. aureus Agr types [17].
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Figure 1. Figure 1.Figure 1. FASTA sequences of accessory gene regulator proteins A, B, and C and signal transduction
protein TRAP.

2.1. Physiochemical Characterization of Proteins

ProtParam was used for the prediction of different parameters, including both physical
and chemical properties, of the selected protein targets. These characteristics were used to
compute and assess the molecular weight, composition of amino acids, theoretical protein
index value, atomic protein composition, extinction coefficient, estimated half-life of protein
instability, aliphatic index, and grand average of hydropathicity. A PI of more than 7 implies
that a protein is basic, while a PI of less than 7 indicates that it is acidic. Light absorption
is represented by the extinction coefficient. An index value below 40 indicates protein
stability, while an index value greater than 40 indicates protein instability (Table 1).

Table 1. Physiochemical properties of target proteins.

Target Proteins MW PI NR PR Ext.Co1 Ext.Co2 Instability Index Aliphatic Index GRAVY

AgrA 27,905.90 5.78 37 31 15,150 14,900 36.25 91.30 −0.379
AgrB 21,929.69 9.85 8 19 18,910 18,910 45.16 147.04 0.828
AgrC 49,896.91 5.19 45 38 38,405 38,280 39.15 127.16 0.494
TRAP 19,547.47 6.12 22 18 20,860 20,860 20.68 60.78 −0.580

2.2. 3D Structural Prediction of Proteins

The 3D structures of accessory gene regulator proteins A, B, and C and the signal
transduction protein TRAP were taken from Alphafold under UniProt IDs P0A017 (crystal
structure available with 1.6 Å resolution) and P61637, Q2FWM5, and Q2FFR1 (less than
2.0 Å resolution as confirmed via Ramachandran plot) [18]. The protein structures were
prepared in PyMOL by removing water molecules and ligands [19]. After the removal of



Molecules 2023, 28, 2635 5 of 27

ligands and other atoms, the missing polar hydrogens were added. Energy minimization
for the structures was performed to achieve stable conformation by preventing overlaps,
as shown in Figure 2. Dihydrofolate reductase (DHFR) is an enzyme associated with
AgrA and AgrB which is responsible for the regulation of reduced folate pools, which
are required to produce purines, thymidylate, methionine, glycine, pantothenic acid, and
N-formyl-methionyl tRNA. Inhibition of DHFR causes tetrahydrofolate depletion, and,
eventually, cell death. DHFR has received extensive attention as an antibacterial agent
target [20]. Patients, physicians, and public health organizations are all concerned about the
spread of methicillin-resistant Staphylococcus aureus (MRSA) in hospitals and communities.
The S. aureus DHFR shows preservation of the conserved fold seen in previously released
crystal structures of DHFRs from other species, with eight strands, a sheet, and four helices
comprising the substrate and cofactor binding sites [17].

Molecules 2023, 28, x FOR PEER REVIEW 5 of 30 
 

 

Table 1. Physiochemical properties of target proteins. 

Target 
Proteins 

MW  PI  NR  PR  Ext.Co1 Ext.Co2 Instability 
Index  

Aliphatic 
Index  

GRAVY   

AgrA  27,905.90 5.78 37  31  15,150  14,900  36.25  91.30  −0.379  
AgrB  21,929.69 9.85 8  19  18,910  18,910  45.16  147.04  0.828  
AgrC  49,896.91 5.19 45  38  38,405  38,280  39.15  127.16  0.494  
TRAP  19,547.47 6.12 22  18  20,860  20,860  20.68  60.78  −0.580  

2.2. 3D Structural Prediction of Proteins 
The 3D structures of accessory gene regulator proteins A, B, and C and the signal 

transduction protein TRAP were taken from Alphafold under UniProt IDs P0A017 (crys-
tal structure available with 1.6Å resolution) and P61637, Q2FWM5, and Q2FFR1 (less than 
2.0 Å resolution as confirmed via Ramachandran plot) [18]. The protein structures were 
prepared in PyMOL by removing water molecules and ligands [19]. After the removal of 
ligands and other atoms, the missing polar hydrogens were added. Energy minimization 
for the structures was performed to achieve stable conformation by preventing overlaps, 
as shown in Figure 2. Dihydrofolate reductase (DHFR) is an enzyme associated with AgrA 
and AgrB which is responsible for the regulation of reduced folate pools, which are re-
quired to produce purines, thymidylate, methionine, glycine, pantothenic acid, and N-
formyl-methionyl tRNA. Inhibition of DHFR causes tetrahydrofolate depletion, and, 
eventually, cell death. DHFR has received extensive attention as an antibacterial agent 
target [20]. Patients, physicians, and public health organizations are all concerned about 
the spread of methicillin-resistant Staphylococcus aureus (MRSA) in hospitals and commu-
nities. The S. aureus DHFR shows preservation of the conserved fold seen in previously 
released crystal structures of DHFRs from other species, with eight strands, a sheet, and 
four helices comprising the substrate and cofactor binding sites [17]. 

 
Figure 2. Structures of target proteins of Staphylococcus aureus: (A) AgrA, (B) AgrB, (C) AgrC, (D) 
TRAP. These structures were taken from Alphafold. 

  

Figure 2. Structures of target proteins of Staphylococcus aureus: (A) AgrA, (B) AgrB, (C) AgrC,
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2.3. Functional Domain Identification of Proteins

The Interpro database (https://www.ebi.ac.uk/interpro/ accessed on 15 October 2022)
was used to determine the domains and functional locations of the proteins. Accessory
gene regulator protein A is a 238aa long protein consisting of two domains. One is the
Lyt-TR DNA-binding domain, starting from residue 143 and ending at 238, while the other
is the receiver domain, starting at residue 1 and ending at 125. The AgrB protein is a 186aa
long protein consisting of a single domain called the accessory gene regulator B domain,
starting at residue 6 and ending at 186. The AgrC protein, with a sequence of 430aa, consists
of the sensor histidine kinase NatK [21], a C-terminal domain starting at residue 325 and
ending at 427. The signal transduction protein TRAP, with a sequence of 167aa, consists of
a single domain called the antibiotic biosynthesis monooxygenase domain, which starts at
residue 67 and ends at 158 (Figure 3).

https://www.ebi.ac.uk/interpro/
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Figure 3. Functional domains of target proteins of Staphylococcus aureus. (A) AgrA: orange color
showing the signal transduction response regulator receiver domain and green color showing the
Lyt-TR DNA-binding domain; (B) AgrB: purple color showing the accessory gene regulator B domain;
(C) AgrC: blue color showing the NatK C-terminal domain; (D) TRAP: red color showing the antibiotic
biosynthesis monooxygenase domain.

AgrC and AgrA form a two-component signal transduction system, with AgrC acting
as a membrane histidine kinase and AgrA acting as a response regulator. The cytoplasmic
membrane contains AgrB, a 22 kDa peptidase responsible for AgrD proteolysis. It comprises
six transmembrane segments, four of which are hydrophobic helices and two of which
are hydrophilic loops containing many positively charged amino acid residues. DHFR
has been employed in various therapeutic settings as resistance to antimicrobial drugs has
become common [17].

2.4. Ligand Selection

Ligands were retrieved from the chemical information database PubChem (https:
//pubchem.ncbi.nlm.nih.gov accessed on 10 October 2022). After the selection of ligands,
energy minimization was carried out using Chem Pro software (Chem3D v. 12.0.2) [22].
All ligands except hyperoside and coumarin obeyed the Lipinski rule of five. The selected
ligands, along with molecular formulas, molecular weights, and chemical structures, are
represented in Table 2.

https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov
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Table 2. Structures of ligands with molecular formulas and molecular weights.

S. No Ligand Name Molecular Formula Molecular Weight Structure

1 2-methoxy-6-acetyl-7-
methyljuglone C14H12O5 260.24 g/mol
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Table 2. Cont.

