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ABSTRACT

Vibrio alginolyticus is one of the major disease-causing bacteria in shrimp aquaculture. The
widespread use of antibiotics in shrimp aquaculture to treat bacterial diseases has raised
concerns about antibiotic resistance. As a result, alternative treatments, such as plant extract
phytochemicals are being explored to mitigate these risks. This study aims to identify
promising biologically active compounds from garlic (Allium sativum) that can inhibit the
virulent protein thermolabile hemolysin of V. alginolyticus, which causes shrimp vibriosis.
Various computational approaches, including molecular docking, pharmacokinetic analysis,
and molecular dynamics simulation, were conducted to predict the compounds that can
inhibit the phospholipase and hemolysis activities of the thermolabile hemolysin protein. Out
of thirty-five compounds from A. sativum, protopine (CID 4970), gibberellin A7 (CID 92782),
and gibberellic acid (CID 6466) demonstrated the strongest binding affinities, with scores of -
9.4, -8.0, and -7.4 kcal/mol, respectively. Pharmacokinetic and toxicity analyses showed
favorable drug-like properties for gibberellin A7 and gibberellic acid with no violations.
Molecular dynamics simulations demonstrated that gibberellin A7 and gibberellic acid
exhibited the highest stability over 100 nanoseconds. The investigation shows that gibberellin
A7 and gibberellic acid from A. sativum have the potential to inhibit the virulent activity of
thermolabile hemolysin. However, the study needs further in-vitro and in-vivo analysis to test
our predicted results.

INTRODUCTION

Shrimp farming is essential for global food security and has a significant impact on the
world economy [1]. It is predicted that by 2050, the global population will exceed nine
billion and aquaculture is expected to play a crucial role in meeting the increasing
demand for food [2]. In the past decade, global marine shrimp production has
expanded and reached over 177,5 million tons in 2019 [3]. Unfortunately, the shrimp
farming industry is encountering numerous challenges, such as deteriorating water
quality and the infiltration of pathogenic microorganisms [4], resulting in elevated
mortality rates and significant economic setbacks that affect global supply and prices
[5]. Shrimp vibriosis emerges as a significant bacterial infection triggered by microbes
belonging to the Vibrio genus, primarily Vibrio parahaemolyticus, Vibrio alginolyticus and
Vibrio vulnificus [6].
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V. alginolyticus is a gram-negative, curved rod-shaped bacterium belonging to the
family Vibrionaceae [7]. This species is a common inhabitant of marine environments
and has been isolated from a variety of aquatic sources, including seawater, sediments,
and marine organisms such as fish, shrimp, and shellfish [8]. V. alginolyticus poses a
major threat in shrimp aquaculture [9]. Infections of V. alginolyticus is mediated by
different virulent factors including, outer membrane protein A (OmpA), outer
membrane protein K (OmpK), outer membrane protein U (OmpU), thermostable direct
hemolysin (TDH), TDH-related hemolysin (TRH), thermolabile hemolysin (TLH),
LuxR, transcriptional regulator (ToxR), and ropS [10].

These virulent proteins of V. alginolyticus cause various types of shrimp diseases,
collectively known as shrimp vibriosis, including acute hepatopancreatic necrosis
syndrome (AHPNS) [11] and white feces syndrome [12]. The virulent protein TLH
known for its hemolytic and phospholipase activities [13]. Thermolabile hemolysin
contains a GDSL motif of the esterase-lipase family in its C-terminal domain and
exhibits a highly conserved amino acid sequence among Vibrio species [14]. Therefore,
TLH is a potential therapeutic target for treating V. alginolyticus in shrimp.

Different groups of antibiotics are largely used in shrimp aquaculture to control Vibrio
infection. But the prolonged use of antibiotics reduces their effectiveness and fosters
drug resistance in different Vibrio species [10]. Therefore, the need for safer alternatives
to antibiotics in aquaculture has become increasingly urgent to ensure its long-term
sustainability [15]. The medicinal plant garlic (Allium sativum) contains numerous
bioactive compounds [16] with antibacterial properties [17]. It was observed that garlic
extracts can prevent shrimp diseases caused by V. parahaemolyticus [18] and V.
alginolyticus [19]. Several studies have been conducted to develop potential
phytochemical drugs that target the TLH of V. parahaemolyticus [20] and V. harveyi [21],
but no studies have been conducted yet for V. alginolyticus. Computer-aided drug
design (in silico) is a high-throughput method that accelerates drug discovery by
identifying lead compounds faster and at lower costs [22]. Thus, the present study
utilized various compounds from A. sativum to identify the TLH activity inhibitors of V.
alginolyticus in shrimp using different computational techniques.
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MATERIALS AND METHODS
Summary of the methodologies

The whole process is graphically presented in Figure 1.

