
Heliyon 9 (2023) e16383

Available online 26 May 2023
2405-8440/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

High-throughput virtual screening of marine algae metabolites as 
high-affinity inhibitors of ISKNV major capsid protein: An analysis 
of in-silico models and DFT calculation to find novel drug 
molecules for fighting infectious spleen and kidney necrosis 
virus (ISKNV) 

Sk Injamamul Islam a,*, Sheikh Sunzid Ahmed b, Nasim Habib a, Md Akib Ferdous a, 
Saloa Sanjida c, Moslema Jahan Mou d,** 

a Department of Fisheries and Marine Bioscience, Faculty of Biological Science and Technology, Jashore University of Science and Technology, 
Jashore, 7408, Bangladesh 
b Department of Botany, Faculty of Biological Sciences, University of Dhaka, Dhaka, 1000, Bangladesh 
c Department of Environmental Science and Technology, Faculty of Applied Science and Technology, Jashore University of Science and Technology, 
Jashore, 7408, Bangladesh 
d Department of Genetic Engineering and Biotechnology, Faculty of Earth and Life Science, University of Rajshahi, Rajshahi, 00, Bangladesh   

A R T I C L E  I N F O   

Keywords: 
ADMET 
Molecular docking 
Dynamic simulation 
ISKNV 
DFT 

A B S T R A C T   

Infectious Spleen and Kidney Necrosis Virus (ISKNV) is linked to severe infections that cause 
significant financial losses in global aquaculture. ISKNV enters the host cell through its major 
capsid protein (MCP), and the resulting infection can lead to mass mortality of fish. Even though 
several drugs and vaccines are at various stages of clinical testing, none are currently available. 
Thus, we sought to assess the potential of seaweed compounds to block viral entrance by 
inhibiting the MCP. The Seaweed Metabolite Database (1110 compounds) was assessed for po-
tential antiviral activity against ISKNV using high throughput virtual screening. Forty compounds 
with docking scores of ≥8.0 kcal/mol were screened further. The inhibitory molecules BC012, 
BC014, BS032, and RC009 were predicted by the docking and MD techniques to bind the MCP 
protein significantly with binding affinities of − 9.2, − 9.2, − 9.9, and − 9.4 kcal/mol, respectively. 
Also, ADMET characteristics of the compounds indicated drug-likeness. According to this study, 
marine seaweed compounds may operate as viral entrance inhibitors. For their efficacy to be 
established, in-vitro and in-vivo testing is required.   

1. Introduction 

The ISKNV (Infectious Spleen and Kidney Necrosis Virus) produces disease and results in severe mortality in Nile tilapia, Rainbow 
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trout, Atlantic Salmon, Asian sea bass, and mandarin fishes. The ISKNV infectious epidemic is widespread, affecting various locations 
in aquafarm in Southeast Asia, Australia, and Japan and causing significant commercial losses in production and export [1]. ISKNV 
infection causes cell hypertrophy in several organs, such as the kidney, spleen, endocardium, and cranial connective tissue [2]. Until 
now, more than one hundred distinct iridovirus strains have been discovered, and the genomes of twenty of these strains have been 
completely sequenced. The ISKNV virions are icosahedral with an average diameter of 150 nm. They have vital methylation at CpGs 
and circular permutation of their linear dsDNA at the center [1]. In 2001, the whole genome sequence was found, which was 111,362 
bp long and comprised 124 possible ORFs [3]. According to Wang et al. the ISKNV virus may taint over 50 freshwater and marine fish 
species in China, including Clupeiformes, Myctophiformes, Mugiliformes, Perciformes, Pleuronectiformes, and Tetraodontiformes [4]. 
Previous studies have documented financial loss, but no effective preventative strategies are in place to limit the disease’s onset and 
development [4,5]. Due to its presence across viral pathogens, the major capsid protein (MCP) of this virus is one of the essential genes 
for analyzing genetic connections among iridoviruses [6]. According to the results of a proteomic study of ISKNV, the virions of this 
virus include a total of 38 viral structural proteins [7]. Among them, the major capsid protein (MCP-ORF006) is a crucial protein that 
allows viruses to penetrate the host cell wall [8]. The MCP is a component of the iridovirus responsible for up to 45% of all virion 
proteins in infected cells [7,9]. In the process of viral infection, envelope proteins are essential structural proteins that play a role in 
contact between the virus and its host. These interactions include an attachment to host receptors and fusion with host cell membranes 
[7]. In addition, MCP is also renowned for having the highest protein localization between the outermost envelope layer and the inner 
membrane [7]. As ISKNV infections are difficult to control, inhibiting the role of MCP in viral replication through potential drug-like 
molecules could have potential benefits in controlling ISKNV in aquaculture. 

Standardized methods of introducing new, effective medicines may be time-consuming, costly, and labor-intensive [10]. To better 
evaluate numerous potential drug-like molecules, high-throughput screening (HTS) is a method that combines multiple-well micro-
plates with automated processing [11]. As executing a specific HTS program is costly and necessitates employing robotic equipment, 
HTS facilities must be well-equipped with the needed materials [12]. In contrast, computer-aided drug design, also known as in silico 
drug design, is a cutting-edge method for rapidly sifting through pharmacological libraries in search of promising novel therapeutics 
[13]. Finding drug treatments is aided by the in silico virtual screening method, which generates hits for lead compounds in a shorter 
time frame and at a lower cost [14]. Therefore, the amount of time needed to conceive, create, and optimize a new medicine has been 
reduced due to advancements in silico drug design. For several decades, virtual screening has been used to identify the best lead 
compounds with a range of structural features for usage with a specific biological target [15]. Furthermore, computer-aided drug 
design has been used to identify, validate and explore various biological properties of marine metabolites including anti-inflammatory, 
anti-infectious, anti-cancer, antiviral, and anti-microbial effects via virtual screening, molecular docking, and dynamics modelling [16, 
17]. 