S. No Ligand Name Molecular Formula Molecular Weight Structure

8 Quercetin C15H10O7 302.23 g/mol
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2.5. Molecular Docking

The docking study was performed using accessory gene regulator proteins A, B, and C
and TRAP and the ligands 2-methoxy-6-acetyl-7-methyljuglone, emodin, emodin 8-o-b glu-
coside, polydatin, resveratrol, physcion, citreorosein, quercetin, hyperoside, and coumarin.
The ligands with the best binding score values with the target proteins are presented in
Table 3. The current study adopted the protocol for AutoDock Vina v4.2, including the lig-
and and protein pdbqt files with the docking grid set at 30 Å × 30 Å × 30 Å [23]. The grid
was centered at x, y, and z dimensions of 12.020, 4.545, and 36.451, respectively. Selected
ligand molecules were docked to the active sites of the targets using AutoDock Vina. The
highest score of −9.9 kcal/mol was achieved for the compound emodin 8-o-b glucoside,
and the respective binding affinities for the top 10 compounds are provided in Table 3.
Detailed visualization analysis was carried out through UCSF Chimera v1.16 and used to
determine the preferred ligand binding orientations.

Table 3. The ligand molecules with binding score.

S. No Ligand Name Binding Score kcal/mol

1 2-methoxy-6-acetyl-7-methyljuglone −7.1
2 Emodin −8.4
3 Emodin 8-o-b glucoside −9.9
4 Polydatin −8.8
5 Resveratrol −8.9
6 Physcion −8.6
7 Citreorosein −8.4
8 Quercetin −8.8
9 Hyperoside −9.1
10 Coumarin −6.6
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2.6. Active Site Identification

To identify the active sites of the proteins, Computed Atlas of Surface Topography of
proteins (CASTp) software v3.0 (http://sts.bioe.uic.edu/castp/index.html?2r7g accessed
on 10 October 2022) was used. This software predicts available pockets for binding and
provides insights about the surface area and volume of pockets. The active sites of accessory
gene regulator proteins A, B, and C and TRAP are shown in red in Figure 4.
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Table 4. Cont.

Ligands Target Proteins with Interactive Residues

Emodin
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Table 4. Cont.

Ligands Target Proteins with Interactive Residues
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Table 4. Cont.

Ligands Target Proteins with Interactive Residues
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Table 4. Cont.

Ligands Target Proteins with Interactive Residues
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Table 5. Amino acids, hydrogen bonding distances, and hydrophobic interactions.

S. No Ligand Name Binding Energy No of HBs Amino Acids
Hydrogen
Bonding
Distance

Hydrophobic
Interactions

1 2-methoxy-6-acetyl-
7-methyljuglone −7.1 3

Ile58
Trp60
Tyr61

2.86
3.08
3.31

Lys59
Leu135
Leu130

2 Emodin −8.4 2 Met4
Ile2

2.90
2.91

Phe5
Leu3
Ser28
Ser31
Leu32

3 Emodin 8-o-b
glucoside −9.9 5

Lys57
Ile58
Tyr61
Ile11
Ser124

3.12
3.14
3.09
2.96
3.23

Lys59
Ile129
Leu120
Ser12

4 Polydatin −8.8 5

Arg315
Lys210
Ser314
Glu276
Asn215

3.10
3.17
3.03
2.76
3.26

Glu206
Tyr207
Leu280
Ile214
Ile211

5 Resveratrol −8.9 2 Arg315 Ser314 2.91
2.82

Lys210
Ile311
Thr203
Tyr207
Tyr204

6 Physcion −8.6 3
Ser185
Thr68
Ser178

2.97
3.01
2.83

Phe134
Leu120
Ile123
Leu64
Leu142
Thr181
Phe182

7 Citreorosein −8.4 0 - - Glu386

8 Quercetin −8.8 0 - - Glu386

9 Hyperoside −9.1 7

Arg70
Gln131
Asn39
His77
Asn88
Thr43
Tyr66

3.06
3.13
2.94
2.80
3.02
2.80
2.22

Arg78
Phe67
Cys54
Lys43
Glu37
Phe92

10 Coumarin −6.6 1 Asn353 2.86

Leu381
Leu365
Asn323
Phe405
Ile359
Ala327
Cys355

2.8. Ligands’ ADMET Properties

Lipinski’s rule of five was employed as a preliminary step to determine actual bioavail-
ability and artificial availability. A second investigation was carried out involving calcula-
tion of the ADMET characteristics of ligands as a measure of pharmacokinetic properties
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using the online application pkCSM (https://biosig.lab.uq.edu.au/pkcsm/ accessed on
8 October 2022). Water solubility and skin absorption for all ligands were low, while CaCO2
permeability was normal. Intestinal absorption rates of juglone, physcion, and coumarin
were more than 90%, while this rate was average for emodin and resveratrol and low for the
remaining ligands. Skin permeability for all ligands was low. Juglone showed a negative
p-glucoprotein substrate value, while all other ligands showed a positive value for a single
factor. If a compound binds to a Pgp substrate, it may be quickly pumped out of cells,
lowering its absorption (Table 6).

Table 6. Absorption properties of ligands.

S. No Ligand Name Water Solubility
(mol/L)

CaCO2
Permeability
(cm/S)

Intestinal
Absorption
(Human) %

Skin
Permeability
Log/Kp

P-Glycoprotein
Substrate

P-Glycoprotein I
Inhibtor

P-Glycoprotein
II Inhibitor

1

2methoxy-
6-acetyl-
7-methyljugl
one

−0.835 1.232 94.085 −2.77 No No No

2 Emodin −3.271 0.259 71.316 −2.741 Yes No No

3 Emodin 8-o-b
glucoside −2.972 0.367 43.072 −2.735 Yes No No

4 Polydatin −3.113 0.167 42.758 −2.735 Yes No No
5 Resveratrol −3.235 1.196 87.933 −2.748 Yes No No
6 Physcion −3.156 1.26 95.924 −2.8 Yes No No
7 Citreorosein −3.186 −0.368 62.631 −2.74 Yes No No
8 Quercetin −3.097 −0.277 76.081 −2.735 Yes No No
9 Hyperoside −2.894 0.173 44.847 −2.735 Yes No No
10 Coumarin −1.486 1.642 97.171 −1.911 Yes No No

2.9. Distribution, Metabolic, and Excretion Properties of Ligands

The transport of drugs from one region to another within the body was investigated.
In humans, the dispersion (VDss, defined as log L/kg) is one of the four ADMET properties;
the others are the fraction unbound in humans (Fu), the permeability of the blood–brain
barrier (BBB) expressed as log BB, and the permeability of the central nervous system
expressed as log PS. The VDSS values of all ligands were low, while the Fu values of all
ligands were positive. The BBB permeability values of all ligands were in the range of
−1. The log PS values of emodin 8-o-b glucoside, polydatin, citreorosein, quercetin, and
hyperoside were less than -3, while for the other ligands this value was greater than −3
(Supplementary Table S1). Cytochrome P450, also known as CYP1A2, CYP2C19, CYP2C9,
CYP2D6, and CYP3A4, is an essential cleaning enzyme present in the liver. The metabolic
properties of the ligands are presented in Supplementary Table S2. The kidneys are involved
in drug excretion through their important functions in glomerular filtration and biliary
excretion. Narcotics can also be eliminated through perspiration, saliva, and tears. Total
clearance represented as log (CL tot) in ml/min/kg is one model of excretion property, and
renal OCT2 substrate can predict outcomes as Yes/No (Supplementary Table S3).

2.10. Ligand Toxicity

The maximum tolerated dose (MRTD) determines the toxicity of a hazardous sub-
stance in an individual. This information aids in directing a treatment regimen’s ini-
tial indicated dosage in phase 1 clinical trials. The MRTD is represented logarithmi-
cally (log mg/kg/day). A chemical has a low MRTD if its value is less than or equal to
0.477 log (mg/kg/day) and a high MRTD if its value is greater than 0.477 log (mg/kg/day).
The maximum tolerated doses of juglone, resveratrol, quercetin, and hyperoside were high.
All ligands showed no hERGI or hERGII inhibition. Hepatotoxicity was shown only by
2-methoxy-6-acetyl-7methyljuglone, and no ligand showed skin sensitivity. No ligand
showed T. pyriformis activity less than −0.5 log µg/L. The minnow toxicity values of all
ligands were greater than 0.5 mM, which is considered safe (Supplementary Table S4).

https://biosig.lab.uq.edu.au/pkcsm/
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2.11. Lipinski Rule of Five

The Lipinski rule was applied to our analysis of different ligands from Reynoutria japonica,
as shown in Table 7.