@ TLH Protein
MD
ki i
. Molecular Docking ﬂ Simulation
o, %) :
o

Vibrio
alginolyticus

o N
7 Garlic ? - . o S
N 0=y} A,
Allium sativum ” \ & \ o 2
Fa 3
ol ¢

Gibberellic Acid " .
Phytochemicals Gibberellin A7

Figure 1. An illustrative summary of the methodologies used to investigate the potential TLH inhibitors
against Vibrio alginolyticus in shrimp.

Protein structure retrieval and preparation

The 3D configuration (PDB file) of the virulent TLH protein (PDB ID: 8H09, Resolution:
1.81) [23] was obtained from the RCSB protein data bank [24]. TLH exhibited
homodimer chains A and B. Before docking, the protein was prepared and refined
using the BIOVIA discovery studio visualizer 4.5 [25]. The protein energy (Hydrogens
and heavy atoms) was optimized using Swis-PdbViewer [26]. The ExPASy (Expert
Protein Analysis System) [27] database's ProtParam tool was utilized to forecast the
physicochemical characteristics of the protein. The Ramachandran plot was checked
using PROCHECK to assess the stereochemical quality of the protein structure.

Ligand structure retrieval and preparation

After conducting thorough literature research and utilizing the Indian Medicinal Plant,
Phytochemistry, and Therapeutics (IMPPAT) database [28], thirty five compounds of A.
sativum bulb were retrieved and saved in a 3D (SDF) file format. Alongside, various
medicinal perspectives of these compounds, including anti-fungal, antiviral,
antibacterial, and anti-inflammatory properties, were taken into consideration. The
compound resveratrol (CID 445254) having antibacterial properties against V. harveyi
[21] used as standard control compound.

Molecular docking and interaction study

Before starting molecular docking, the BIOVA discovery studio visualizer 4.5 software
was used to predict the active and its associated residues. The virtual screening
software PyRx [29] facilitated the molecular docking process of chosen chemical
compounds with the receptor protein. The PyRx program's AutoDock Vina wizard [30]
was employed to conduct molecular docking, aiming to identify the most favorable
binding interactions between our selected target protein and the ligand hit molecules.
The target protein's pre-optimized structure was employed as the macromolecule
(receptor), while the preprocessed structure of thirty-five phytochemical compounds
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was utilized as the small molecule (ligand). A grid box was positioned to cover the
predicted binding pocket region based on the center and dimension values of the
protein. The center of the grid box was X: -24.4630, Y: -35.6537. Z: -24.7282 and the
dimensions (Angstrom) were X: 63.4913, Y: 49.7079, Z: 65.9232. The compound with the
most negative binding energy (kcal/mol) compared to control resveratrol was chosen
for further examination. The most optimal docked outcomes were visualized using the
BIOVA Discovery Studio visualizer 4.5 software for subsequent research of protein-
ligand interactions.

ADMET analysis

The computational assessment of a molecule's suitability as a drug often involves
analyzing its pharmacokinetic (PK) properties, which encompass absorption,
distribution, metabolism, and excretion (ADME) [31]. The SwissADME was employed
to gather data and evaluate the parameters of the chosen drug candidates [32].
Furthermore, the Lipinski rule of five and bioavailability scores were also considered to
assess the drug-likeness of the candidate ligands [33]. Compounds exhibiting
undesirable physicochemical properties have been effectively eliminated through the
assessment of ADME properties [34].

The toxicity profiling of the selected compounds was performed using the online
servers ProTox 3.0 [35], Admet SAR 3.0 [36], and pkCSM [37]. Subsequently, three
ligands were selected for further computational studies.

