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ABSTRACT 

The White Spot Syndrome Virus (WSSV) has been the most pathogenic in the shrimp 

and other crustacean industries across the world in terms of production and financial 

benefits. Invertebrate vectors, freshwater, and sediments spread it horizontally as well 

as vertically from diseased broodstock to post-larvae. It is an exceedingly contagious 

disease that may cause entire mortality within 3–10 days of an outbreak under standard 

culture conditions. The sequencing and characterization of several WSSV strains have 

begun to reveal information regarding pathogen biology, pathogenicity, and WSSV 

must bind to the shrimp digestive system to infect it, and failure to do so results in 

ineffective infection. The Penaeus monodon chitin-binding protein (PmCBP), as well 

as the viral envelope proteins VP24 and VP28, are required for viruses to bind to the 

shrimp digestive system. In this study, we have shown the molecular interactions 

between PmCBP-VP24 and PmCBP-VP28 complex and speculated about the first steps 

of virus ingression in shrimps for the first time. 

 

Introduction 

In cultured penaeid shrimp, White Spot Syndrome Virus (WSSV) causes white spot disease 

(WSD). WSSV is more likely to infect penaeid shrimps like Litopenaeus vannamei, Penaeus 
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monodon, Marsupenaeus japonicus, and Fenneropenaeus indicus. WSSV is a big double-

stranded DNA baculovirus, and infection with the pathogen in shrimp farming can result in 

up to 100% mortality in 3 to 10 days [1]. The white dots on the carapace of shrimp infected 

with WSSV are immediately identifiable [2]. The initial symptoms, on the other hand, arise 

after the animal has been infected and is near death. As a result, diagnosis methods have 

evolved from morphological-based characterization using electron microscopy (EM) to 

exceedingly effective immunological and molecular methods that previously could only 

detect the virus in asymptomatic carriers [3]. Given the severity of WSD in captive 

crustaceans, it is hardly unexpected that a lot of effort has gone into figuring out the disease's 

basic causes and finding potential remedies for disease control or mitigation[4]. Regardless 

of the diverse means adopted at present (i.e., environmental control, pre-exposure of shrimp 

to the pathogens, herbal treatments, DNA/RNA-based vaccines), there is no absolute drug or 

antiviral that can prevent the ingress of the virus. The main disadvantage of the illness is that 

its mechanism, which includes ingression, growth, and dispersion of the virus within the host, 

must be thoroughly understood [5]. The cannibalistic nature of shrimp results in infecting a 

healthy shrimp with WSSV. As a result, WSSV infection occurs when a normal shrimp feeds 

a WSSV-infected live/dead shrimp. The main site from which shrimp become infected is the 

lining of their digestive tube. Generally, chitinous linings line the esophagus, stomach, and 

hindgut while semipermeable peritrophic membranes (PM) line the midgut epithelium [5]. 

Chitin fibrils are embedded in a collage of proteins, proteoglycans, and mucopolysaccharides 

to form this PM. Several host cell membranes, particularly the cell membranes of epithelial 

cells, have receptors that can interact with virus envelope proteins and facilitate virus entry. 

An often-studied protein among all receptors in the chitin-binding protein PmCBP (CBP in 

Penaeus monodon). The interaction of yeast two hybrids with PmCBP has been studied in 

vitro using yeast two hybrids. VP24 and VP28 are two of the most significant proteins in this 

cluster of at least 11 viral envelope proteins associated with PmCBP [6, 7]. Furthermore, a 

unique complex protein aggregation (dubbed 'infectome') was discovered, which was made 

up of proteins such as VP24, VP28, VP31, VP32, VP39B, VP53A, and VP56 [7]. By being 

linked with CBP, this complex performed a critical function in facilitating viral percolation 

over the basal membrane of the alimentary canal. Furthermore, the chitin-binding assays have 
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revealed the association between infectomes and CBP is facilitated by VP24, VP28, and 

PmCBP [8]. The viral envelope protein VP24 protrudes outside from the viral envelope and 

this feature additionally facilitates its interaction with CBP [9, 10]. A critical factor for 

anchoring the viral particle to the inner lining of the shrimp alimentary canal is the interaction 

between chitin and VP24 within the stipulated period along with the association with VP28. 