The objective of the current investigation was to conduct a high-throughput virtual screening of seaweed metabolites targeting the 
MCP protein of ISKNV to find high-affinity inhibitors. A wide range of in silico tools and techniques were used to explore pharma-
cokinetic, pharmacodynamic, and toxicity properties of the lead candidates, stability of the docked complexes, and molecular reac-
tivity of the lead compounds. No efforts have been taken so far to reveal the antiviral potential of seaweed metabolites targeting ISKNV 
to design potential drug candidates. Therefore, the present study aimed to evaluate seaweed metabolites against the MCP of ISKNV for 
their drug candidacy using comprehensive computational approaches. 

2. Materials and methods 

2.1. Retrieving the MCP sequence, prediction, refinement, and validation of 3D structure 

The NCBI database (https://www.ncbi.nlm.nih.gov) was used to retrieve the amino acid (aa) sequence of the major capsid protein 
(MCP) (Accession No.: AAL72276) found in Infectious Spleen and Kidney Necrosis Virus and downloaded in FASTA format. AlphaFold 
2 V.2.1.0 google colab server was used to predict the three-dimensional structure of the target protein [18]. The protein’s 3D structure 
was then modified using the GalaxyWeb server (https://galaxy.seoklab.org). The validity of the structure is an essential step in ho-
mology modeling, which is based on the structural analysis of three-dimensional protein that has been experimentally confirmed. Its 
sequence is aligned with the template structure to create a 3D model of the target protein [19]. In addition, essential confirmation of 
the suggested MCP protein model has been submitted to ProSA-web [20]. Using the z-score, the server correctly predicted the essential 
characteristics of the model. If the expected model’s z-scores exceed the range of the feature for proteins, the structure is most likely 
erroneous [20]. Moreover, the Ramachandran Plot Server (https://zlab.umassmed.edu/bu/rama/) was used to conduct a Ram-
achandran plot analysis, which provided an overall assessment of the efficacy of the proposed protein model [21]. 

2.2. Preparation of protein macromolecule 

After refining the initial protein model, the 3D structure was processed further to prepare for docking studies. The protein had only 
one chain with a total of 453 amino acids. Afterward, the protein was opened in AutoDockTools v.1.5.7 in a Linux environment using 
Ubuntu v.18.04.6 LTS through Windows Subsystem for Linux [22,23]. Polar hydrogen and Kollman charges were added to prepare the 
final receptor [24]. 
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2.3. Preparation of ligands 

The Seaweed Metabolite Database was used to retrieve 1110 unique compounds belonging to 811 taxa of red algae (Rhodophyta), 
266 taxa of brown algae (Phaeophyta), and 33 taxa of green algae (Chlorophyta) [25]. All the seaweed compounds were retrieved in 
three-dimensional Protein Data Bank (PDB) format. Afterward, all the PDB files of ligands were converted into PDBQT format using the 
Open Babel v.2.3.1 software on the Linux command line. All of the PDBQT files were run through the MMFF94 (Merck Molecular Force 
Field) force field’s steepest descent method in 2000 iterations inside the Open Babel v.2.3.1 program in order to get the lowest possible 
energy state [26,27]. 

2.4. High-throughput virtual screening 

AutoDock Vina v.1.2.0 was used for high-throughput virtual screening in the Linux command line along with the Perl programming 
script “Vina_windows.pl” [28,29]. Out of 1110 unique ligands, 1046 ligands were docked successfully following blind docking pro-
tocol where the whole surface of the receptor macromolecule was targeted for docking with seaweed metabolites without having any 
prior knowledge of the functional pockets. The target protein was considered rigid, and the ligands were considered flexible while 
performing docking. Grid box was generated before running the Perl script, and the size coordinates were 64.33 × 84.88 × 77.30 (for 
X, Y, and Z axes, respectively), and the center coordinates were 17.61 × 0.07 × 0.02 (for X, Y, and Z axes, respectively). Ligands that 
scored equal to or better than (− 8.0 kcal/mol) were selected for further screening following ADMET (Absorption, Distribution, 
Metabolism, Excretion, and Toxicity) analyses and molecular dynamics simulation. 

2.5. ADMET test drug profile assessment 

After the high-throughput virtual screening, 40 compounds were selected for their excellent binding affinities (-Kcal/mol) to 
proceed with ADMET analyses. The absorptions, distribution, metabolism, and excretion qualities of a drug were investigated with the 
use of the SwissADME server since they are the four most important aspects that influence the pharmacological activity and perfor-
mance of medicine [30]. Using Open Babel v.2.3.1 on the Linux command line, a canonical SMILES (Simplified Molecular Input Line 
Entry System) format was created for the top 40 compounds, which were then uploaded to the SwissADME server for determining 
ADME features. The compounds were assessed considering factors such as physicochemical qualities, lipophilicity, water solubility, 
drug-likeness, pharmacokinetic properties, and medicinal chemistry features. Furthermore, the BOILED-Egg model was utilized to 
determine the compounds’ performance to pass the Blood Brain Barrier (BBB) [31]. The ProToxII server was used to examine several 
toxicity endpoints such as acute toxicity, cytotoxicity, hepatotoxicity, mutagenicity, carcinogenicity, unfavorable outcomes (Tox21), 
pathways, and toxicity targets [32]. 