Molecular dynamics simulation study

To assess the stability and behavior of our candidate compounds bound to the target
protein, we conducted molecular dynamics (MD) simulations spanning 100 ns. Before
simulation, the docked complexes were subjected to energy minimization using the
AMBER force field in the YASARA energy minimization module [38]. To simulate the
drug-protein complex in a water-based environment, a cubic box was created with
periodic boundary conditions, sized at 96.9654 x 96.9654 x 96.9654 A. The AMBER14
force field was employed for the simulation, and sodium (Na*) and chlorine (CI-) ions
were added using the TIP3P method to maintain system neutrality. Energy
minimization of the complex was carried out using the steepest descent method, with
van der Waals and short-range Coulomb interactions calculated within an 8 A radius
cut-off. Long-range Coulomb interactions were determined using the PME method.
Simulations were conducted under physiological conditions (298 K, pH 7.4, and 0.9%
NaCl), running a 100 ns MD simulation with a 2.5 fs time step [39]. Various analyses
including root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF),
radius of gyration (Rg), and (SASA) were performed.

Binding energy calculation through MM-PBSA

The Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) method is a
highly efficient approach for calculating the free energies of various molecular systems
[40]. Using the YASARA simulator (YASARA Biosciences, GmbH), the MM-PBSA
method was applied to determine the thermodynamic stability of the TLH-resveratrol
(control), TLH-protopine, TLH-gibberellin A7, and TLH-gibberellic acid complexes. For
these calculations, a 10 ns MD trajectory (from 90 to 100 ns) was derived from the stable
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range of the TLH-resveratrol (control), TLH-protopine, TLH-gibberellin A7, and TLH-
gibberellic acid complexes.

Principal component analysis

To analyze changes in the structural quality of proteins in the presence of ligands
during MD simulations, principal component analysis (PCA) was employed to
compute various multivariate energy factors [41]. The PCA analysis utilized the final
100 ns of MD trajectory data from four protein-ligand complexes. All computations
were performed using Minitab 18 (https://www.minitab.com/en-us/) and custom in-
house scripts. For generating plots, the factoextra package was utilized.

RESULTS
Protein structure analysis

The physicochemical properties of the retrieved protein offer valuable insights into its
structure, function, and behavior (Table 1). This studied protein chain is composed of
418 amino acids, with a molecular weight determined to be 47318.89 Daltons. These
amino acids are estimated to have a half-life of approximately 10 hours. The isoelectric
point (pI) at pH 5.14 indicates their charge-neutral condition. An aliphatic index (Al) of
68.73 reflects the thermostability of the protein. Moreover, the instability index (II) of
29.92 indicates significant stability. The grand average of hydropathicity (GRAVY) is -
0.382, suggesting an average hydrophilic character. The extracellular GDSL lipases
family proteins demonstrate hydrolase activity, specifically targeting ester bonds. In
addition, the Ramachandran plot shows 90.2% of residues in the most favored regions,
indicating that the structure is sufficiently accurate for further docking analysis.

Molecular docking and interaction analysis

The three-dimensional structure of TLH (PDB ID: 8H09; R-Value Free: 0.204) and thirty-
five compounds from A. sativum were utilized for docking. The 35 compounds were
ranked according to their docking scores (Supplementary Table 1). Compounds with
docking scores lower than the control drug Resveratrol (-7.4 Kcal/mol) were selected for
further pharmacodynamic and simulation analysis. Among the 35 compounds, three
compounds, Protopine (-9.4 Kcal/mol), Gibberellin A7 (-8.0 Kcal/mol), and Gibberellic
acid (-7.4 Kcal/mol) exhibited the highest binding affinities, compared to the control
one (Table 2).

Protein-ligand bonds are crucial for drug binding and stabilizing drug-protein
complexes. Hydrophobic interactions, hydrogen bonds, and electrostatic interactions at
varying distances play crucial roles in determining ligand binding affinities. Table 3
provides detail and Figure 2 visually represents the binding conformations of these
compounds within the TLH common binding site. Protopine (CID 4970) displayed one
conventional hydrogen bond interaction with the residue Tyr227 (2.85 A) and three
hydrophobic interactions (p-alkyl and alkyl) with Met90 (4.79 A), Lys88 (4.23 A), and
Trp200 (4.69 A, 4.48 A). Gibberellin A7 (CID 92782) exhibited one conventional
hydrogen bond with Asn199 (2.80 A) and three hydrophobic interactions (p-alkyl and
alkyl) with Lys88 (4.93 A, 5.22 A), Val202 (5.21 A), and His130 (5.05 A). Gibberellic acid
(CID 6466) demonstrated one conventional hydrogen bond with Asn159 (2.64 A), one
carbon-hydrogen bond with Ser223 (3.79 A), and one hydrophobic (alkyl) interaction
with Lys88 (3.68 A, 4.44 A).
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Table 1. Properties of thermolabile hemolysin protein predicted by ExPASy server.