Ineffective attachment advancement can lead to infection failure if this interaction is 

hampered. In this regard, the present study aims to use in-silico approaches to explore the 

molecular interactions between virus envelope proteins VP24, VP28, and shrimp receptor 

protein PmCBP. To accomplish this, 3D structures of PmCBP were designed using molecular 

modeling. To understand the amino acid interactions occurring within VP24-PmCBP and 

VP28-PmCBP complexes, the docked 3D structure of PmCBP was subjected to molecular 

docking and dynamics approaches. The pmCBP-VP24 complex is vital while the PmCBP-

VP24 complex also aids in the entry of the virus into shrimp bodies. In one in-silico based 

study researchers predicted the interactions among the VP24-PmCBP complex [11], 

however, the interaction of PmCBP with other virion proteins particularly with VP28 has not 

been studied yet. Moreover, the researchers only predict the binding interaction of VP24 

proteins short amino acid sequence(186-200) with PmCBP [11]. Based on their study it is 

very difficult to conclude the initial instigation of WSSV. Because the three-dimensional 

structure of the VP24 has many active binding sites. Therefore, our study aimed to predict 

the interaction between PmCBP-VP24 and PmCBP-VP28 complex to provide information 

regarding the shrimp WSSV virus. Also, it is needed to understand the other virion protein’s 

role with PmCBP protein to better analyze the WSSV initial action on the shrimp body. Thus, 

the present study provides a glimpse into the initial infection and the ingression of the virus 

within the shrimp body. Furthermore, this study may be used to search for inhibitors that can 

interfere with PmCBP's activity in forming complexes with VP24 and VP28 proteins, thereby 

inhibiting virus entry into shrimp. 
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Material and Methods 

Sequence Analysis of PmCBP Protein 

The PmCBP protein sequence was retrieved through a review of the literature [10]. The 

ProtParam program was used to calculate primary structure specifications for PmCBP 

protein, including molecular weight, theoretical pI, atomic composition, extinction 

coefficient, estimated half-life, aliphatic index, and grand average of hydropathicity 

(GRAVY) [12]. The DiANNA tool was utilized to gain a more detailed understanding of the 

protein's secondary structure. The DiANNA tool is a neural network program that gives 

information about disulfide connectivity and protein fold stability. PmCBP protein disulfide 

bonds were accessed using the tool [13]. 

Preparation of Molecules PmCBP, VP24, and VP28 

Homology modeling was used to predict the three-dimensional structure of PmCBP 

employing BlastP and Protein Data Bank. Because an adequate template could not be found 

using BlastP, we used a de novo modeling strategy. Therefore, the three-dimensional 

structure of the target PmCBP protein was predicted using the Raptorx server 

(http://raptorx.uchicago.edu/) [14]. RaptorX is a protein structure prediction server 

developed by the Xu group, excelling at predicting 3D structures for protein sequences 

without close homologs in the Protein Data Bank (PDB). Given an input sequence, RaptorX 

predicts its secondary and tertiary structures as well as solvent accessibility and disordered 

regions. RaptorX also assigns the following confidence scores to indicate the quality of a 

predicted 3D model: P-value for the relative global quality, GDT (global distance test) and 

uGDT (un-normalized GDT) for the absolute global quality, and RMSD for the absolute local 

quality of each residue in the model. RaptorX-Binding is a web server that predicts the 

binding sites of a protein sequence, based upon the predicted 3D model by RaptorX. On the 

other hand, the 3D structure of VP24 was also predicted using the RaptorX server while the 

VP28 protein structure retrieves from Protein Data Bank (PDB) (2ED6). The models 

generated were visually analyzed using Pymol (Lill and Danielson, 2011). Although the 

VP24 has the 3D structure available in Protein Data Bank (PDB ID: 5HLJ), however the 

structure contains many other functional molecules. So, according to the objective of our 
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study we decided to modelled the 3D structure of VP24 protein by RaptorX server to avoid 

the expanded ligand-protein interaction. 

