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CHAPTER 6 

IDENTIFICATION OF B- AND T-CELL EPITOPES OF 

ROTAVIRUS PROTEOME AND DEVELOPMENT OF CHIMERIC 

ANTIGEN FOR DIAGNOSIS OF ROTAVIRUS 

Graphical Abstract 

 

6.1. Introduction 

Rotavirus-associated infection accounts for 39% of diarrhoeal deaths that occur mainly 

in low and middle-income countries and 22% of all rotavirus-related deaths worldwide 

can be attributed to India [1]. More than 100 countries have included the rotavirus 

vaccine into their immunization programmes since it is the most effective intervention in 

preventing severe rotavirus disease [2,3]. Although Rotarix and RotaTeq were licensed 

in 2006, India was unable to afford to include the vaccine in its universal immunization 

programme (UIP) due to concerns about cost and long-term price sustainability [4,5]. 

The effectiveness of Rotarix® and RotaTeq® in high-and middle-income countries were 

observed high ranging from 85% to 98% [2, 6]. However, average efficacies (51%–64%) 

were found in the low-income Asian and African countries [7,8].  
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The efficacy and effectiveness for Rotavac against severe gastroenteritis was 56% during 

the first year of life [9] and 49% in the subsequent year [10]. RotaSIIL is a heat-stable 

oral vaccine that can retain stability up to 18 months during storage at 40ºC [11]. The 

vaccine efficacy against severe rotavirus gastroenteritis in an immunized Indian children 

was 33% [12] and 67% in Niger [13]. The results of an Indian manufactured vaccines 

showed similar efficacy with the existing commercial vaccines for rotavirus in 

developing country populations. Live-attenuated strains of RV vaccines have the 

inherent potential to interchange genetic materials with the circulating strains that might 

generate a virulent RV strains [14]. Although at a lower rate, live-attenuated oral RV 

vaccines are associated with the risk of developing intussusception (IS) [15,16] in an 

age-dependent manner [17,18]. An estimated of about 1–6 cases of IS during the 

administration of first or second dose for Rotarix® and RotaTeq® per 100,000 

immunized children have been reported [15]. Similar rates of IS have been observed for 

an Indian manufactured vaccines, Rotavac® [9] and RotaSIIL® [12]. Recombinant 

vaccines could overcome the adverse consequences of live-attenuated vaccines. The 

common recombinant subunit vaccines are Hepatitis B vaccine which consists of 

hepatitis B virus surface antigen and recent recombinant vaccine against human 

papillomaviruses [19]. Novel next generation vaccination involving a rational design of 

B- and T-cell epitope-based vaccine have made substantial progress in the clinical trials. 

The recombinant epitope-based malaria vaccine that successfully reached phase-III trials 

might become the first commercial vaccine for parasitic disease [20]. 

With the inclusion of indigenous RV vaccines in UIP, important aspects need to be 

examined including impact of the vaccine on disease burden, efficacy, safety and cost 

effectiveness. With the diverse strains of RV identified so far, rapid and accurate 

detection of RVA has been a major challenge, particularly in low- and middle-income 

countries. As mentioned in Chapter 2, the diagnosis methods detect either the surface 

antigen or its genome. RT-PCR, despite being highly sensitive, it is not affordable for 

use in surveillance studies especially in poor and resource-limited countries [21,22]. 

Although latex agglutination and electropherotyping tests are affordable, their low 

sensitivity and specificity limit their use in rotavirus detection in surveillance. Therefore, 

ELISA is an ideal diagnostic method currently used for detection of VP6 antigen of RVA 

in stool samples of diarrheic children. VP6 protein is highly immunogenic, abundant, and 

conserved among the rotavirus proteins thereby making it suitable for use as a universal 
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diagnostic assay [23]. Moreover, for more sensitive and effective diagnostic assays, 

peptides from other proteins of rotavirus that are highy reactive with anti-RV antibodies 

are of immense importance. The anti-peptide antibodies that are often targeted against 

more than two epitopes may serve as homogenous antibodies with increased specificity, 

affordability, and user-friendly procedure [24]. Further, combining multiple antigenic 

peptides may be a solution for the problem of low titer anti-peptide serum [24,25]. For 

serodiagnosis of various viruses, such antibodies have been in use; hepatitis C virus [26], 

infectious bronchitis virus [27], infectious bursal disease virus [28] and peste-des-petits 

ruminants virus [29]. 