Accession  Function Organism Amino Molecular  Isoelectric  Estimated  Aliphatic Instability GRAVY  Sub-cellular
Number acids weight point half-life index index localization
number
RCSB Phospholipase  Vibrio 418 47318.89 514 10 hrs 68.73 29.92 -0.382 Extracellular
PDB: 8H09  activity, alginolyticus (Stable)
hydrolase
activity
Table 2. Identity and binding affinity of the top three compounds from A. sativum with control resveratrol.
PubChem ID IUPAC Name Molecular Weight ~ Chemical Chemical Binding Affinity
(g/mol) Formula Structure (2D) (Docking Score)
CID 4970 Protopine ~ 15-methyl-7,9,19,21-tetraoxa-15- 353.37 C20H19NOs 9.4
azapentacyclo
[15.7.0.04,12.06,10.018,22] tetracosa- | |
1(17),4,6(10),11,18(22),23-hexaen-3-
one |
|
CID 92782 (IR,2R,5R,8R,95,10R,11S,12S)-12- 330.37 C1yH20s -8.0
Gibberellin A7 hydroxy-11-methyl-6-methylidene- RV
16-oxo-15-oxapentacyclo p '\ /
[9.3.2.15,8.01,10.02,8]  heptadec-13- ]
ene-9-carboxylic acid i
CID 6466 (3S,3a5,45,4aS,75,9aR,9bR,125)-7,12- 346.37 Ci19H206 -7.4
Gibberellic acid Dihydroxy-3-methyl-6-methylene-2- ]
oxoperhydro-4a,7-methano-9b,3- YA
propenoazuleno[1,2-b]furan-4- l -
carboxylic acid
CID 445154 5-[(E)-2-(4-hydroxyphenyl)ethenyl] 228.24 CuaH1203 -7.4
Resveratrol benzene-1,3-diol i
(Control) |
|
|
Table 3. Bonding interaction of Resveratrol, Protopine, Gibberellic acid, and Gibberellin A7 with TLH.
PubChem Compound Dock Score Type of interaction Interacting  Bond length  Category
CID Name (kcal/mol) residues (Distance A)
445156 Resveratrol -7.4 Conventional Hydrogen Bond Asnl29 2.77 Hydrophobic
Thr131 2.84
Ser223 2.93
Pi-Alkyl Trp200 5.09 Hydrophobic
4970 Protopine 9.4 Conventional Hydrogen Bond Tyr227 2.85 Hydrogen bond
Alkyl Met90 4.79 Hydrophobic
Lys88 4.23
Pi-Alkyl Trp200 4.69, 4.48 Hydrophobic
92782 Gibberellin A7  -8.0 Conventional Hydrogen Bond Asn199 2.80 Hydrogen Bond
Alkyl Lys88 4.93,5.22 Hydrophobic
Val202 5.21
Pi-Alkyl His130 5.05 Hydrophobic
6466 Gibberellic -74 Conventional Hydrogen bond Asn159 2.64 Hydrogen bond
acid Carbon Hydrogen Bond Ser223 3.79 Hydrogen Bond
Alkyl Lys88 3.68, 4.44 Hydrophobic

Resveratrol (control), Protopine (CID 4970), Gibberellic acid (CID 6466), and Gibberellin A7 (CID 92782) with Thermolabile hemolysin (TLH).
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Protein Ligand Complex 3D Structure 2D Structure

Figure 2. Protein-ligand interaction of TLH protein and three potential compounds of A. sativum with control
resveratrol. A, B, C and D represent protopine, gibberellin A7, gibberellic acid and resveratrol (control),
respectively. In the protein-ligand complexes (Left), the forest green surface represents the entire protein,
yellow represents the ligands, light blue signifies non-polar bonds, and red indicates hydrogen bonds. In the
3D structure (Middle), the color crimson represents the ligands, and the green represents the receptor-
interacting residues. The 2D structure (Right), illustrates various interactions with distinct colors: hydrogen
bonds (green), alkyl interactions (pink), salt bridges (orange), and van der Waals interactions (light green).