2.6. Quantum mechanics (QM)-Based calculation 

It is essential to conduct a conformation analysis of the ligand in relation to the binding site to ascertain the possible active 
conformation of the ligand, the binding affinity, and the strain control involved in the binding process. In this situation, structural 
optimization, and lowest energy conformations, which need gas-phase energy and the solution phase, are viable options. The classic 
molecular mechanics (MM) process does not work well in a ligand-protein complex system containing metal ions [33]. Scoring 
functions have been developed as a consequence of quantum mechanical calculations to characterize the development of the electronic 
structure and electronic charges inside a system as a reaction progresses. Density functional theory (DFT) is presently used in many 
quantum mechanical calculations [34]. This effort aimed to do QM calculations for the top four docking compounds using DFT 
techniques. The ORCA quantum chemistry software tool (Version 4.1.1) was used to optimize bond lengths, bond angles, and dihedral 
angles for possible compounds, and to print the molecular orbitals of those compounds [35,36]. We utilized ORCA in our analysis since 
it has evolved into a relatively complete general-purpose program for theoretical research in many fields of chemistry and several 
adjacent disciplines, such as materials sciences and biological sciences. ORCA includes certain techniques that are either unique to 
ORCA or were initially developed during the development of ORCA. The ORCA CASSCF module can handle any number of various 
multiplicities and irreps in state-averaged CASSCF (SA-CASSCF) computations, a capability not present in many other software 
packages. Besides ORCA is completely free to use for academic researchers where many other similar packages are not completely free 
[37]. 

To compute DFT, Becke’s three parameters (B3LYP) and Lee-Yang-Parr functionals (B3LYP-D3) were combined with the dispersion 
correction energy term D3. The typical arrangement of capabilities B3LYP-D3 was selected for this study and 6-31G(d,p) was chosen to 
characterize the electronic wave function of the molecule [15,38,39]. Conventional B3LYP method have shown remarkable accuracy 
but one of the major limitations is its failure to accurately represent London Dispersion Interactions. Some other difficulties are B3LYP 
degrades as the system becomes larger, underestimates reaction barrier heights, yields too low bond dissociation enthalpies, gives 
improper isomer energy differences and so on. As a mix of conventional functionals and an add-on energy term, modern B3LYP-D3 can 
provide corrections to the molecular total energy, energy gradient and frequencies. The main advantage of B3LYP-D3 is its compu-
tational efficiency and robustness across the periodic table, which makes this approach particularly valuable for the treatment of large 
systems [40–42]. 
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2.7. Frontier molecular orbital HOMO/LUMO calculation and redocking 

The Fukui functions, which are based on Kenichi Fukui’s frontier molecular orbital (FMO) hypothesis from the 1950s, are the 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). FMOs may be utilized to determine the 
distance between the HOMO and LUMO orbitals by comparing their energies. The interaction between an electron donor and an 
electron acceptor pair has the potential to change the other chemical reactivity of a molecule. This is because, in nature, HOMO is 
mostly a nucleophilic electron donor, whilst LUMO is largely an electron acceptor [43]. During electrophilic-nucleophilic reactions, 
HOMO electrons move to LUMO, generating an energy gap. Photochemistry and the durability and stability of organic transition metal 
complexes are both shown by the HOMO-LUMO gap, the energy difference between two molecular orbitals. To fully explain an atom’s 
propensity to electrophilic and nucleophilic reactions, the HOMO and LUMO energies were calculated and displayed using Avogadro 
[36], and the following Equation (1) was used to determine the energy gap between two molecular orbital HOMOs and LUMOs [44]: 

ΔE(gap)=ELUMO – EHOMO (1)  

here, ΔE is the HOMO-LUMO gap, ELUMO is the energy of the lowest unoccupied molecular orbital, and EHOMO is the energy of the 
highest occupied molecular orbital. After geometry optimization in the gas phase, the lead candidates were redocked with the target 
receptor to evaluate the changes in binding affinities. 

2.8. Molecular dynamics simulation 

Molecular dynamics simulation (MDS) was carried out for the top four lead compounds for 100 ns using Desmond v.6.3 programs in 
Schrödinger 2020-3 under the Linux framework to evaluate the thermodynamic stability of the ligand-receptor complexes. The system 
was solved using a standard SPC (Simple Point Charge) water model with orthorhombic periodic boundary boxes and box distances of 
10 Å on all sides to ensure a fixed volume. The physiological states were imitated by adding 0.15 mM NaCl. To minimize the energy of 
the whole system OPLS3e force field was employed in default settings of the Desmond module after generating the solvated system 
comprising protein in complex with the seaweed compound as ligand. NPT ensembles were utilized, setting the temperature as 300 K 
and the pressure as 1.01325 bar (one atmospheric pressure) using the Nose-Hoover temperature coupling and isotropic scaling 
approach, followed by 20 ps trajectory recording intervals, with an energy value of 1.2. The Desmond module provided raw data in 
DAT format, which were plotted later using Microsoft Excel v.2013 to evaluate Root Mean Square Deviation (RMSD), Root Mean 
Square Fluctuation (RMSF), Solvent Accessible Surface Area (SASA), and protein-ligand contacts (interaction fractions) for the top four 
lead compounds. 

2.9. Molecular mechanics/Generalized born surface area (MM/GBSA) calculation 

In order to determine free binding energies via the MM/GBSA method, this study used the fastDRH server [45]. The AutoDock Vina 
and AutoDock-GPU docking engines, as well as the structure-truncated MM/PB(GB)SA free energy calculation module, are used on this 
web server. In the benchmark, this combined rescoring procedure has a success rate of more than 80%, which is much greater than 
AutoDock Vina (70%). The GAFF2 force field was employed for ligands in this study, whereas the ff14SB force field was used for 
macromolecules. For pose-rescoring, the truncation radius was fixed to 30 Å. 