Table 7. Applicability of Lipinski rule to ligands.

Ligands Logp Value Molecular
Weight

H-Bond
Acceptor H-Bond Donor

Juglone 1.3274 174.155 3 1
Emodin 1.88722 270.24 5 3
Emodin 8-o-b −1.1614 432.381 10 6
Polydatin 0.4469 390.388 8 6
Resveratrol 2.9738 228.247 3 3
Physcion 2.19022 284.267 5 2
Citreorosein 1.0711 286.239 6 4
Quercetin 1.988 302.238 7 5
Hyperoside −0.5389 464.379 12 8
Coumarin 1.793 146.145 2 0

Table 7 shows the molecular weights, logp values, and hydrogen bond acceptor
and donor values of the ligands from Reynoutria japonica. A compound is considered an
acceptable drug if it follows three or more rules, and is considered poorly absorbed if it
violates two or more rules. With the exception of hyperoside and coumarin, nearly all the
ligands followed the Lipinski rule of five.

2.12. Lead Compound Identification

Physiochemical and pharmacokinetic properties determine the final destiny of a
compound as a drug or nondrug. Emodin 8-o-b glucoside, polydatin, hyperoside, and
coumarin did not obey the Lipinski rule of five and so were removed in the primary
screening. Based on the binding score, ADMET properties, physiochemical properties, and
Lipinski rule of five, resveratrol was selected as the lead compound which could inhibit the
target proteins.

2.13. Comparative Investigation of Lead Compound vs. Penicillin

The comparison between penicillin and resveratrol helped us to identify a better
treatment for infectious diseases. The comparison was performed using different parame-
ters, including the ADMET properties and physiochemical properties of both compounds.
Penicillin was selected as a reference drug because of its repeated use and effectiveness
against bacterial infections. It is used to treat infections caused by Gram-positive bacteria,
especially staphylococcal and streptococcal infections. Due to its low oral absorption, it
is given intravenously or intramuscularly. Natural penicillin can be used as a first- or
second-line antibiotic against Gram-positive bacteria. Patterns of resistance, susceptibility,
and treatment options differ by region reference. ADMET properties include values re-
garding to drug absorption, distribution, metabolism, excretion, and toxicity. These values
helped us to determine the drugs’ activity and efficiency.

2.14. Comparison of Absorption Properties

The absorption properties of penicillin and resveratrol were compared (Table 8).

Table 8. Comparison of absorption properties.

S. No Compound
Name

Water Solubility
(mol/L)

CaCO2
Permeability
(cm/S)

Intestinal
Absorption
(Human) %

Skin
Permeability
Log/Kp

P-Glycoprotein
Substrate

P-Glycoprotein
Inhibitor

P-Glycoprotein
II Inhibitor

1 Penicillin −2.199 0.293 58.344 −2.735 Yes No No
2 Resveratrol −3.233 1.196 87.933 −2.748 No No No
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The water solubility, skin permeability, and intestinal absorption values of resveratrol
were higher than those of penicillin.

2.15. Comparison of Distribution Properties

The distribution properties of penicillin and resveratrol were compared (Table 9).

Table 9. Comparison of distribution properties.

S. No Compound Name VDss (Human) (L/kg) Fraction Unbound
(Human) (Fu)

BBB Permeability
(Human) (Log BB)

CNS Permeability
(Log PS)

1 Penicillin −1.681 0.32 −0.741 −2.936
2 Resveratrol 0.022 0.089 −0.152 −2.113

The distribution properties of the bioactive compound resveratrol were better than
those of the drug penicillin.

2.16. Comparison of Metabolic Properties

The metabolic properties of penicillin and resveratrol were compared (Table 10).

Table 10. Comparison of metabolic properties.

Compound Name CYP-2D6
Substrate

CYP-3A4
Substrate

CYP-2D6
Inhibitor

CYP-2619
Inhibitor CYP-269 Inhibitor

Penicillin No Yes No No No
Resveratrol No Yes Yes No No

The CYP-3A4 substrate was found in both resveratrol and penicillin, but the CYP1A2
inhibitor was present only in resveratrol, which may help in the metabolism of the drug.

2.17. Comparison of Excretion Properties

The excretion properties of penicillin and resveratrol were compared (Table 11).

Table 11. Comparison of excretion properties.

S. No Compound Name Total Clearance (mL/Kg) Renal OCT2 Substrate

1 Penicillin 0.02 No
2 Resveratrol 0.094 No

The total clearance value of resveratrol in the body was greater than that of penicillin,
indicating superior excretion of the drug from the body.

2.18. Comparison of Toxicity

The toxicity parameters of penicillin and resveratrol were compared. The maximum
tolerated dose was 1.284 for penicillin and 0.561 for resveratrol, and the oral acute toxicity
rate of resveratrol was greater than that of penicillin (Table 12).
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Table 12. Toxicity comparison.

S. No Toxicity Parameters Penicillin Resveratrol

1 Max tolerated dose (human) (mg/kg) 1.284 0.561
2 hERGI inhibitor No No
3 hERGII inhibitor No No
4 Oral rat acute toxicity (mol/kg) 2.04 2.216
5 Oral rat chronic toxicity (mg/kg) 2.63 1.761
6 Hepatoxicity (log µg/L) Yes No
7 Skin sensitization No No
8 T. pyriformis activity (log µg/L) 0.285 0.982
9 Minnow toxicity (log mM) 2.255 1.367

2.19. Lipinski Rule of Five

Penicillin and resveratrol were compared in terms of the Lipinski rule of five (Table 13).

Table 13. Penicillin and resveratrol: Lipinski rule of five.

S. No Compound Name Logp Value Molecular Weight H-Bond Acceptor H-Bond Donor

1 Penicillin 0.8608 334.397 g/mol 4 2
2 Resveratrol 2.9738 228.247 g/mol 3 3

It was found that resveratrol showed better results than penicillin in terms of logp
value and hydrogen bond donors and acceptors.

2.20. Docking Score Comparison

The lead compound, resveratrol, showed a higher Vina score than the standard drug
penicillin (Table 14).

Table 14. Comparison of docking results.

S. No Compound Name Binding Score Cavity Size Grid Map Minimum Energy
(Kcal/mol)

Maximum Energy
(Kcal/mol)

1 Penicillin −6.7 86 23 0.00 1.6 × 100

2 Resveratrol −8.9 1857 34 0.00 1.6 × 100

The above results suggest that the ADMET properties and docking score of resveratrol
are better than those of penicillin, so resveratrol can be used as an antibacterial compound
in future therapeutic applications.

2.21. Molecular Dynamic Simulations

To better characterize the enzyme–inhibitor complexes, MD simulations were used.
These simulations emphasize residues’ binding affinities and display the dynamic behavior
of proteins. The inhibitor molecules emodin 8-o-b glucoside, hyperoside, penicillin, and
resveratrol in complexes were investigated using molecular dynamic simulation over a
time frame of 100 ns. To unravel a molecule’s functional variability, a comprehensive
understanding of its structure is needed. The simulation trajectories were first evaluated
using the root mean square deviation (RMSD) based on all the carbon alpha atoms of the
complexes. As can be seen in Figure 5, all the systems displayed stable dynamics except that
of penicillin. No major deviations were reported, which indicates that the intermolecular
interactions between the biomolecules and ligands were quite stable, as shown in Figure 6.
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The average RMSD value for the docked complexes, i.e., resveratrol, emodin 8-o-b
glucoside, and hyperoside, was 1 Å, with maximum peaks of 1.67 Å, 1.3 Å, and 1.24 Å,
respectively (Figure 5). The ligands were well positioned inside the binding regions with a
slight to and fro motion (Figure 5). Meanwhile, the penicillin system gained some stability
towards the end of the simulation but showed deviations greater than 3 Å.