ADMET analysis

The ADME analysis assesses both the physicochemical properties and biological
functions of the compound, as well as its drug-likeness. The physicochemical properties
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of the three highest docked compounds extracted from A. sativum bulb were evaluated
using Lipinski’s rule. This rule sets criteria including a molecular weight (MW) below
500 Da, lipophilicity (log P) under 5, and a maximum of 10 hydrogen bond acceptors
(HBA) and 5 hydrogen bond donors (HBD) to determine drug-likeness. It is apparent
that protopine, gibberellin A7, and gibberellic acid all meet Lipinski’s rule criteria (drug
likeliness: 0 violation) (Table 4).

The toxicological properties of the three molecules were predicted using the AdmetSAR
3.0 and ProTox-III servers (Table 5). The results showed that none of the compounds
were carcinogenic, hepatotoxic, or cytotoxic, but protopine exhibited active
immunogenicity. Additionally, all substances had higher LD50 values, except protopine
(950 mg/kg) indicating their relative safety for pharmaceutical use as they are less likely
to cause adverse effects.

Table 4. Physicochemical properties and pharmacokinetic predictions of the top 3 selected compounds of the study by SwissADME.

Properties Parameters Compounds
CID 445154 CID 4970 CID 92782 CID 6466
Resveratrol (Control) (Protopine) (Gibberellin A7) (Gibberellic acid)
Physicochemical Properties ~ Molecular weight 228.24 g/mol 353.37 g/mol 330.37 g/mol 346.37 g/mol
Number of heavy atoms 17 26 24 25
Rotatable bonds 2 0 1 1
Hydrogen bond acceptors 3 6 5 6
Hydrogen bond doners 3 0 2 3
TPSA (A?) 60.69 A2 57.23 A2 83.83 A2 104.06 A2
Lipophilicity Log Por (MLogP) 2.48 1.90 2.47 1.66
Water solubility LogS (ESOL) and solubility class -3.62 -4.13 -2.89 -2.07
(Soluble) (Moderately soluble)  (Soluble) (Soluble)
Pharmacokinetics GI absorption High High High High
Drug likeliness Bioavailability Score 0.55 0.55 0.56 0.56
Lipinski, Violation Yes; 0 violation Yes; 0 violation Yes; 0 violation Yes; 0 violation

* TPSA- Topological polar surface area, ESOL- Estimated Solubility, GI absorption- Gastrointestinal absorption, A-Angstrom, and control- resveratrol.

Table 5. Toxicity properties analysis of selected top three ligands’ through Admet SAR and Protox-III online server.

Properties CID 445254 CID 4970 CID 92782 CID 6466
Resveratrol (Control) (Protopine) (Gibberellin A7) (Gibberellic acid)

Carcinogens No No No No

Mutagenicity Inactive Active Inactive Inactive

Cytotoxicity Inactive Inactive Inactive Inactive

Hepatotoxicity Inactive Inactive Inactive Inactive

LD50 (mg/kg) 1560 940 6300 6300

Skin sensitisation No No No No

Minnow toxicity (log mM)  1.522 1.237 1.239 2.773

Control- Resveratrol.