3. Results 

3.1. Retrieval of sequence, 3D structures prediction, and validation 

Accession number AAL72276 was used to retrieve the amino acid sequence of the major capsid protein (MCP) from the NCBI 
database. The protein is comprised of 453 different amino acids. The anticipated three-dimensional structure of the protein model, as 
generated by the AlphaFold 2 V.2.1.0 google colab server [18]. The Galaxy Refine server refined the protein’s predicted tertiary 
structure, resulting in five improved models and more favored amino acid residues. The preceding rankings demonstrate the supe-
riority of the new model over its peers. Pymol was used to create a visualization of the crude model as well as the refined model 3 with 
an RMSD value of 0.415 (Fig. S1). The Ramachandran Plot Server in conjunction with the ProSA-Web web server were used to validate 
the before and after improved MCP protein model. According to the Ramachandran plot server, the study of the structure before it was 
refined showed that 96.7500% of the structure was in the highly preferred zone. After the refinement process, the server delivered a 
superior result, with 98.936% of the residues located in the preferred regions as presented in Table 1 and Fig. S2. Using the ProSA-web 

Table 1 
Validation of selected protein model by Ramachandran and Z-score studies.  

Parameters Crude Model Refine Model Remarks 

Ramachandran Highly Preferred 96.750% 98.936% Significant 
Preferred 2.750% 1.064% Significant 
Questionable 0.500% 0.000% Significant 

ProSA Web Z-Score − 6.71 − 6.76 Significant  
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Table 2 
Binding affinities (Kcal/mol) of the top 40 screened compounds after molecular docking analysis.  

Sl. No. Accession Number Molecular weight (g/mol) Source Binding affinity (Kcal/mol) 2D structure 

1 BC006 470.64 Cystophora fibrosa − 9.4 

2 BC012 484.66 Cystophora fibrosa − 9.2 

3 BC014 456.61 Cystophora fibrosa − 9.2 

4 BD053 362.50 Dictyota divaricata − 8.0 

5 BE004 602.45 Ecklonia stolonifera − 10.8 

6 BE010 496.37 Ecklonia cava − 9.3 

7 BE015 602.45 Ecklonia stolonifera − 9.3 

8 BS028 412.60 Stypopodium flabelliforme − 10.0 

9 BS029 412.60 Stypopodium flabelliforme − 10.0 

10 BS032 412.61 Stypopodium flabelliforme − 9.9 

11 BS057 454.64 Stypopodium flabelliforme − 9.6 

12 BS058 554.71 Stypopodium flabelliforme − 9.4 

13 BS059 510.66 Stypopodium flabelliforme − 9.9 

14 BS067 496.67 Stypopodium flabelliforme − 10.0 

15 BS069 496.67 Stypopodium flabelliforme − 9.8 

(continued on next page) 
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Table 2 (continued ) 

Sl. No. Accession Number Molecular weight (g/mol) Source Binding affinity (Kcal/mol) 2D structure 

16 BS070 554.71 Stypopodium flabelliforme − 10.3 

17 BS071 589.15 Stypopodium flabelliforme − 10.3 

18 BT002 408.57 Taonia atomaria − 9.6 

19 RC003 602.39 Callophycus serratus − 9.2 

20 RC004 665.29 Callophycus serratus − 9.2 

21 RC005 584.38 Callophycus serratus − 9.1 

22 RC006 521.48 Callophycus serratus − 9.1 

23 RC007 602.39 Callophycus serratus − 9.4 

24 RC008 665.29 Callophycus serratus − 9.3 

25 RC009 602.39 Callophycus serratus − 9.4 

26 RC010 665.29 Callophycus serratus − 9.2 

27 RC012 440.57 Callophycus serratus − 8.9 

28 RC014 584.38 Callophycus serratus − 9.3 

29 RC023 584.38 Callophycus serratus − 8.9 

30 RC034 521.48 Callophycus serratus − 9.1 

(continued on next page) 
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server, an analysis is done to determine the validation quality and any possible errors in a basic tertiary structure model. A Z-score of 
− 6.76 was found during the validation of the complete MCP protein model as shown in Table 1 and Fig. S3. 

3.2. High throughput virtual screening 

Molecular docking was carried out successfully for 1110 seaweed compounds. The binding affinity range was − 4.3 kcal/mol to 
− 10.8 kcal/mol. Two compounds, RP062 and RL393, were the most minor scoring (− 4.3 kcal/mol), where the compound BE004 
scored highest, i.e., − 10.8 kcal/mol. A total of 40 compounds were selected after the high-throughput virtual screening that scored 
equal to − 8.0 kcal/mol or higher. Among these top-scoring candidates, docking scores ranged from − 8.0 kcal/mol to − 10.8 kcal/mol 
(Table 2). All these 40 compounds went through an ADMET assay, and finally, four compounds were selected as the best lead can-
didates such as BC012 (− 9.2 kcal/mol), BC014 (− 9.2 kcal/mol), BS032 (− 9.9 kcal/mol), and RC009 (− 9.4 kcal/mol) as shown in 
Figs. 2 and 3. 

Molecular interactions were analyzed after molecular docking to observe different types of hydrogen bonds and hydrophobic 
interactions as presented in Table 3. BC012 showed interaction with Try341, Arg346, Tyr376, Thr379, Thr391, Asn392, and Leu396 
amino acid residues. Among these residues, only two were involved with conventional hydrogen bonding, such as Thr379 and Asn392, 
with a bond distance of 2.05 Å and 2.11 Å, respectively, as shown in Figs. 4 and 5. 