To assess the structural compactness as a time function for the 100 ns simulations of the
protein–ligand complexes, the radius of gyration was determined. Similar findings were
revealed throughout the simulation time frame, showing a stable environment across the
whole run with a mean square value of ≥20 Å. The analysis showed that the systems main-
tained a compact nature throughout the simulation period and no major conformational
changes were noted. The radius of gyration plots for the systems can be seen in Figure 7.
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Root mean square fluctuation (RMSF) analysis was carried out to obtain informa-
tion on residue level flexibility and stability. The average RMSF values of emodin 8-o-b
glucoside, penicillin, resveratrol, and hypersoide were 1.1 Å, 1.6 Å, 1.8 Å, and 1.2 Å,
respectively (Figure 8).
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3. Discussion

In recent years, bacteria have become more resistant to various treatments, includ-
ing by adopting new survival strategies and modifying their motility, virulence, and
pathogenicity patterns. The main contributing factor to bacterial antibiotic resistance
is the repeated misuse of antibiotics, which, along with other environmental factors, is
creating multidrug-resistant pathogens and presenting serious challenges for infection
management [2]. The failure of antibiotics has forced researchers to search for alterna-
tive approaches and novel ways to tackle resistance. As a result, a new research focus
is the disruption of bacterial communication channels so that pathogenic and virulent
traits cannot be transferred [25]. Bacterial communication is density-dependent and uses
signals known as quorum sensing [26]. Scientists are currently attempting to find ways to
disrupt this signaling mechanism. This new strategy of suppression of quorum sensing is
called quorum quenching, which can be achieved at the level of signal production, signal
reception, or signal transduction [27]. The current investigation aimed to use compu-
tational methods to discover a novel, nontoxic, and natural antibacterial compound for
the treatment of infectious diseases that could be used in the near future as an efficient
drug. The medicinal plant used in this study was Japanese knotweed, Reynoutria japonica.
This plant was selected because it has been shown to have exceptional antipathogenic
activities against several diseases [10]. It contains approximately 92 phytochemicals from
the quinone, flavonoid, stilbene, coumarin, and lignin families that have been employed
for centuries in over 100 Chinese medicinal treatments for a variety of ailments [28,29].
Keeping in mind this therapeutic potential, data-mining studies were performed and the
10 best ligands were selected. The target proteins of Staphylococcus aureus were selected
based on their infectious properties: accessory gene regulator protein A, accessory gene
regulator protein B, accessory gene regulator protein C, and the signal transduction protein
TRAP [30]. These proteins were investigated for their physiochemical properties, domain
identification, and binding pockets using different algorithms. The FASTA sequences of
these proteins were retrieved from UniProt and the 3D structures were retrieved from
Alphafold. Ligands were prepared and filtered for their drug-like properties. This was
followed by application of a molecular docking protocol to check the binding affinities
that led to the formation of hydrogen bonds and other linkages, including hydrophobic
interactions. After detailed analysis of the ADMET properties and docking scores, the four
best-scoring compounds, i.e., 2-methoxy-6-acetyl-7-methyljuglone, emodin, resveratrol
and physcion, were identified as hit molecules. Resveratrol was identified as the lead
compound based on its binding affinity to accessory gene regulator protein C. According to
the literature, resveratrol is a naturally occurring polyphenolic antioxidant that belongs to
the stilbene family [13]. It can suppress bacterial and fungal growth, modify the expression
of virulence factors, diminish biofilm formation, and impact the sensitivity of bacteria
to several classes of conventional antibiotics. It increases the effectiveness of aminogly-
cosides against a variety of Gram-positive bacteria [31]. Many health benefits, including
antioxidant, anti-inflammatory, and immunomodulatory effects, and improvements in the
symptoms of cancer, liver diseases, diabetes, obesity, Alzheimer’s disease, and Parkin-
son’s disease, are also associated with resveratrol [32]. More research is needed to explore
its exact mechanisms of action, as well as its impact on the human body and any safety
concerns. The current research was based on the novel approach of targeting the quorum-
sensing system. The Agr locus, which regulates a wide range of virulence determinants
in addition to metabolic genes, is primarily responsible for quorum-sensing regulation
in Staphylococcus aureus. Agr has a major influence on several forms of staphylococcal
illness. Agr typically promotes pathogenesis in acute diseases by boosting the production
of aggressive virulence factors such as toxins and degradative exoenzymes [33]. In contrast,
Agr plays a more complex function during chronic infections, as mutations in Agr result in
greater biofilm formation but lower ability to disperse, and are associated with improved
patient outcomes in persistent bacteremia [34,35]. In the case of the Agr quorum-sensing
system, accessory gene regulators B and D are involved in the production of autoinducer
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peptides. Accessory gene regulator C receives signals when these peptides reach a threshold
concentration, while accessory gene regulator A acts as transducer and upregulates viru-
lence and biofilm-forming factors. If resveratrol can act as a quorum quencher by binding
with AgrB and -D and altering their structures, then these defective proteins will not be able
to produce signals and communication will be disturbed. If quenching is to be done at level
of signal reception, then the target protein will be AgrC and changes in its structure will
make it unreceptive to signals. The third alternative involves changing AgrA, which will
decrease the control of enterotoxins, alpha-toxins, leucocidins, degradative exoenzymes,
and phenol-soluble modulins which interact with virulence and pathogenicity-producing
factors [36]. Variations in the sequences of AgrB, AgrC, and AgrD result in the creation of
AIPs with varying signaling specificities, allowing for self-activation and cross-inhibition
of nonself Agr groups [37]. The inhibitor molecules were evaluated after docking using
molecular dynamic simulations. The simulations highlighted the binding affinities of the
residues and demonstrated the dynamic behaviors of the proteins. In the form of complexes,
the inhibitor chemicals emodin 8-o-b glucoside, hyperoside, penicillin, and resveratrol were
studied using molecular dynamic simulations over a period of 100 ns. The ligand location
was enhanced by a slight to and fro motion within the binding area (Figure 5). For the
100 ns simulations of the protein–ligand complex systems, the radius values of gyration
were calculated to determine structural compactness. Comparable data were displayed
throughout the simulation time frame, showing a real-time environment throughout the
course of the experiment. During the simulation, systems remained compact, with no
substantial conformational changes observed. The radius of gyration maps of the systems
may be examined in Figure 7. This was followed by RMSF analysis, which showed the
flexibility and stability of the residues. It was inferred that all the inhibitors displayed
some structural conformation changes, but the ligands inside the cavity remained stable
throughout the simulation time period. Thus, these computational approaches can enhance
the ability of researchers to authenticate the therapeutic and prophylactic effects of these
drugs during in vitro and in vivo studies.

4. Materials and Methods
4.1. Ligand Preparation and Selection

Ten different ligands extracted previously from Reynoutria japonica were selected based
on molecular docking studies for investigation of their anti-quorum-sensing potential
against MRSA, as shown in Table 1. These chemical compounds were retrieved from the
PubChem database accessed on 5 October 2022 and were minimized using Chem Draw
version 12.02 by applying an MMFF94 force field [38,39]. This was followed by the use of
UCSF Chimera 1.14, via which compounds were again minimized using 500 steps of the
steepest descent algorithm and 500 steps of the conjugate gradient to remove the rigidness
and addition of hydrogens [40,41].