Molecular dynamics simulation analysis

The MD simulation trajectories generated by the Yasara software were used to analyze
RMSD, RMSF, Rg, and SASA values. The control compound resveratrol was utilized to
observe the fluctuations between complexes. RMSD was employed to assess structural
reliability and identify conformational changes. In Figure 3, the protein-ligand
complexes of resveratrol (control), protopine, gibberellin A7 and gibberellic acid were
visualized in gray, yellow, red, and blue colors, respectively. The average RMSD values
of resveratrol (control), protopine, gibberellin A7 and gibberellic acid are 1.22 A, 1.18 A,
1.29 A, and 1.30 A, respectively. Tested compounds protopine, gibberellin A7, and
gibberellic acid consistently maintained stability alongside the standard compound
resveratrol throughout the 0-100 ns timeframe.
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The stability of each amino acid residue in the thermolabile hemolysin backbone was
analyzed through RMSF by measuring its fluctuations when bound to resveratrol
(control), protopine, gibberellin A7, and gibberellic acid. Residues of the protein that
interact with the ligands are shown in Figure 4. The RMSF values of resveratrol
(control), protopine, gibberellin A7, and gibberellic acid protein-ligand complexes were
visualized in gray, yellow, red, and blue colors respectively. The average residual
fluctuations for the resveratrol, protopine, gibberellin A7, and gibberellic acid
complexes were found 1.07, 1.06, 1.05, and 1.18, respectively. The peaks on the graph
represent regions of the protein that exhibit the most significant fluctuations
throughout the simulation period. Protopine had the highest fluctuation at residue ILE
212 (2.77 A) and the lowest at HIS 178, SER 180, and ASN 181 (0.4 A each). Gibberellin
A7 exhibited its highest fluctuation at residue ARG 362 (3.07 A) and the lowest at SER
180 and GLY 182 (0.4 A each). Gibberellic Acid showed the highest fluctuation at
residue SER 363 (3.13 A) and the lowest at HIS 399 (0.51 A).

The radius of gyration (Rg) represents the distance between the center of mass of the
atoms in a protein and its overall structure over time, providing insight into its
compactness and stability. The average Rg values for the resveratrol (control),
protopine, gibberellin A7, and gibberellic acid complexes were observed 0.39 A, 0.35 A,
0.37 A, and 0.83 A, respectively (Figure 5). For protopine, the Rg fluctuated between a
maximum of 21.061 A at 72.75 ns and a minimum of 20.711 A at 47.5 ns. Gibberellin A7
had a maximum Rg of 21.053 A at 100 ns and a minimum of 20.676 A at 61.25 ns, while
gibberellic acid exhibited a maximum Rg of 21.437 A at 85.75 ns and a minimum of
20.614 A at 47.25 ns.

The solvent-accessible surface area (SASA) value shows how accessible a molecule's
surface is to solvent molecules. SASA measures molecular hydrophilicity or
hydrophobicity, which affects solubility and permeability. Figure 6 shows all
complexes' SASA values from 0 to 100 ns. The average SASA values varied among
substances, with resveratrol (control), protopine, gibberellin A7, and gibberellic acid
averaging 16367.82, 16513.48, 16525.87, and 16573.17 AZ, respectively. High SASA
values indicate protein expansion and low levels signify truncation.
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Figure 3. Root-mean-square deviation (RMSD) plots of protein-ligand interactions. Resveratrol (control),
protopine, gibberellin A7, and gibberellic acid values were visualized in gray, yellow, red, and blue colors,
respectively.
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Figure 4. Root-mean-square fluctuation (RMSF) plots of protein-ligand interactions. Fluctuations of amino

acid residues of resveratrol (control), protopine, gibberellin A7, and gibberellic acid values were visualized in
gray, yellow, red, and blue colors, respectively.
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Figure 5. Radius of gyration (Rg) plots depict protein-ligand interactions. Resveratrol (control), protopine,
gibberellin A7, and gibberellic acid values were visualized in gray, yellow, red, and blue colors respectively.
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Figure 6. Solvent-accessible surface area (SASA) analysis of top three compounds with control (control) one.
The X-axis represents a time frame 0-100 ns, while the Y-axis represents SASA (A). Resveratrol (control),
protopine, gibberellin A7, and gibberellic acid values were visualized in gray, yellow, red, and blue colors
respectively.

MM/PBSA analysis

Using the MM/PBSA method in the YASARA stimulator, the binding free energy of the
three compounds to TLH was calculated quantitatively. This analysis aims to estimate
the average binding energy per 0.25 ns interval of TLH-Resveratrol (control), TLH-
protopine, TLH-gibberelin A7, TLH-gibberelic acid: -48.647 KJ/mol, -10.707 KJ/mol, -
188.18 KJ/mol, -81.585 KJ/mol, respectively (Figure 7). According to MM/PBSA analysis,
the three above compounds bind to TLH with a significant binding affinity and form a
stable complex compared to the control, since the control showed less negative binding

energy.
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Figure 7. Calculation of binding interaction free energies for the screened drug complex system using the
MM-PBSA (Molecular Mechanics Poisson-Boltzmann Surface Area) method.
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Principal component analysis