Molecular Docking and Simulation Studies 

The molecular docking and simulation studies were carried out using Cluspro 2.0 web server. 

The algorithm running behind Cluspro 2.0 server is very robust and does not require any 

prior information regarding either template or binding site between the proteins. The online 

service can be accessed at (https://cluspro.bu.edu/login.php). The server provides a simple 

home page for basic use, requiring only two files in Protein Data Bank (PDB) format. 

However, ClusPro also offers several advanced options to modify the search; these include 

the removal of unstructured protein regions, application of attraction or repulsion, accounting 

for pairwise distance restraints, construction of homo-multimers, consideration of small-

angle X-ray scattering (SAXS) data, and location of heparin-binding sites. Six different 

energy functions can be used, depending on the type of protein. Docking with each energy 

parameter set results in ten models defined by centers of highly populated clusters of low-

energy docked structures [15]. The final docked PmCBP-VP24 and PmCPBP-VP28 complex 

were visualized in Pymol and Discovery studio. Further, the amino acid interactions 

occurring between protein PmCBP-VP24 and PMCBP-VP28 were tabulated using PDBsum 

[16]. The binding energy of the PmCBP-VP24 and PmCBP-VP28 complex was evaluated 

using the HawkDock server [17]. The server employs molecular mechanics Poisson–

Boltzmann surface area (MM-PBSA) to estimate interaction free energies between various 

protein-protein complexes [17]. 

Results 

Sequence Analysis of Protein PmCBP 

In the study, we performed sequence analysis of PmCBP using ProtParam, which revealed 

that PmCBP was made of 168 amino acids. The estimated molecular weight of PmCBP is 

17471.11 Da. The total negatively charged residues and positively charged residues are 8 and 

18 respectively. The Aliphatic index of the protein is 56.43 suggesting that it is a soluble 

protein. The Grand average of hydropathy (GRAVY) is - 0.114 suggesting that protein is 
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hydrophilic. DiANNA tool predicted that the protein contained 3 disulfide linkages, which 

provided extracellular stability to the PmCBP (Table1). 

Table 1 Physiochemical features of PmCBP protein from different tools and server 

ProtParam tool Values 

Number of AA 168 

MW 17471.11 Da 

pI 4.45 

Extinction coefficients 7825 

Instability index 50.04 

Aliphatic index 56.43 

GRAVY -0.114 

Total number of negatively charged residues (Asp 

+ Glu) 

18 

Total number of positively charged residues (Arg 

+ Lys) 

8 

Formula C775H1140N198O253S6 

Total number of atoms 2372 

 

Table 2 DIANA predict cysteine residues important in disulfide bonding 

                      DIANA 

Predicted bonds Distance Bonded cysteine 

86 - 126 40 STSFACLDRPY - QYSFLCGEGSR 

101 - 139 38 DEENSCHIFHI - QKELTCVAESE 

107 - 148 41 HIFHICYPALF - SEAIPCQESSN 

 

Preparation of Molecules PmCBP, VP24, and VP28 

The proportions of helix content, beta-sheet content, coil content, and overall confidence 

value were 0 %, 1 %, 18 %, 82 %, and 72.5%, respectively, according to the PROTEUS 

Structure Prediction Server 2.0 study. The final 3D structure of PmCBP was designed by the 

RaptorX server and out of 5 models we chose Model-1. Since model 1 depicted maximum 

RMSD score and 90.48% of the PmCBP residues show average 3D-1D score ≥ 0.2 as per 

Verify3D results, therefore, it was finally selected as the best model for PmCBP (Figure 1). 