Immunoinformatic approaches have been used for prediction of an antigenic epitope for 

vaccine development and high-affinity antibodies for therapeutic and diagnostic 

applications [30,31]. Some examples of computational immunoinformatic tools that has 

the potential to help experimental researchers to validate the in silico designed epitope-

based vaccine includes but not limited to SARS-CoV-2 [32], Zika virus [33], and Nipah 

virus [34]. In silico identified protein regions with high probability of being effective 

epitopes might help in designing effective experimental assays with improved precision 

[35]. This part of work involves the application of extensive computational 

immunoinformatic tools to identify potential B and T- cell epitopes to enable us to 

design a multi-epitope vaccine construct containing predicted antigenic fragments of 

rotavirus proteins.  

The final vaccine constructs carry a tripeptide Arg-Gly-Asp (RGD) cell adhesion motif 

at the N-terminal end to improve the immunogenicity. Allergenicity, antigenicity, 

epitope conservancy, structural modelling, docking and molecular dynamics simulation 

of vaccine constructs were carried out to ensure vaccine property of multi-epitope 

protein. Codon optimized vaccine antigens were expressed, and affinity purified in E. 

coli. The present observations of computational bioinformatics are expected to help 

researchers to select epitopes for further experimental validations and develop 

recombinant subunit vaccine against rotavirus. 

6.2. Materials and methods 

A schematic representation of an in-silico strategy followed for prediction of B- and T-

cell epitope using proteome of rotavirus is presented in Figure 6.1. 
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Figure 6.1. Schematic representation of an in-silico strategy followed for prediction of 

B- and T-cell epitope using proteome of rotavirus. 

6.2.1. Rotavirus protein sequence and selection of antigenic protein 

In this study, the prototype simian group A rotavirus SA11 strain was used as reference 

strain to download sequences of structural (VP1, VP2, VP3, VP4, VP6 and VP7) and 

non-structural proteins (NSP1, NSP2, NSP3, NSP4 and NSP5); VP6 protein sequences 
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of Adult diarrhoeal rotavirus (ADRV) and Cowden strain of porcine were included as 

group B and group C reference strains. The accession numbers of rotavirus proteins used 

for various bioinformatics analyses have been given in Table 6.1. All retrieved rotavirus 

protein sequence was analyzed for antigenicity using VaxiJen v2.0 server (http://ddg- 

pharmfac.net/vaxijen). VaxiJen is the first server used for prediction of whole protein 

antigenicity in an alignment-independent manner with high prediction accuracy of 70%–

89% [36]. 

6.2.2. B-cell epitope prediction 

Antigenic/immunogenic epitopes are specific region of an antigen that is recognized by 

the immune B-cell antibodies. We have predicted linear B-cell epitope using Bcepred 

server [37,38]. Bcepred predict B-cell epitopes based on combination of four parameters 

such as flexibility, hydrophilicity, polarity, and exposed surface with a prediction 

accuracy of about 58.7% (http://crdd.osdd.net/raghava/bcepred). We used full-length or 

partial crystallographic {VP4 {VP8 (PDB ID: 2P3I), VP5 (PDB ID: 2B4H)}, VP6 (PDB 

ID: 1QHD), VP7 (PDB ID: 3FMG), NSP2 (PDB ID: 1L9V), NSP3 (PDB ID: 1KNZ)} 

and modelled structures of rotavirus proteins to identify and predict a conformational B-

cell epitopes [37]. Four different servers have been used to develop a reliable 

identification of conformational B-cell epitopes of rotavirus proteins [33,34,35,39]. 