4.2. Bioactivity Analysis of Ligands and Toxicity Measurement

The potential success of a compound depends on its ADMET properties and the
Lipinski rule of five. Swiss ADME accessed on 8 October 2022was applied to filtered
out the best molecules according to the properties of drug-likeness and lead-likeness [42].
The drug-likeness rules used included the Lipinski rule of five (MW ≤ 500, HBA ≤ 10,
MLogP ≤ 4.15, HBD ≤ 5, TPSA 40–130 Å2), Veber filter (rotatable bonds ≤ 10, TPSA ≤ 140),
Ghose filter (LogP ≥ 0.4–≤ 5.6, MW ≥ 160–≤ 480, atoms ≥ 20–≤ 70, MR ≥ 40–≤ 130), Egan
rule (WLogP ≤ 5.88, TPSA ≤ 131.6), and Muegge rule (TPSA ≤ 150, number of rings ≤ 7,
number of carbons > 4, number of heteratoms > 1, HBA ≤ 10, MW ≥ 200–≤ 600, number of
rotatable bonds ≤ 15, HBD ≤ 5, XLogP ≥ −2–≤ 5). Drug-like compounds were scrutinized
further based on filtering of lead-likeness (250 ≤ MW ≤ 350, XLOGP ≤ 3.5, and rotatable
bonds ≤ 7) [43]. The resultant set of inhibitors were then minimized using an MMFF94
force field in Chem Draw version 12.02 [22].
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4.3. Target Protein Selection and Primary Sequence Retrieval

The functional roles of the proteins, catalytic needs for enzymatic activity, and ac-
tive isoforms’ dependence on cofactors, subunit structure, and related post-translational
changes were all retrieved from UNIPROTKB accessed on 10 October 2022 and the Protein
Database (PDB) accessed on 10 October 2022 [44,45]. Additionally, the selected potential
targets’ structural features were investigated to determine the accessibility of their experi-
mental structures. The target proteins, which were selected on basis of their virulence and
pathogenicity factors, were accessory gene regulator proteins A, B, and C and TRAP [46].
The primary sequences of the target proteins AgrA, AgrB, AgrC, and TRAP were retrieved
in FASTA format from the protein sequence database UniProt (http://www.uniprot.org/
accessed on 10 October 2022), along with information about accession number and residue
lengths [45]. Prior to docking, protein structures were prepared using the dock prep method
in UCSF Chimera 1.14 [41]. The target proteins were then put through energy reduction
to enhance their quality. Chimera, a potent visualization tool from UCSF, was employed
to analyze the structures and reduce energy consumption [41]. Under the ff03.rl force
field, 1500 rounds of a minimization run (750 steepest descent followed by 750 conjugate
gradient) with a step size of 0.02 were used to assign Gasteiger charges to proteins and
eliminate structural restrictions [47]. A validation technique was used to assess the protein
minimization before the structures were applied in the docking investigations [48].

4.4. Physiochemical Properties and 3D Structures of Proteins

ProtParam (https://web.expasy.org/protparam/ accessed on 10 October 2022) was
used to predict the properties of AgrA, AgrB, AgrC, and TRAP. The number of posi-
tively charged residues (Arg+Lys) and negative charged residues (Asp+Glu), theoretical pI,
molecular weight, ext coefficient (Cys included), ext coefficient (Cys not included), insta-
bility index, aliphatic index, and grand average of hydrophobicity were computed using
ProtParam [49]. The 3D structures were retrieved from PDB (https://www.rcsb.org/ ac-
cessed on 10 October 2022). I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-TASSER/
accessed on 10 October 2022) was used as an alternative for some structures that were
not available on PDB. Alphafold (https://alphafold.com/ accessed on 10 October 2022),
an authentic protein structure database, was also used for the prediction of proteins’ 3D
structures [50].

4.5. Structure Analysis and Functional Domain Identification

PyMOL (https://pymol.org/ accessed on 20 October 2022) is a cross-platform molec-
ular graphics tool that has been used worldwide for the three-dimensional analysis and
visualization of many proteins and small molecules. After downloading the protein struc-
tures, the extra constituents attached to the proteins were removed using the open-source
PyMOL system [19]. Interpro (http://www.interpro.com/ accessed on 25 October 2022),
an online database, was used to identify the functional domains of the target proteins AgrA,
AgrB, AgrC, and TRAP [51].

4.6. Active Site Identification

A ligand shows the maximum or highest interaction with the active site of its target
protein. Amino acids are highly involved in the formation of ligand–protein complexes.
Protein binding pockets were identified using CASTp software (http://sts.bioe.uic.edu/
castp/ accessed on 5 November 2022) [52].

4.7. Molecular Docking of Targeted Proteins

The docking process was carried out using the minimized proteins along with the
minimized ligand molecules. AutoDock Vina 4.2 [53] was used for the evaluation of
docking and binding affinities. The best ligands were characterized on the basis of their
binding affinities. To visualize the docked protein complexes and to understand in detail
the interactions that contributed to the binding of ligands, Visual Molecular Dynamics
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(VMD) v1.93 [54], LIGPLOT [24], UCSF Chimera 1.16 [41], and Discovery Studio (DS)
Visualizer 3.5 were used.

AutoDock Vina (accessed on 11 November 2022) is a docking program which docks a
partial flexible ligand to a partial flexible protein. It implements a genetic algorithm and
shows approximately 71% success in identifying docked ligand binding modes, the same
as experimental identification [55]. The current study used an AutoDock Vina function
which describes van der Waals interactions and hydrogen bonding in terms of energies.

4.8. Lead Compound Identification

After a detailed analysis of the physiochemical and pharmacokinetic properties of
the proteins and ligands and the docking score comparison, the most active inhibitor was
identified. The selected compound was the lead compound.

4.9. Reference Antibacterial Drug Identification and Selection

This step was performed for the identification of drugs that are used for the treat-
ment of bacterial diseases. The Drug Bank (https://go.drugbank.com/ accessed on
25 December 2022) database was used for drug identification because it allowed us to
analyze the drugs in detail along with their pathways [56].

4.10. Prediction of Different Parameters of Selected Drugs

The selected medications were filtered to identify the most efficient drug. This was
done through a detailed study of the identified drugs and the most effective drug was
identified using set parameters, i.e., physiochemical properties, effective ADMET proper-
ties, and mechanism of action and minimal side effects, which were determined using the
PubChem, Drug Bank, and pkCSM databases, respectively. The identified drug was then
docked with the target proteins to identify its inhibition efficiency.

4.11. Reference Drug and Lead Compound Comparison

The comparison between the reference antibacterial drug and the proposed lead com-
pound was done by comparing docking scores and physiochemical and ADMET properties.

4.12. Molecular Dynamic Simulations

For structural analysis, MD simulations of the docked complexes were run for cer-
tain time periods using the AMBER program [57]. The Antechamber tleap interface
was applied during system preparation and the preprocessing phase. The general AM-
BER force field (GAFF) [58] was applied for ligands, while the ff14SB force field was
applied for the enzymes [59]. Using the LEaP module [60], the topologies of the en-
zymes and their inhibitors were recorded. To make each system electrostatically neutral,
eight or nine Na + ions were added to the complexes as appropriate. Each system was in-
serted into the water molecule TIP3P box. This cubic box was employed in the simulations
due to its geometric simplicity. The steepest descent approach was used for 1500 steps,
followed by application of the conjugate gradient method for 1000 steps to minimize energy
use. Each system was heated for 10 ps at a steady 300 K temperature and constant volume
(canonical ensemble). Each system was then brought into equilibrium for 100 ps using
Langevin’s thermostat and periodic boundary conditions with constant pressure. Explicit
solvent models were used to execute the production runs for 10 ns for all systems in an
isothermal–isobaric ensemble (T = 300 K; p = 1 atm). Periodic boundary conditions (PBCs)
and the particle-mesh Ewald (PME) technique [61] were utilized to describe the long-range
electrostatic effects, and a weak coupling algorithm was employed to relate the temperature
to an external bath. Using the SHAKE method [34], the bond lengths, including of hydrogen
bonds, were restricted. The Langevin coupling integration approach was used to maintain
a consistent temperature. Newton’s equations were solved with a time step of 2 fs, and for
the subsequent investigation, trajectory data were gathered every 1 ps. All MD trajectory

https://go.drugbank.com/
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studies were conducted using the Ptraj module of AmberTools 20, and visual inspection
was done using VMD software v1.93.