As predicted by the CASTp v.3.0 algorithm, the VP24 protein modeled contains 32 unique 

active sites (Figure 3). CASTp is a database server that can recognize regions on proteins, 

determine their boundaries, compute the area of the areas, and calculate the dimensions of 
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the areas. Vacuums concealed within proteins and pockets on protein surfaces are also 

involved. 

 

Fig 1 3D structure of PmCBP 

 

Fig 2 The active location of the VP24 protein. The active site of amino acid residues (Blue color) 

 

Molecular Docking and Simulation Studies 

The docking prediction performed by Cluspro 2.0 server result showed 10 models for each 

of the docked complexes. Model 1 (Figure 3 (A)) is considered to be the most probable model 

of PmCBP-VP24 complex because it depicted RMSD (root-mean-square deviation) value 

2.48 Å whereas Model 7 (Figure 3 (B)) is considered to be the most probable model of 

PmCBP-VP28 complex which depicted RMSD value 2.53 Å. After the selection of these 

appropriate models, a detailed investigation was done into the amino acid sequences that 

interact between the protein PmCBP-VP24 and PmCBP-VP28 complex via the PDBsum web 

server. The amino acid interactions revealed that the PmCBP-VP24 complex is stabilized by 

4 hydrogen bonds (Figure 3(A)). Within the PmCBP-VP24 complex, Ser81, Asn99, Gly48, 
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and Ser81 of PmCBP respectively interact with Asn27, Thr26, Gly103, and Thr26 of VP24 

through H-bonds (Figure 3(A)). On the other hand, the amino acid interactions revealed that 

the PmCBP-VP28 complex is stabilized with 12 H-bonds. Within the PmCBP-VP28 

complex, Asn51, Asn51, Asp49, Glu50, Glu50, Glu50, Asp75, Ile37, Thr41, Lys147, Ser152 

and Ser153 of PmCBP respectively interact with His195, Thr197, Asn47, Thr46, Gly200, 

Thr201, Arg130, His40, His40, Glu109, Thr155 and Ser153 (Figure 3 (B)). The binding free 

energy of complex PmCBP-VP24 and PmCBP-VP28 was evaluated by the HawkDock server 

and found to be - 45.04 (kcal/mol) and -48.07 (Kcal/mol) proving that the complex is stable. 

Additionally, some disulfide interactions also contribute towards the stability of the PmCBP-

VP24 complex (Figure. 3 (A, B)).  

 

 

Fig 3 Protein-Protein interaction between (A) PmCBP-VP24 protein complex and (B) PmCBP-

VP28 protein complex 
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Discussion 

Protein-protein interactions are important to understanding the cellular function and 

organization of pathogens [15]. WSSV is primarily composed of its envelope and the proteins 

that are found within that envelop, which come in direct contact with shrimp digestive 

membranes and play a crucial role in the disease's propagation. WSSV envelope proteins 

were also considered capable of forming a protein complex dubbed an ‘infectome’[18].  

VP28 and VP24 are the most prevalent WSSV viral envelope proteins [19]. Previously, many 

studies revealed the role of Penaeus monodon Rab7 and chitin-binding protein-virion protein 

complex in WSSV infection through wet lab analysis [18, 20, 21]. Bioinformatics analysis 

showed stable interactions between VP24-PmCBP [11]. In their study, they only chose the 

amino acid sequence of VP24 from 186 to 200 to see the interaction with the PmCBP [11]. 

However, the interaction of the whole protein structure of VP24 with PmCBP protein needs 

to be brought into the light to better understand the initial instigation of WSSV infection. 

Moreover, the role and effect of VP28-PmCBP protein also can be the factor to analyze the 

initial infection of WSSV in shrimp.  