BC014 interacted with Tyr341, Phe363, Tyr376, Leu380, and Leu396, where only Tyr376 formed a conventional hydrogen bond 
with the protein with a bond distance of 2.23 Å. BS032 formed no conventional hydrogen bonds with the target protein. It interacted 
with Tyr341, Arg346, Phe363, Cys377, and Leu380. All of these residues were involved in hydrophobic interactions. RC009 formed 
both conventional hydrogen bonds and hydrophobic interactions. It showed interactions with Arg99, Asp102, Ile210, and Arg306 
residues where Arg99 and Asp102 were involved in conventional hydrogen bonding with a bond distance of 2.37 Å and 2.20 Å, 
respectively. Ile210 and Arg306 were involved in hydrophobic interactions (Figs. 4 and 5). Among the top four candidates, BS032 
showed the best docking score (− 9.9 kcal/mol) compared to the other three candidates. Fig. 6 for scoring via molecular docking, only 

Table 2 (continued ) 

Sl. No. Accession Number Molecular weight (g/mol) Source Binding affinity (Kcal/mol) 2D structure 

31 RC035 503.46 Callophycus serratus − 9.0 

32 RC036 584.38 Callophycus serratus − 9.1 

33 RC037 584.38 Callophycus serratus − 9.1 

34 RC038 665.29 Callophycus serratus − 9.2 

35 RC039 584.38 Callophycus serratus − 10.0 

36 RC040 584.38 Callophycus serratus − 10.0 

37 RL015 588.41 Laurencia microcladia − 9.7 

38 RL259 376.12 Laurencia cartilage − 8.0 

39 RL385 222.36 Laurencia majuscula − 8.1 

40 RS006 464.27 Sphaerococcus coronopifolius − 8.1 
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the best pose at zero RMSD was selected in AutoDock Vina. 

3.3. ADMET test drug profile assessment 

ADME analyses unveiled promising pharmacokinetic and pharmacodynamic properties (Table 4). Among the top four metabolites, 
RC009 showed the highest molecular weight with a value of 590.30 g/mol, whereas BS032 showed the lowest molecular weight with a 
value of 392.45 g/mol. Several hydrogen bond acceptors were 5 for all the top candidates except BS032. All the compounds were found 
with high gastrointestinal absorption properties. BC012 was predicted to be impermeable to the Blood Brain Barrier (BBB), whereas 
BC014, BS032, and RC009 were predicted as permeable to the BBB. 

Table 4Drug profile and ADME analyses of the best four seaweed metabolites predicted through the SwissADME server. 

Fig. 1. Schematic workflow of the present investigation showing stepwise high-throughput virtual screening (HTVS) in silico.  

Fig. 2. Two-dimensional chemical structures of the selected four lead compounds from the seaweed metabolite database- (A) BC012; (B) BC014; (C) 
BS032, and (D) RC009. 
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Cytochrome P450 inhibitory property was analyzed where BC014, BS032, and RC009 were found not to inhibit any of the isoforms 
of Cytochrome P450 such as CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4. BC012 was predicted to inhibit only two isoforms, i. 
e., CYP2C19 and CYP3A4. The Cytochrome P450 inhibitory properties were in the acceptable range for all the top candidates. BC014, 
BS032, and RC009 were predicted to be soluble in the water solubility criterion, whereas BC012 was found to be moderately soluble. 
Both BC012 and BC014 followed Lipinski’s rule of five without any violation. BS032 and RC0009 showed one violation each in the 
Lipinski parameter, which was acceptable. All the compounds followed Veber’s rules without any violation which was satisfactory. 
Pan-Assay Interference Compounds (PAINS) criterion revealed zero alerts for all the top candidates. The bioavailability score was 
found as 0.55 for all four compounds and considering synthetic accessibility, both BS032 and RC009 scored the lowest (6.76) than 
BC012 (6.84) and BC014 (7.38). ADME results have been depicted in Fig. S4. 

ProToxII server predicted toxicity results with a mean accuracy of 58.25% for all four candidates (Table S1). BC014 and BS032 were 
predicted to have toxicity class 4 while RC009 and BC012 were predicted to have toxicity class 5 and 6 respectively. Considering 
toxicity class, the BC012 compound showed the best results among the top candidates. Only RC009 was predicted to be active in the 
carcinogenicity parameter with 50% probability. Except that all the compounds were found inactive in organ toxicity parameters, i.e., 

Fig. 3. Docked complexes of the top selected candidates BC012, BC014, BS032, and RC009 with the target protein.  

Table 3 
Interacting amino acid residues for the top selected seaweed metabolites.  

Ligands Ligands binding sites Residues involved in conventional 
hydrogen bond formation (Distance 
in Å) 

Number of conventional 
hydrogen bonds formed 

Residues involved in 
hydrophobic interactions 

Binding affinity 
(Kcal/mol) 

BC012 Tyr341, Arg346, Tyr376, 
Thr379, Thr391, Asn392, 
Leu396 

Thr379(2.05), Asn392(2.11) 2 Tyr341, Arg346, Tyr376, 
Thr391, Leu396 

− 9.2 

BC014 Tyr341, Phe363, Tyr376, 
Leu380, Leu396 

Tyr376(2.23) 1 Tyr341, Phe363, Leu380, 
Leu396 

− 9.2 

BS032 Tyr341, Arg346, Phe363, 
Cys377, Leu380 

– 0 Tyr341, Arg346, Phe363 − 9.9 

RC009 Arg99, Asp102, Ile210, 
Arg306 

Arg99(2.37), Asp102(2.20) 2 Ile210, Arg306 − 9.4  
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hepatotoxicity and toxicity endpoints criteria. Tox21-Nuclear receptor signaling pathways revealed promising results where BC012, 
BC014, and RC009 were inactive in all the sub-criteria. BS032 showed inactive status in all the sub-criteria except the Estrogen Re-
ceptor Alpha sub-criterion, which was found to be active with 53% probability. Tox21-Stress response pathways further corroborated 
the selection of the top four compounds as BC012, BC014, BS032, and RC009 were found inactive in all the sub-criteria under the 
Tox21-Stress response pathways. 