5. Conclusions

The study confirmed that resveratrol had the best quenching abilities against the stud-
ied target proteins of Staphylococcus aureus. Continued observations and fundamental re-
search on bacterial pathogenicity and intercellular signaling will aid in the creation of novel
and effective treatments [49]. In pathogenic interactions, there will almost certainly be an on-
going conflict between microorganisms and their hosts. Because the anti-quorum-sensing
tactics developed thus far have not yet been tested in large-scale clinical trials, it is difficult
to evaluate their maximum potential and limitations at this point. However, we need
to broaden our antimicrobial targets and approaches, and interference with intercellular
signaling appears to be a viable and promising option for drug development. Medical stud-
ies are obviously required before more quorum-quenching-related products can become
commercially available.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28062635/s1, Table S1: Distribution properties of ligands;
Table S2: Metabolic properties of ligands, Table S3: Excretory properties of ligands, Table S4: Toxicity
of ligands.

Author Contributions: Conceptualization, W.S.; methodology section, M.F. (Maliha Fatima); software
usage, M.F. (Muhammad Faheem) and F.A.; validation of the data, M.F. (Muhammad Faheem), W.S.
and F.A.; formal analysis, A.k.K. and S.A.; investigation, A.A., M.A., M.F. (Maliha Fatima), and
M.F. (Muhammad Faheem); resources, S.I.; data curation, M.A., F.H. and S.I.; writ-ing—original
draft preparation, M.F. (Maliha Fatima); writing—review and editing, F.A.; visuali-zation, A.k.K.;
supervision, W.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NUMS Institutional Research Fund, grant number 21001. The
authors also express their gratitude to the Researchers Supporting Project number (RSP2023R462):
King Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The text and its supporting information files contain all pertinent data.

Acknowledgments: The authors express their gratitude to the Researchers Supporting Project num-
ber (RSP2023R462): King Saud University, Riyadh, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References
1. Mali, S.N.; Thorat, B.R.; Gupta, D.R.; Pandey, A. Mini-Review of the Importance of Hydrazides and Their Derivatives—Synthesis

and Biological Activity. Eng. Proc. 2021, 11, 21. [CrossRef]
2. Appelbaum, P.C. Microbiology of Antibiotic Resistance in Staphylococcus aureus. Clin. Infect. Dis. 2007, 45, 323–334. [CrossRef]
3. Dong, Y.H.; Wang, L.H.; Zhang, L.H. Quorum-Quenching Microbial Infections: Mechanisms and Implications. Philos. Trans. R.

Soc. B Biol. Sci. 2007, 362, 1201–1211. [CrossRef] [PubMed]
4. Atkinson, S.; Williams, P. Quorum Sensing and Social Networking in the Microbial World. J. R. Soc. Interface 2009, 6, 959–978.

[CrossRef] [PubMed]
5. Romero, M.; Acuña, L.; Otero, A. Patents on Quorum Quenching: Interfering with Bacterial Communication as a Strategy to

Fight Infections. Recent Pat. Biotechnol. 2012, 6, 2–12. [CrossRef] [PubMed]
6. Painter, K.L.; Krishna, A.; Wigneshweraraj, S.; Edwards, A.M. What Role Does the Quorum-Sensing Accessory Gene Regulator

System Play during Staphylococcus aureus Bacteremia? Trends Microbiol. 2014, 22, 676–685. [CrossRef]
7. Bhakdi, S.; Tranum-Jensen, J. Alpha-Toxin of Staphylococcus aureus. Microbiol. Rev. 1991, 55, 733–751. [CrossRef] [PubMed]
8. Novick, R.P. Autoinduction and Signal Transduction in the Regulation of Staphylococcal Virulence. Mol. Microbiol. 2003,

48, 1429–1449. [CrossRef]
9. Junecko, J.M. Transcribing Virulence in Staphylococcus aureus. World J. Clin. Infect. Dis. 2012, 2, 63. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules28062635/s1
https://www.mdpi.com/article/10.3390/molecules28062635/s1
http://doi.org/10.3390/ASEC2021-11157
http://doi.org/10.1086/519474
http://doi.org/10.1098/rstb.2007.2045
http://www.ncbi.nlm.nih.gov/pubmed/17360274
http://doi.org/10.1098/rsif.2009.0203
http://www.ncbi.nlm.nih.gov/pubmed/19674996
http://doi.org/10.2174/187220812799789208
http://www.ncbi.nlm.nih.gov/pubmed/22420877
http://doi.org/10.1016/j.tim.2014.09.002
http://doi.org/10.1128/mr.55.4.733-751.1991
http://www.ncbi.nlm.nih.gov/pubmed/1779933
http://doi.org/10.1046/j.1365-2958.2003.03526.x
http://doi.org/10.5495/wjcid.v2.i4.63


Molecules 2023, 28, 2635 26 of 27

10. Kalia, V.C. Quorum Sensing Inhibitors: An Overview. Biotechnol. Adv. 2013, 31, 224–245. [CrossRef]
11. Ganesh, P.S.; Veena, K.; Senthil, R.; Iswamy, K.; Ponmalar, E.M.; Mariappan, V.; Girija, A.S.S.; Vadivelu, J.; Nagarajan, S.;

Challabathula, D.; et al. Biofilm-Associated Agr and Sar Quorum Sensing Systems of Staphylococcus aureus Are Inhibited by
3-Hydroxybenzoic Acid Derived from Illicium Verum. ACS Omega 2022, 7, 14653–14665. [CrossRef]

12. Peng, W.; Qin, R.; Li, X.; Zhou, H. Botany, Phytochemistry, Pharmacology, and Potential Application of Polygonum Cuspidatum
Sieb.et Zucc.: A Review. J. Ethnopharmacol. 2013, 148, 729–745. [CrossRef] [PubMed]

13. Niesen, D.B.; Hessler, C.; Seeram, N.P. Beyond Resveratrol: A Review of Natural Stilbenoids Identified from 2009–2013. J. Berry
Res. 2013, 3, 181–196. [CrossRef]

14. Abedini, E.; Khodadadi, E.; Zeinalzadeh, E.; Moaddab, S.R.; Asgharzadeh, M.; Mehramouz, B.; Dao, S.; Samadi Kafil, H. A
Comprehensive Study on the Antimicrobial Properties of Resveratrol as an Alternative Therapy. Evid. Based Complement. Altern.
Med. 2021, 2021, 8866311. [CrossRef]

15. Jarraud, S.; Mougel, C.; Thioulouse, J.; Lina, G.; Meugnier, H.; Forey, F.; Nesme, X.; Etienne, J.; Vandenesch, F. Relationships
between Staphylococcus aureus Genetic Background, Virulence Factors, Agr Groups (Alleles), and Human Disease. Infect. Immun.
2002, 70, 631–641. [CrossRef] [PubMed]

16. Wang, B.; Muir, T.W. Regulation of Virulence in Staphylococcus aureus: Molecular Mechanisms and Remaining Puzzles. Cell Chem.
Biol. 2016, 23, 214–224. [CrossRef]

17. Heaslet, H.; Harris, M.; Fahnoe, K.; Sarver, R.; Putz, H.; Chang, J.; Subramanyam, C.; Barreiro, G.; Miller, J.R. Structural
Comparison of Chromosomal and Exogenous Dihydrofolate Reductase from Staphylococcus aureus in Complex with the Potent
Inhibitor Trimethoprim. Proteins Struct. Funct. Bioinform. 2009, 76, 706–717. [CrossRef] [PubMed]

18. Hooft, R.W.W.; Sander, C.; Vriend, G. Objectively Judging the Quality of a Protein Structure from a Ramachandran Plot.
Bioinformatics 1997, 13, 425–430. [CrossRef] [PubMed]

19. Sladek, V.; Yamamoto, Y.; Harada, R.; Shoji, M.; Shigeta, Y.; Sladek, V. PyProGA-A PyMOL Plugin for Protein Residue Network
Analysis. PLoS ONE 2021, 16, e0255167. [CrossRef] [PubMed]

20. Kuyper, L.F.; Baccanari, D.P.; Jones, M.L.; Hunter, R.N.; Tansik, R.L.; Joyner, S.S.; Boytos, C.M.; Rudolph, S.K.; Knick, V.; Wilson,
H.R.; et al. High-Affinity Inhibitors of Dihydrofolate Reductase: Antimicrobial and Anticancer Activities of 7,8-Dialkyl-1,3-
Diaminopyrrolo[3,2-f]Quinazolines with Small Molecular Size. J. Med. Chem. 1996, 39, 892–903. [CrossRef] [PubMed]