Principal component analysis (PCA) was used to predict significant coordinated
motions during ligand binding. Figure 8 shows PCA cluster distributions on structural
and energy factors. Each dot represents a conformer, representing MD simulation's
structural and energetic changes. In the PCA model Figure 8A, PC1 and PC2 account
for 84%, with PC1 contributing 68.1% and PC2 15.9%. PC1 and PC2 account for 84% of
PCA model Figure 8B, with PC1 contributing 67.8% and PC2 16.2%. PCA model Figure
8C shows PC1 and PC2 explain 84.3%, with PC1 contributing 67.9% and PC2 16.4%.
The score plot reveals control chemical complexes overlap the protein. The PCA
loading plot shows that the complex is positively correlated with bond, angle, and Van
der Waals (VdW) variables.
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Figure 8. The scatter plots labeled A (protopine), B (gibberelin A7), and C (gibberellic acid), comparing the
effects of different groups on PCA (Principal Component Analysis) results compared to control compound
resveratrol. Score plots depicted data clusters in two colors (control-red and blue-tested), where each dot
represented one-time point.

DISCUSSION

The physicochemical properties of a protein are crucial factors in drug design and drug
target prediction. TLH (PDB ID: 8H09) from V. alginolyticus shows the highest
resolution (1.81 A) and highest reliability [42]. Thus, the aliphatic index (AI) of 68.73 for
the studied protein suggests thermal stability and a high content of hydrophobic amino
acids, making it a potentially attractive drug target due to its ability to maintain
structural integrity in diverse physiological conditions [43]. Proteins with higher
stability may be more attractive drug targets as they are less likely to undergo
conformational changes or denaturation during binding with drugs [44]. Moreover, the
instability index (II) (29.92) of the studied protein suggests its stability, as proteins with
instability index values below forty are considered stable [45]. The negative GRAVY
value (-0.382) indicates the protein's hydrophilic nature, which is vital for facilitating its
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interaction with water molecules and ensuring solubility [46]. In addition, the
extracellular presence of the TLH protein enhances its drug ability and makes it
relevant to disease and drug discovery. Additionally, the GDSL lipase domain, coupled
with its phospholipase and hemolytic activity, contributes to disease in the host body
[47]. Nonetheless, former studies found V. alginolyticus TLH induced apoptosis and
necrosis in silver sea bream (Rhabdosargus sarba) [48]. Moreover, their enzymes
hemolytic and phospholipase activity were observed in V. parahaemolyticus [49] and V.
harveyi infection [50]. Therefore, targeting this domain and inhibiting its function may
reduce V. alginolyticus infection in shrimp.

The molecular docking results filter the top three compounds with the highest docking
scores (negative values): protopine (-9.4), gibberellin A7 (-8.0), and gibberellic acid (-
7.4). The lowest docking score reflects the highest binding affinity, implying that the
compound with the lowest score forms a more stable complex and maintains longer
contact [51]. In this investigation, the molecular docking results indicate that these three
compounds interact at the TLH active binding site. Hydrogen bond analysis revealed
that both gibberellin A7 and gibberellic acid form hydrogen and hydrophobic bonds
with Asn 159 and Lys88 amino acid residues.

The three compounds with the highest docking scores and stable in MD simulation
were analyzed for ADMET parameters using the online tool SwissADME and all of
them exhibited favorable ADMET properties. Mostly, ADMET evaluates drug
pharmacokinetics (PK), and optimizing PK parameters is crucial before progressing to a
potential drug candidate to meet standard clinical trial requirements [52]. The selected
compounds exhibit drug-like characteristics as they meet Lipinski’s Rule of Five (RO5),
which considers factors like molecular weight (<500 Daltons), lipophilicity (LogP < 5),
and hydrogen bonding properties [33]. However, adherence to Lipinski's rule doesn't
ensure drug potency. Additionally, according to Veber's rule [53], orally bioavailable
drugs usually have fewer than 10 rotatable bonds and a topological polar surface area
(TPSA) value of less than 140. Analysis of this study revealed that all three compounds,
protopine, gibberellin A7, and gibberellic acid have fewer than 10 rotatable bonds and
TPSA values of 57.23, 104.06, and 83.83, respectively, all below 140. Examining the
toxicology profiles of drug candidates offers insights into potential risks to shrimp and
the environment. The LD50 (median lethal dose) assesses a substance's lethal toxicity,
with a higher value (>5000 mg/kg) indicating lower toxicity and a lower value (<5
mg/kg) implying higher toxicity [54]. The compound protopine at 940 mg/kg is
classified as slightly toxic and is a concern compound as a therapeutic agent, while
gibberellin A7 and gibberellic acid at 6300 mg/kg are considered partially non-toxic.
Thus, predictions from the ProTox and admetSAR web server ensure a safe selection of
stable compounds as potential drugs [35, 36].