3.4. Theoretical calculation 

3.4.1. Geometry optimization 
Most computational biologists, chemists, academics, and researchers employ geometry optimization, a quantum chemical 

approach, to discover the configuration with the least energy and most stable chemical properties. This method allows for the 
refinement of weak geometric approximations [46]. Molecular states with the lowest energy emit photons, making the geometry with 
the lowest energy the most stable. The Avogadro default basis set 6-31G(d,p) has been used to optimize the molecular shape with the 

Fig. 4. Two-dimensional molecular interactions of (A) BC012, (B) BC014, (C) BS032, and (D) RC009 with various amino acid residues of the 
macromolecular receptor. 
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Fig. 5. Three-dimensional interactions between the protein and four lead compounds - (A) BC012, (B) BC014, (C) BS032, and (D) RC009 show 
different interacting residues. 
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lowest energy value. The 2D and 3D structures of the compounds BC012, BC014, BS032, and RC009 were optimized prior to the 
HOMO-LUMO energy calculation. 

3.4.2. Frontier molecular orbital HOMO/LUMO calculation 
Equation (1) was used to calculate the HOMO, LUMO, and HOMO-LUMO gap energies, shown in Table S2, and can be utilized to 

examine the chemical reactivity and kinetic stability of the four selected compounds. The calculated FMO energy band gap values 
found for the compounds BC012, BC014, BS032, and RC009 were 5.831 eV, 4.807 eV, 4.361 eV, and 3.508 eV, respectively. The 
graphical view of the HOMO-LUMO orbital formation in the top selected four compounds are given below in Fig. S5. 

3.4.3. Redocking of the lead candidates 
Re-docking was conducted using pre-defined protein binding sites to find viable docking poses in a confined space. The geometry- 

optimized structures have been docked, and the scores were − 9.4, − 9.4, − 10.0 and − 9.6 kcal/mol for BC012, BC014, BS032 and 
RC009, respectively, which were better than the previously obtained binding scores as found in Table 3. As a result, it is possible to 
assume that the QM-based optimization of the compounds became successful for the selected three compounds. 

3.5. Molecular dynamics simulation 

3.5.1. Root Mean Square Deviation (RMSD) 
The four lead compounds showed significant structural stability and compactness during a 100-ns molecular dynamics simulation. 

RMSD was calculated for ligand fitness on protein and alpha carbon atoms (Cα) of protein complexed with ligands. RMSD of Protein 
(Cα) revealed initial fluctuations for all the compounds. Among the candidates, BC014 showed the best stability with a mean RMSD 
(Cα) of 5.93 Å. BC014 became stable after 10 ns, showed a few fluctuations from 40 ns to 70 ns, and became stable again up to 100 ns 

Fig. 6. Hydrogen-bonds donating and accepting regions during three-dimensional interactions between the macromolecular receptor and four lead 
compounds – (A) BC012, (B) BC014, (C) BS032, and (D) RC009. 
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BC012, with a mean RMSD (Cα) of 6.73 Å showed some initial fluctuations from 0 ns to 30 ns; afterward, it became stable. The mean 
RMSD (Cα) of BS032 and RC009 was 9.09 Å and 8.26 Å, respectively. RC009 became stable after 20 ns up to 100 ns, and BS032 became 
stable after 32 ns Ligand fitness RMSD was found satisfactory where the mean RMSD was calculated as 0.62 Å, 0.66 Å, 1.65 Å, and 2.26 
Å for RC009, BS032, BC014, and BC012, respectively. RC009 compound showed the best ligand fitness RMSD on the target protein 
(Fig. 7). 

3.5.2. Root Mean Square Fluctuation (RMSF) 
RMSF analysis was performed with alpha carbon atoms (Cα) of a protein complex with ligands. The mean RMSF values were found 

as 2.01 Å, 2.11 Å, 2.14 Å, and 2.37 Å for BS032, BC014, BC012, and RC009, respectively. The fluctuation pattern was similar for all 
four compounds. Significant peaks were observed from 10 to 45, 210 to 230, 310 to 320, 370 to 390, 400 to 425, and 430 to 450 
residues. Among the top four lead compounds, RC009 showed the best stability with protein, considering the RMSF analysis (Fig. S6). 

3.5.3. Solvent Accessible Surface Area (SASA) 
SASA was calculated for all the four protein-ligand complexes where mean SASA values were 26.16 Å2, 13.56 Å2, 88.51 Å2, and 

125.028 Å2 for BC012, BC014, BS032, and RC009 complexes. The compound BC014-protein complex showed the lowest value and 
better structural compactness than the other three compounds (Fig. S7). 