21. Zhang, L.; Ji, G. Identification of a Staphylococcal AgrB Segment(s) Responsible for Group-Specific Processing of AgrD by Gene
Swapping. J. Bacteriol. 2004, 186, 6706–6713. [CrossRef] [PubMed]

22. Cousins, K.R. Computer Review of ChemDraw Ultra 12.0; ACS Publications: Washington, DC, USA, 2011. [CrossRef]
23. Kshatriya, R.; Shelke, P.; Mali, S.; Yashwantrao, G.; Pratap, A.; Saha, S. Synthesis and Evaluation of Anticancer Activity of

Pyrazolone Appended Triarylmethanes (TRAMs). ChemistrySelect 2021, 6, 6230–6239. [CrossRef]
24. Wallace, A.C.; Laskowski, R.A.; Thornton, J.M. LIGPLOT: A Program to Generate Schematic Diagrams of Protein-Ligand

Interactions. Protein Eng. Des. Sel. 1995, 8, 127–134. [CrossRef] [PubMed]
25. Desale, V.J.; Mali, S.N.; Thorat, B.R.; Yamgar, R.S. Synthesis, AdmetSAR Predictions, DPPH Radical Scavenging Activity, and

Potent Anti-Mycobacterial Studies of Hydrazones of Substituted 4-(Anilino Methyl) Benzohydrazides (Part 2). Curr. Comput.
Aided Drug Des. 2021, 17, 493–503. [CrossRef]

26. Fuqua, W.C.; Winans, S.C.; Greenberg, E.P. Quorum Sensing in Bacteria: The LuxR-LuxI Family of Cell Density- Responsive
Transcriptional Regulators. J. Bacteriol. 1994, 176, 269–275. [CrossRef]

27. Fleitas Martínez, O.; Rigueiras, P.O.; Pires, Á.D.S.; Porto, W.F.; Silva, O.N.; de la Fuente-Nunez, C.; Franco, O.L. Interference with
Quorum-Sensing Signal Biosynthesis as a Promising Therapeutic Strategy Against Multidrug-Resistant Pathogens. Front. Cell.
Infect. Microbiol. 2019, 8, 444. [CrossRef] [PubMed]

28. Khalil, A.A.K.; Akter, K.M.; Kim, H.J.; Park, W.S.; Kang, D.M.; Koo, K.A.; Ahn, M.J. Comparative Inner Morphological and
Chemical Studies on Reynoutria Species in Korea. Plants 2020, 9, 222. [CrossRef] [PubMed]

29. Tandon, V.K.; Singh, R.V.; Yadav, D.B. Synthesis and Evaluation of Novel 1,4-Naphthoquinone Derivatives as Antiviral, Antifungal
and Anticancer Agents. Bioorg. Med. Chem. Lett. 2004, 14, 2901–2904. [CrossRef] [PubMed]

30. Bradford, C. The Use of Commercially Available Alpha-Amylase Compounds to Inhibit and Remove Staphylococcus aureus
Biofilms. Open Microbiol. J. 2011, 5, 21–31. [CrossRef]

31. Neves, R.A.; Lucio, M.; Lima, L.C.J.; Reis, S. Resveratrol in Medicinal Chemistry: A Critical Review of Its Pharmacokinetics,
Drug-Delivery, and Membrane Interactions. Curr. Med. Chem. 2012, 19, 1663–1681. [CrossRef]

32. Smoliga, J.M.; Baur, J.A.; Hausenblas, H.A. Resveratrol and Health—A Comprehensive Review of Human Clinical Trials. Mol.
Nutr. Food Res. 2011, 55, 1129–1141. [CrossRef]

33. Janzon, L.; Arvidson, S. The Role of the δ-Lysin Gene (Hld) in the Regulation of Virulence Genes by the Accessory Gene Regulator
(Agr) in Staphylococcus aureus. EMBO J. 1990, 9, 1391–1399. [CrossRef] [PubMed]

34. Tegmark, K.; Morfeldt, E.; Arvidson, S. Regulation of Agr-Dependent Virulence Genes in Staphylococcus aureus by RNAIII from
Coagulase-Negative Staphylococci. J. Bacteriol. 1998, 180, 3181–3186. [CrossRef] [PubMed]

35. Miller, M.B.; Bassler, B.L. Quorum Sensing in Bacteria. Annu. Rev. Microbiol. 2001, 55, 165–199. [CrossRef]
36. Ji, G.; Beavis, R.; Novick, R.P. Bacterial Interference Caused by Autoinducing Peptide Variants. Science 1997, 276, 2027–2030.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.biotechadv.2012.10.004
http://doi.org/10.1021/acsomega.1c07178
http://doi.org/10.1016/j.jep.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23707210
http://doi.org/10.3233/JBR-130062
http://doi.org/10.1155/2021/8866311
http://doi.org/10.1128/IAI.70.2.631-641.2002
http://www.ncbi.nlm.nih.gov/pubmed/11796592
http://doi.org/10.1016/j.chembiol.2016.01.004
http://doi.org/10.1002/prot.22383
http://www.ncbi.nlm.nih.gov/pubmed/19280600
http://doi.org/10.1093/bioinformatics/13.4.425
http://www.ncbi.nlm.nih.gov/pubmed/9283757
http://doi.org/10.1371/journal.pone.0255167
http://www.ncbi.nlm.nih.gov/pubmed/34329304
http://doi.org/10.1021/jm9505122
http://www.ncbi.nlm.nih.gov/pubmed/8632413
http://doi.org/10.1128/JB.186.20.6706-6713.2004
http://www.ncbi.nlm.nih.gov/pubmed/15466021
http://doi.org/10.1021/ja204075s
http://doi.org/10.1002/slct.202101083
http://doi.org/10.1093/protein/8.2.127
http://www.ncbi.nlm.nih.gov/pubmed/7630882
http://doi.org/10.2174/1573409916666200615141047
http://doi.org/10.1128/jb.176.2.269-275.1994
http://doi.org/10.3389/fcimb.2018.00444
http://www.ncbi.nlm.nih.gov/pubmed/30805311
http://doi.org/10.3390/plants9020222
http://www.ncbi.nlm.nih.gov/pubmed/32050420
http://doi.org/10.1016/j.bmcl.2004.03.047
http://www.ncbi.nlm.nih.gov/pubmed/15125956
http://doi.org/10.2174/1874285801105010021
http://doi.org/10.2174/092986712799945085
http://doi.org/10.1002/mnfr.201100143
http://doi.org/10.1002/j.1460-2075.1990.tb08254.x
http://www.ncbi.nlm.nih.gov/pubmed/2328718
http://doi.org/10.1128/JB.180.12.3181-3186.1998
http://www.ncbi.nlm.nih.gov/pubmed/9620969
http://doi.org/10.1146/annurev.micro.55.1.165
http://doi.org/10.1126/science.276.5321.2027
http://www.ncbi.nlm.nih.gov/pubmed/9197262


Molecules 2023, 28, 2635 27 of 27

37. Dunman, P.M.; Murphy, E.; Haney, S.; Palacios, D.; Tucker-Kellogg, G.; Wu, S.; Brown, E.L.; Zagursky, R.J.; Shlaes, D.; Projan, S.J.
Transcription Profiling-Based Identification of Staphylococcus aureus Genes Regulated by the Agr and/or SarA Loci. J. Bacteriol.
2001, 183, 7341–7353. [CrossRef]

38. Butkiewicz, M.; Lowe, E.W.; Mueller, R.; Mendenhall, J.L.; Teixeira, P.L.; Weaver, C.D.; Meiler, J. Benchmarking Ligand-Based
Virtual High-Throughput Screening with the Pubchem Database. Molecules 2013, 18, 735–756. [CrossRef]

39. Mali, S.N.; Pandey, A.; Thorat, B.R.; Lai, C.-H. Greener Synthesis, In-silico and Theoretical Analysis of Hydrazides as Potential
Antituberculosis Agents (Part 1). Chem. Proc. 2021, 8, 86. [CrossRef]