CBTOPE server (http://crdd.osdd.net/raghava/cbtope) predicts B-cell epitope of an 

antigen using SVM-based model [40]. B-cell epitope prediction using DiscoTope 2.0 

server (http://tools.iedb.org/discotope/) is based on estimation of surface accessibility 

with a default threshold setting value. ElliPro (http://tools.iedb.org/ellipro/) predicts B-

cell epitopes using the structure of an antigen. EPSVR (http://sysbio.unl.edu/EPSVR/) 

uses a Support Vector Regression (SVR) method to predict B-cell epitopes and shown to 

exhibit high performance with AUC value 0.597 as compared to the existing prediction 

servers [41]. Agadir score (http://agadir.crg.es/) was calculated for selection of potent 

epitopes based on its helical content [42]. 

6.2.3. Prediction of cytotoxic T lymphocytes and helper T-cell epitope 

Cytotoxic T lymphocytes (CTL) epitopes of 9-mer peptide length were predicted using 

three different tools [37]. Proteasomal cleavage/TAP transport/MHC class I combined 

predictor (http://tools.iedb.org/processing) is a tool that predicts CTL epitopes based on 
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combination of prediction scores obtained for each of proteasomal processing, TAP 

transport, and MHC binding. The top 2% binders with an IC50 less than or equal to 

500nM was considered [43]. nHLAPred (http://crdd.osdd.net/raghava/nhlapred) predicts 

MHC I binding peptide using a neural network method [44]. Rankpep 

(http://imed.med.ucm.es/tools/rankpep.html) is used for prediction of peptides binding to 

MHC I and MHC II molecules using position specific scoring matrices and the top 2% 

MHC binders were selected [45]. Similarly, helper T-cell (HTL) epitopes were identified 

by NetMHCIIpan 3.1 (http://cbs.dtu.dk/services/NetMHCIIpan-3.1/). The threshold 

value for peptides with strong binding affinity was set as top 2%. ProPred 

(http://crdd.osdd.net/raghava/propred/) have been used to identify 9-mer promiscuous 

MHC II peptides based on quantitative matrices and the top 3% predicted peptides were 

selected as best binders [46]. Rankpep server predicted MHC class-II binding peptides 

top 5% best binders were selected in this study. A total of 27 HLA supertypes alleles 

with maximum population coverage (approximately >97%) were selected to identify and 

predict MHC I and II binding peptides [47,48,49,50,51]. 

6.2.4. Epitope immunogenicity, conservancy analysis and allergenicity assessment 

Antigenicity of predicted epitopes in our vaccine constructs were assessed by VaxiJen 

v2.0. The identification of immunogenic epitopes is of great importance in understanding 

cellular immune responses and vaccine development. IEDB Class I immunogenicity tool 

(http://tools.iedb.org/immunogenicity/) was used to characterize the immunogenic 

potential of predicted 9-mer MHC I binding peptide [52]. We have predicted the 

immunogenicity (http://tools.iedb.org/CD4epi score) of MHC II binding epitopes using 

7-allele method, immunogenicity method and combined method [41,53]. AllerTOP v2.0 

(http://www.ddg-pharmfac.net/AllerTOP/) was used to predict the allergenic properties 

and the route of exposure of vaccine construct [42]. A web-based IEDB tool 

(http://tools.iedb.org/conservancy/) was used to predict the conservancy of epitopes that 

were included in the vaccine constructs [54]. 

6.2.5. Molecular docking and CTL/HTL mediated immunogenicity prediction 

It is important to determine the strength of interaction of peptide-MHC molecules and 

the T-cell receptors. Molecular docking approach was used to identify and select the best 

CTL/HTL epitopes binding to MHC molecules. The 3D structure of peptide was 
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generated by PEP-FOLD 2.0 (http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-

FOLD/) and N- and C-terminals ends were capped [55]. We retrieved the PDB files of 

MHC molecules from Protein Data Bank for docking purpose. MHC allele lacking a 

crystal structure was modeled by I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-

TASSER/). MHC-peptide docking simulation was performed using ClusPro v.2.0 

docking program (www.cluspro.bu.edu) with default settings [56]. Interaction energy 

was analyzed by prodigy (http://milou.science.uu.nl/services/PRODIGY/) [57]. 