3.5.4. Protein-ligand interaction analysis 
Protein-ligand contacts of the stable ligand-protein complexes were analyzed for all the top four lead complexes, as demonstrated in 

Figs. S8 and S9. Of the four interaction types, only three were observed, i.e., hydrogen bonds, hydrophobic interactions, and water 
bridges. No ionic interactions were observed. BC012-protein complex histogram revealed that Tyr341, Arg346, and Asn392 interacted 
with the ligand for 100% of the simulation time with three types of bonds. For Tyr341, hydrophobic interactions and water, bridges 
were observed; for Arg346, hydrogen and hydrophobic interactions were found; and for Asn392 hydrophobic interactions were 
observed with a very brief exposure of hydrogen bonding. Therefore, these residues were capable of holding the ligand BC012 in the 
binding pocket. Similarly, the BC014-protein complex histogram revealed Tyr341, Phe363, and Tyr376 as interacting residues for 100 
ns. BS032-protein complex histogram unveiled Tyr341, Cys377, and Thr379 as interacting residues for 100 ns. Finally, the RC009- 
protein complex histogram unleashed Asp102, Ile210, Gln212, Ser213, Arg306, Gln309, and Asn325 as interacting residues for 
100 ns? Among these four potential lead compounds, the best protein-ligand contacting pattern was observed for the RC009-protein 

Table 4 
Drug profile and ADME analyses of the best four seaweed metabolites predicted through the SwissADME server.  

Parameters BC012 BC014 BS032 RC009 

Physicochemical 
properties 

Formula C30H30O5 C28H24O5 C27H20O3 C27H26Br2O5 

Molecular weight 470.56 g/mol 440.49 g/mol 392.45 g/mol 590.30 g/mol 
No. H-bond acceptor 5 5 3 5 
No. H-bond donors 0 1 2 2 
Molar refractivity 133.27 117.23 106.53 137.96 
TPSA 46.15 Å2 57.15 Å2 49.69 Å2 71.45 Å2 

Lipophilicity Log Po/w (XLOGP3) 4.75 2.01 2.47 2.47 
Log Po/w (WLOGP) 5.88 4.19 4.05 6.08 
Log Po/w (MLOGP) 3.72 3.53 4.60 4.60 
Log Po/w (SILICOS- 
IT) 

6.21 4.55 4.84 4.84 

Consensus Log Po/w 4.11 2.86 3.19 3.19 
Pharmacokinetics GI absorption High High High High 

BBB permeant No Yes Yes Yes 
P-gp substrate Yes Yes Yes Yes 
CYP1A2 inhibitor No No No No 
CYP2C19 inhibitor Yes No No No 
CYP2C9 inhibitor No No No No 
CYP2D6 inhibitor No No No No 
CYP3A4 inhibitor Yes No No No 
Log Kp (skin 
permeation) 

− 5.80 cm/s − 7.56 cm/s − 6.94 cm/s − 6.94 cm/s 

Water Solubility Log S (ESOL) − 5.70 − 3.91 − 3.98 − 3.98 
Solubility 9.45e-04 mg/ml; 2.01e- 

06 mol/l 
5.47e-02 mg/ml; 1.24e- 
04 mol/l 

4.14e-02 mg/ml; 1.05e- 
04 mol/l 

4.14e-02 mg/ml; 1.05e- 
04 mol/l 

Class Moderately soluble Soluble Soluble Soluble 
Drug likeness Lipinski Yes; 0 Violation Yes; 0 Violation Yes; 1 Violation: 

MLOGP >4.15 
Yes; 1 Violation: MLOGP 
>4.15 

Veber Yes Yes Yes Yes 
Medicinal Chemistry Bioavailability Score 0.55 0.55 0.55 0.55 

PAINS 0 alert 0 alert 0 alert 0 alert 
Synthetic 
accessibility 

6.84 7.38 6.76 6.76  
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complex for 100 ns MDS trajectory. 

3.6. MM/GBSA calculation 

MM/GBSA calculation revealed free binding energies as − 38.04 kcal/mol, − 26.93 kcal/mol, − 29.02 kcal/mol and − 32.34 kcal/ 
mol for BC012-protein complex, BC014-protein complex, BS032-protein complex, and RC009-protein complex, respectively. Among 
the top-selected compounds, BC012 showed the highest amount of free binding energy and BC014 showed the lowest amount of free 
binding energy. 

4. Discussion 

The Infectious Spleen and Kidney Necrosis Virus (ISKNV) is the type species of the Megalocytivirus genus, which is responsible for 
infecting a variety of marine and freshwater fishes and resulting in significant financial losses to the aquaculture industry worldwide 
[47]. ISKNV infections in tissues, like those caused by other megalocytiviruses, result in the enlargement of infected cells, which is 
much greater than normal cells [48,49]. Some fishes that are infected with ISKNV and other megalocytiviruses have a death rate of up 
to 100% [50]. Thus, the development of effective treatment solutions for infectious ailments brought on by these viral pathogens is 
required. 

The major capsid protein (MCP) (ORF006) is an essential structural component of ISKNV that mediates virus entry into the host cell 
[51]. According to a study, ISKNV employs MCP to connect with the caveolin-1-protein (Cav-1) of the host cell to trigger caveolin 
endocytosis [52]. Additionally, the MCP is well known for having the maximum protein concentration between the outermost en-
velope layer and the inner membrane of the virus. Because the major capsid protein (MCP) of ISKNV plays a crucial role in immu-
nological invasion and the transmission of the virus from fish to fish, our objective was to find out potential drug inhibitors from the 
marine seaweed database that targets explicitly the MCP. Previously, a marine seaweed database (1110 compounds) has shown a 
potential inhibitory effect on viral pathogens [53]. Therefore, in this study, we screen out the marine seaweed database associated with 
computer-aided drug design procedures to select the best MCP-inhibited molecules for combating ISKNV disease in fish. 