Molecular dynamics simulation revealed that the RMSD and RMSF values of the
complexes ranged between 1.18 to 1.32 A and 1.05 to 1.18 A, respectively. These results
indicate the stability of these interactions within the acceptable RMSD and RMSF range
of 0.01 to 3.5 A. RMSD and RMSF values ideally fall within the range of 1-3 A,
indicating stability. The tested compounds protopine, gibberellin A7, and gibberellic
acid showed stability similar to the control resveratrol (RMSD 1.22 A) over the 0-100 ns
simulation. However, RMSF analysis revealed gibberellic acid had the highest residue
fluctuation (3.13 A at SER 363), while resveratrol displayed more stability with an
average RMSF of 1.07 A, indicating resveratrol binding resulted in less flexibility and
greater stability in the thermolabile hemolysin backbone. The Radius of gyration (Rg)
showed a narrow range of 0.35 to 0.83 A, significantly below the maximum of 1.50,
indicating excellent complex stability. The maximum range of Rg can be 1.50 to ensure
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complex stability. None of the compounds, including the control, demonstrated
structural switching during the simulation, indicating a stable protein-ligand complex
throughout. The SASA values >15000 also show the stability of these compounds. The
SASA analysis indicated greater surface exposure and potential for protein expansion
compared to standard resveratrol.

Finally, gibberellin A7 and gibberellic acid were identified as potential compounds,
while protopine was excluded due to its toxic properties. These two compounds of
garlic have antibacterial properties. Garlic (A. sativum) contains various bioactive
compounds known for their beneficial properties for aquatic animal health [17].
Gibberellin A7 and gibberellic acid are plant-derived phytohormones that have
antimicrobial activity and regulate plant development and growth. A previous study
revealed that in modern aquaculture, natural plant products such as flavonoids,
alkaloids, terpenoids, and saponins replace the chemical compounds and antibiotics
[55]. Specifically, phenolic compounds have been identified as inhibitors of the TLH
produced by V. parahaemolyticus, demonstrating their potential for combating bacterial
virulence [20]. Hannan et al. 2009 demonstrated that A. sativum inhibited the growth of
V. alginolyticus, the bacteria responsible for shrimp vibriosis, in in vitro conditions at a
dose of 10 mg/kg, consistent with our findings [19]. In addition, the used control drug
resveratrol is a polyphenol with antioxidant properties that negatively regulates the
transcription level and inhibits the hemolysin activity of V. harveyi [21]. Overall, the
results of the present study indicate that the two chosen compounds exhibit favorable
binding and stability during their interaction. These phytochemicals have the potential
to be developed as antibacterial drugs against V. alginolyticus in shrimp, but further in
vitro and in vivo studies are needed for drug development.

CONCLUSIONS

In aquaculture, shrimp infections caused by V. alginolyticus present a significant
challenge. Traditional treatments such as antibiotics and chemicals have drawbacks,
including the promotion of antibiotic resistance and high costs. Garlic (A. sativum)
extracts, known for their antimicrobial properties, are particularly effective in
mitigating shrimp Vibrio infections. In this study, a diverse bioinformatics approach,
including virtual screening, pharmacological analysis, and simulation studies was
employed to identify potential inhibitors against bacterial (V. alginolyticus) infection in
shrimp. These computational approaches exhibited the possibility of a strong inhibitory
potential of two promising compounds such as gibberellin A7 and gibberellic acid, in
disrupting the TLH activity of V. alginolyticus in shrimp. Further studies are needed to
validate the result of this study.
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