6.2.6. Designing epitope-based vaccine constructs 

Using the information of predicted epitopes, a multi-epitope-based vaccine was designed 

using high scoring peptide sequence consisting of T- and B-cell epitopes. Predicted 

immune epitopes were joined by cleavable and flexible linkers [32,33,39]. Integrin 

binding motif (RGD) fused with EAAAK linker was added as adjuvant and forms the 

component of final multi-epitope vaccine [58]. 

6.2.7. Structure prediction and validation 

Physiochemical properties of vaccine constructs were analyzed using ProtParam [59]. 

Secondary structure of designed vaccine was predicted using the sequence of amino acid 

as input data by PSIPRED v3.3 (http://bioinf.cs.ucl.ac.uk/psipred/). Position-specific 

iterated BLAST (PSI--BLAST) was employed to select sequences exhibiting homology 

to vaccine constructs [60]. Modeling of vaccine constructs was done byI-TASSER [61], 

Phyre [62] and RaptorX. The best structures selected based on similarity of structure 

modelled by all three methods (I-TASSER, RaptorX, Phyre2) was used for validation 

and molecular dynamics simulation. We validated modelled structure by RAMPAGE 

server that provides a Ramachandran plots for glycine and proline amino acid residues. 

Ramachandran plot shows the distribution of torsion angles [psi(ψ) and phi (ϕ)] in a 

protein structure based on calculated van der Waal radius of the side chain [63]. 

6.2.8. Molecular dynamics simulation of epitope-based vaccine 

Molecular dynamics (MD) is a computer simulation method that provides detailed 

information on the fluctuations and conformational changes of atoms and molecules. MD 

simulation of epitope-based vaccine was performed using GROMACS, v4.6.5 [64]. We 
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used single point charge water molecules and CHARMM27 force field to determine the 

intermolecular interactions. Solvation was done in a cubic box-type and appropriate 

number of chloride and sodium ions was used to neutralize peptide charges. Energy 

minimization was done using the steepest decent algorithm for 50000 steps with the 

maximum force of 1000 kJ/mol/nm. Equilibration of NVT (constant Number of particles, 

Volume and Temperature) and NPT (constant Number of particle, Pressure and 

Temperature) ensemble was done for 100 ps using Particle Mesh Ewald algorithm. After 

equilibrations of NVT at 300 K and NPT at 1 bar and production MD run was performed 

for 20 ns using LINCS (Linear Constant Solver) algorithm [64]. Root mean square 

deviation and root mean square fluctuation were performed to calculate standard 

deviation and fluctuation of the protein backbone with respect to time. 

6.2.9. Codon optimization, synthesis, expression, and affinity purification of 

chimeric constructs in E. coli 

Codon optimized epitope-based vaccine namely constructs 1, 2, 6 and 7 was cloned into 

the Champion pET directional TOPO expression cloning vector (pET100/D-TOPO, 

Thermofischer Scientific) to achieve high level expression in E. coli. Expression of N-

terminal 6X-His-tagged multi-subunit chimeric antigens was induced at culture OD600 

of 0.6 using different concentration of IPTG at 18°C, 25°C and 37°C. Ni2+-affinity 

purification of soluble protein was carried out using Tris-NaCl buffer with 5 mM 

imidazole in the binding buffer and eluted with 250 mM imidazole, pH 7.4. The purified 

protein was dialyzed in a Tris buffer supplemented with NaCl. The purity of protein was 

analyzed on silver stained SDS-PAGE and different concentrations of BSA were loaded 

to determine the approximate concentration of purified proteins estimated using Bradford 

assay. 