Computer-aided drug design (CADD) is one of the most promising technologies for picking novel compounds to utilize against a 
specific protein. CADD integrates a broad range of cutting-edge features and approaches, making it one of the most powerful tools 
available today [54]. Virtual screening, which encompasses molecular docking, molecular dynamic simulation, ADMET, etc., has 
become a fundamental aspect of drug development courtesy of the CADD techniques, which have reduced the time and money needed 
for the complete drug development process [46]. In this study, the three-dimensional structure of MCP was hypothesized, the models 

Fig. 7. Molecular dynamics simulation for 100 ns to analyze RMSD (Root Mean Square Deviation) (Å) of the top selected compounds BC012, BC014, 
BS032, and RC009 to determine their conformational stability. 
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that were found were improved, and the optimal model was chosen (based on the lowest energy score) followed by previous in-silico 
studies [55,56]. The research discovered a decent number of Z-scores (− 6.76) and the superior features of the most preferred, 
approved, and disallowed areas for the Ramachandran plot in the 3D structure validation test (Table 1) which allowed the model to use 
for further validation [57]. As an added step, we used molecular docking and other methods to find possible drug targets. The 
compounds were first screened using a molecular docking procedure, and the top 4 compounds with binding affinities between − 9.2 
and − 9.9 kcal/mol were selected for further in-silico process. All of the pharmacological analogs tested positive for significant 
hydrogen bond interactions with the MCP protein, showing that the drugs had an inhibitory activity [15]. For the chosen compounds, 
RO5 revealed their drug-like qualities [58]. Four of the compounds were determined to have drug-like properties according to all five 
of Lipinski’s standards. Compounds having favorable ADME profiles have been put through further testing to determine their toxicity 
to either humans or animals [38,39]. All four compounds chosen for further study were determined to be non-toxic. 

In the field of organic chemistry, FMO is being used to describe the structure and reactivity of molecules [59]. The HOMO-LUMO 
bandgap energy is used by the theory to order to explain both the electrical and optical features of molecules [60]. The difference in 
energy level that exists between the HOMO and LUMO orbitals has a significant impact on a molecule’s chemical kinetic stability, 
chemical hardness, and chemical softness. This difference also plays a role in the susceptibility of atoms to electrophilic and nucle-
ophilic charges [61]. Even though electrons in the LUMO orbital are involved in electrophilic activities, electrons in the HOMO orbital 
have more freedom to participate in nucleophilic reactions. A soft molecule is one that possesses low HOMO-LUMO gap energy, a high 
amount of chemical reactivity, and both features together. Because an electron has a low probability of entering the high-energy 
LUMO, a molecule with a high frontier (HOMO-LUMO) orbital gap should have limited chemical or biological activity and high ki-
netic stability in this process [62]. Due to their low chemical reactivity and high kinetic stability, molecules that have a high FMO 
energy gap are more energetically stable than those that have a low FMO energy gap [46]. According to the findings of this research, 
the HOMO-LUMO gap energy of the compounds BC012, BC014, BS032, and RC009 that were chosen to be examined was much greater 
than expected, which indicates that the molecules are kinetically stable and have a low level of chemical reactivity [15,39]. 

In addition, molecular dynamics modelling is utilized to validate the hypothesis that a protein may keep its stability while bound to 
ligands [46,63]. Additionally, it can ascertain the stiffness and stability of protein-ligand complexes in a particular enclosed envi-
ronment, such as the human body. The RMSD values of the complex systems point to the most stable compounds, and the RMSF values, 
which quantify mean fluctuation and define the compactness of the protein-ligand complex, show how firmly the complex is com-
pacted together [64]. The protein-ligand contact also showed a good interacting pattern of the compound after 100 ns of molecular 
dynamics simulation. Therefore, in this research, after the molecular dynamic modeling, each of the four compounds BC012, BC014, 
BS032, and RC009 from the database demonstrated stabilities against the MCP protein. In addition, the potential for predicting the 
relative binding free energies for four ligands against the same target MCP was shown by the MM/GBSA approach used in this work. 
Therefore, we can draw the conclusion that these molecules can act as an inhibitor against the ISKNV in fish. 

Despite the comprehensive computational approach to characterize and validate the lead candidates against ISKNV MCP, the 
current investigation has some limitations. We have used several in silico tools for molecular docking, ADMET analyses, MD simulation, 
MM/GBSA and DFT calculation but the accuracy of these tools are not perfect. It is not fully clear that how well the lead candidates will 
inhibit the MCP in vitro and in vivo for which further wet-lab based studies are required. In addition, Structure Based Drug Design 
(SBDD) methods have various challenges, such as standard benchmarking, constrained prediction approaches, and a paucity of 
datasets for different computational investigations [65]. However, computational drug design approach is highly beneficial in its merit 
to reduce time, labor and cost for the effective discovery of new drugs along with repurposing some existing drugs for therapeutic 
proposes and this technique has been utilized for the successful discovery of many drugs including Captopril, Dorzolamide, Indinavir, 
Ritonavir, Aliskiren and so on [66]. 

5. Conclusions 

This is the first study to our knowledge to use a standardized in-silico approach to identify potential antiviral drug candidates that 
target the major capsid protein. Using integrative molecular modeling, virtual screening, molecular docking, ADMET, and MD 
simulation approaches, the BC012, BC014, BS032, and RC009 compounds were identified as potential drug candidates from the 
marine seaweed database. These compounds can inhibit the activity of the major capsid protein, which will aid in the fight against 
ISKNV in fish. In addition, researchers will be able to develop alternate strategies for the treatment of ISKNV infections by evaluating 
the activity of the molecule via a range of lab-based tests. 
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