40. Shelley, J.C.; Cholleti, A.; Frye, L.L.; Greenwood, J.R.; Timlin, M.R.; Uchimaya, M. Epik: A Software Program for PK(a) Prediction
and Protonation State Generation for Drug-like Molecules. J. Comput. Aided Mol. Des. 2007, 21, 681–691. [CrossRef]

41. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A Visualiza-
tion System for Exploratory Research and Analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef]

42. Daina, A.; Michielin, O.; Zoete, V. SwissADME: A Free Web Tool to Evaluate Pharmacokinetics, Drug-Likeness and Medicinal
Chemistry Friendliness of Small Molecules. Sci. Rep. 2017, 7, 42717. [CrossRef]

43. Lipinski, C.A. Lead- and Drug-like Compounds: The Rule-of-Five Revolution. Drug Discov. Today Technol. 2004, 1, 337–341.
[CrossRef] [PubMed]

44. Sussman, J.L.; Lin, D.; Jiang, J.; Manning, N.O.; Prilusky, J.; Ritter, O.; Abola, E.E. Protein Data Bank (PDB): Database of Three-
Dimensional Structural Information of Biological Macromolecules. Acta Crystallogr. Sect. D Biol. Crystallogr. 1998, 54, 1078–1084.
[CrossRef] [PubMed]

45. Bateman, A.; Martin, M.J.; O’Donovan, C.; Magrane, M.; Alpi, E.; Antunes, R.; Bely, B.; Bingley, M.; Bonilla, C.; Britto, R.; et al.
UniProt: The Universal Protein Knowledgebase. Nucleic Acids Res. 2017, 45, D158–D169. [CrossRef]

46. Vendeville, A.; Winzer, K.; Heurlier, K.; Tang, C.M.; Hardie, K.R. Making “sense” of Metabolism: Autoinducer-2, LuxS and
Pathogenic Bacteria. Nat. Rev. Microbiol. 2005, 3, 383–396. [CrossRef]

47. Kapale, S.S.; Mali, S.N.; Chaudhari, H.K. Molecular Modelling Studies for 4-Oxo-1,4-Dihydroquinoline-3-Carboxamide Deriva-
tives as Anticancer Agents. Med. Drug Discov. 2019, 2, 100008. [CrossRef]

48. Levitt, M.; Lifson, S. Refinement of Protein Conformations Using a Macromolecular Energy Minimization Procedure. J. Mol. Biol.
1969, 46, 269–279. [CrossRef]

49. Gill, S.C.; von Hippel, P.H. Calculation of Protein Extinction Coefficients from Amino Acid Sequence Data [Published Erratum
Appears in Anal Biochem 1990 Sep;189(2):283]. Anal. Biochem. 1989, 182, 319–326. [CrossRef]

50. King, A.D.; Pržulj, N.; Jurisica, I. Protein Complex Prediction with RNSC. Methods Mol. Biol. 2012, 804, 297–312. [CrossRef]
51. Mulder, N.J.; Apweiler, R. Tools and Resources for Identifying Protein Families, Domains and Motifs. Genome Biol. 2002, 3, 1–8.
52. Dundas, J.; Ouyang, Z.; Tseng, J.; Binkowski, A.; Turpaz, Y.; Liang, J. CASTp: Computed Atlas of Surface Topography of Proteins

with Structural and Topographical Mapping of Functionally Annotated Residues. Nucleic Acids Res. 2006, 34, 116–118. [CrossRef]
[PubMed]

53. Trott, O.; Olson, A.J. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient
Optimization and Multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef] [PubMed]

54. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graph. 1996, 14, 33–38. [CrossRef]
55. Jones, G.; Willett, P.; Glen, R.C.; Leach, A.R.; Taylor, R. Development and Validation of a Genetic Algorithm for Flexible Docking.

J. Mol. Biol. 1997, 267, 727–748. [CrossRef] [PubMed]
56. Yi, Y.; Fang, Y.; Wu, K.; Liu, Y.; Zhang, W. Comprehensive Gene and Pathway Analysis of Cervical Cancer Progression. Oncol.

Lett. 2020, 19, 3316–3332. [CrossRef] [PubMed]
57. Case, D.A.; Betz, R.M.; Cerutti, D.S.; Cheatham, T.; Darden, T.; Duke, R.E.; Giese, T.J.; Gohlke, H.; Götz, A.W.; Homeyer, N.; et al.

Amber 16; University of California: San Francisco, CA, USA, 2016. [CrossRef]
58. Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and Testing of a General Amber Force Field.

J. Comput. Chem. 2004, 25, 1157–1174. [CrossRef] [PubMed]
59. Case, D.A.; Babin, V.; Berryman, J.T.; Betz, R.M.; Cai, Q.; Cerutti, D.S.; Cheatham III, T.E.; Darden, T.A.; Duke, R.E.;

Gohlke, H.; et al. The FF14SB Force Field. Amber 2014, 14, 29–31.
60. Schafmeister, C.; Ross, W.S.; Romanovski, V. The Leap Module of AMBER; University of California: San Francisco, CA, USA, 1995.
61. Petersen, H.G. Accuracy and Efficiency of the Particle Mesh Ewald Method. J. Chem. Phys. 1995, 103, 3668–3679. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1128/JB.183.24.7341-7353.2001
http://doi.org/10.3390/molecules18010735
http://doi.org/10.3390/ecsoc-25-11655
http://doi.org/10.1007/s10822-007-9133-z
http://doi.org/10.1002/jcc.20084
http://doi.org/10.1038/srep42717
http://doi.org/10.1016/j.ddtec.2004.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24981612
http://doi.org/10.1107/S0907444998009378
http://www.ncbi.nlm.nih.gov/pubmed/10089483
http://doi.org/10.1093/nar/gkw1099
http://doi.org/10.1038/nrmicro1146
http://doi.org/10.1016/j.medidd.2019.100008
http://doi.org/10.1016/0022-2836(69)90421-5
http://doi.org/10.1016/0003-2697(89)90602-7
http://doi.org/10.1007/978-1-61779-361-5_16
http://doi.org/10.1093/nar/gkl282
http://www.ncbi.nlm.nih.gov/pubmed/16844972
http://doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1006/jmbi.1996.0897
http://www.ncbi.nlm.nih.gov/pubmed/9126849
http://doi.org/10.3892/ol.2020.11439
http://www.ncbi.nlm.nih.gov/pubmed/32256826
http://doi.org/10.13140/rg.2.2.27958.70729
http://doi.org/10.1002/jcc.20035
http://www.ncbi.nlm.nih.gov/pubmed/15116359
http://doi.org/10.1063/1.470043

	Introduction 
	Results 
	Physiochemical Characterization of Proteins 
	3D Structural Prediction of Proteins 
	Functional Domain Identification of Proteins 
	Ligand Selection 
	Molecular Docking 
	Active Site Identification 
	Interaction of Ligands and Target Proteins 
	Ligands’ ADMET Properties 
	Distribution, Metabolic, and Excretion Properties of Ligands 
	Ligand Toxicity 
	Lipinski Rule of Five 
	Lead Compound Identification 
	Comparative Investigation of Lead Compound vs. Penicillin 
	Comparison of Absorption Properties 
	Comparison of Distribution Properties 
	Comparison of Metabolic Properties 
	Comparison of Excretion Properties 
	Comparison of Toxicity 
	Lipinski Rule of Five 
	Docking Score Comparison 
	Molecular Dynamic Simulations 

	Discussion 
	Materials and Methods 
	Ligand Preparation and Selection 
	Bioactivity Analysis of Ligands and Toxicity Measurement 
	Target Protein Selection and Primary Sequence Retrieval 
	Physiochemical Properties and 3D Structures of Proteins 
	Structure Analysis and Functional Domain Identification 
	Active Site Identification 
	Molecular Docking of Targeted Proteins 
	Lead Compound Identification 
	Reference Antibacterial Drug Identification and Selection 
	Prediction of Different Parameters of Selected Drugs 
	Reference Drug and Lead Compound Comparison 
	Molecular Dynamic Simulations 

	Conclusions 
	References