To initiate infection with WSSV, dead or infected shrimp (viral particles) must be anchored 

properly to the shrimp alimentary canal's inner membrane. The virus traverses the shrimp 

alimentary canal to reach the basal membrane after accurate binding of its proteins with the 

shrimp receptor proteins that line the alimentary canal [5]. Upon reaching the basal 

membrane, the virion particles ooze into the alimentary canal before becoming plasma and 

eventually affecting the target organs such as eyestalks, cells of the cardiovascular system, 

brain, and reproductive organs such as gonads [22]. Individual shrimps become infected by 

the virus when it enters their nucleus and replicates itself to spread in the body of individual 

shrimps, resulting in their death [23]. Thus, the virus ingresses into the shrimp body when its 

receptor proteins make complexes with the viral envelope protein, which then anchors the 

virus to the shrimp. A vital role in disease initiation in shrimp is played by PmCBP-VP24 

and PmCBP-VP28, which are important protein complexes in the process. Despite having no 

structure for PmCBP, we designed it by in-silico approaches. In addition, VP24 and VP28 

are believed to form the envelope protein complex, the so-called 'infectome', which plays a 

critical role in recognizing host cells, anchoring to them, and directing WSSV into the host 
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cells [7]. Recent reports have shown that VP24 and VP28 interact with shrimp chitin 

receptors, but the exact role and molecular mechanisms involved remain unclear [24, 25]. 

Additionally, VP24 has been proposed as a potential monomertrimer transformation during 

the WSSV ingression mechanism in shrimp [9]. Therefore, when the virus enters the shrimp 

body, VP24 converts into its monomeric form and attaches itself to PmCBP's surface when 

its β9 is exposed. Using this PmCBP-VP24 and PmCBP-VP28 complex, we discovered that 

the complexes are stabilized by hydrogen bonds and disulfide interactions for the first time. 

The H bonds located between Ser81, Asn99, Gly48, and Ser81 of PmCBP respectively with 

Asn27, Thr26, Gly103, and Thr26 of VP24, and these bonds might play a crucial role in 

adhering VP24 to PmCBP but they have to be further validated experimentally. Similarly, all 

the 12-hydrogen bonds between PmCBP-VP28 complexes also proved stable relations 

among them and this needs to be further researched as well. VP24 facilitates the attachment 

of VP28 to the host cell, thereby promoting membrane fusion to promote the viral infection 

after the formation of PmCBP-VP24 in the shrimp. VP28 attached to VP28 and PmCBP 

forms PmCBP-VP24, thereby promoting anchoring of WSSV to the shrimp's alimentary 

canal [9]. The infective amino acid residues found sandwiched between the complexes 

PmCBP-VP24 and PmCBP-VP28 in this work might be crucial for shrimp-viral interaction 

at the cellular level. In this way, disruption of the bonding between these amino acids could 

have a detrimental effect on PmCBP-VP24 and PmCBP-VP28 formation, thereby preventing 

the cascade of events that involve viral structural proteins, especially VP24 and VP28. This 

would lead to a slowed spreading of the virus throughout the body since the virus cannot 

transit seamlessly across the digestive tract. Given the importance of the complexes 

associated with WSSV ingression into shrimp, we will try to predict a potential inhibitor in 

our future studies that can disrupt the amino acid interactions in the complexes. If such 

inhibitors behave in a plausible antiviral manner in the wet lab, then they could be 

administered as a shrimp feed to disrupt the initial instigation process of the virus in shrimps, 

thus resulting in disease mitigation. 
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Conclusion 

WSSV genome and structure have been extensively studied, but information about how 

WSSV infects cells is limited. The purpose of this study was to establish the biological 

significance of the protein-protein interaction between WSSV envelope protein (VP24 and 

VP28) and Penaeus monodon chitin-binding protein (PmCBP). The WSSV needs to bind to 

shrimp digestive tracts that PmCBP interacts with the viral envelope proteins, and failure to 

do so results in ineffective infection. Therefore, we found stable binding interactions between 

two major WSSV envelope proteins and PmCBP, and thus this study can play a vital role in 

producing WSSV drug inhibitors or vaccines in the future.  
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