6.3. Results and discussion 

6.3.1. Sequence retrieval and selection of antigenic rotavirus proteins 

The prototype simian agent 11 (SA11) was used as group A rotavirus reference strain to 

retrieve protein sequences in FASTA format due to availability of complete genome 

sequence (Table 6.1). Rotavirus pathogenesis is multifactorial, and the outcome of 

disease is determined by both host and viral factors. Genetic analysis of selected virus 
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reassortants identified several proteins of rotaviruses but not limited to VP3, VP4, VP6, 

VP7, NSP1, NSP2, NSP3, and NSP4 that are involved in virulence. The VP6 protein 

sequences of adult diarrhoeal rotavirus (ADRV) and Cowden strain of porcine were 

included as group B and group C prototype strains. Among 12 rotavirus proteins, only 9 

proteins were predicted as antigenic using VaxiJen v.2.0 with probability of antigenicity 

scores in the range of 0.4043–0.5734 (Table 6.1). Rotavirus NSP4 was predicted as non-

antigen by VaxiJen which might be due to the limitation of server. NSP4 protein has 

pleiotropic properties including viral enterotoxin, intracellular role in viral replication 

and morphogenesis [65]. Recombinant NSP4 protein is known to induce age and dose-

dependent diarrhoea in suckling mice mimicking a rotavirus disease caused during 

natural infection [66]. NSP4 and 9 other rotavirus proteins predicted as antigens were 

analyzed for the identification of B- and T-cell epitopes using well established 

immunoinformatic prediction methods (Figure 6.1). 
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Table 6.1:  Physico-chemical analysis and prediction of antigenicity of rotavirus proteins 

Protein 
Rotavirus 

protein sequence 

Protein 

PDB ID 
Length 

Mol. Wt. 

(Da) 

pI 

value 

Highly 

repeated 

amino acid 

Antigenicity 

(VaxiJen 

v2.0 score) 

VP1 YP_002302227.1 - 1088 125207.83 8.35 
Leu (L) 

9.9% 

Non-antigen 

(0.3592) 

VP2 YP_002302226.1 - 882 102740.82 5.70 
Leu (L) 

10.9% 

Antigen 

(0.4043) 

VP3 YP_002302228.1 - 835 98069.11 7.89 
Ile (I) 

9.9% 

Antigen 

(0.5068) 

VP4 YP_002302230.1 2B4H 776 86774.57 5.15 
Ser (S) 

9.8% 

Antigen 

(0.5283) 

VP6 YP_002302229.1 1HQD 397 44873.00 5.81 
Asn (N) 

9.3% 

Antigen 

(0.4939) 

VP7 YP_002302222.1 3FMG 326 37197.79 4.68 
Thr (T) 

11.3% 

Antigen 

(0.4739) 

NSP1 YP_002302219.1 - 496 58564.75 8.48 
Leu (L) 

10.3% 

Antigen 

(0.4938) 

NSP2 YP_002302221.1 IL9V 317 36569.28 9.02 
Lys (K) 

9.5% 

Antigen 

(0.5734) 

NSP3 YP_002302220.1 1KNZ 315 36424.50 5.64 
Ser (S) 

9.2% 

Antigen 

(0.5038) 

NSP4 YP_002302223.1 - 175 20331.84 7.69 
Thr (T) 

11.4% 

Non-antigen 

(0.3564) 

NSP5 YP_002302224.1 - 198 21722.10 6.73 
Ser (S) 

19.2% 

Antigen 

(0.5083) 

VP6 

(Group B) 
M55982.1 - 391 43671.00 5.40 

Ile (I) 

9.5% 

Antigen  

(0.4989) 

VP6 

(Group C) 
AAA47097.1 - 395 44664.64 5.85 

Asn (N) 

8.9% 

Antigen  

(0.4511) 

 

6.3.2. B-cell epitope mapping 

B cells are primarily involved in the production of antibodies to provide a protective 

immune defense against the foreign pathogens through the complement activation, 

antibody-mediated cytotoxicity, and Fc-mediated endocytosis. Additionally, B cells can 

exert antibody independent functions like antigen presentation, cytokine secretion, and 

immunoregulation [67]. The possible presence of linear B-cell epitopes in structural 

(VP2, VP3, VP4, VP6, VP7) and non-structural (NSP1, NSP2, NSP3, NSP4, NSP5) 

proteins were predicted by Bcepred using parameters such as antigenicity, surface 
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accessibility, turns, flexibility and hydrophilicity. Bcepred prediction method uses a 

dataset of 1029 experimentally proven continuous B cell epitopes and 1029 non-epitopes 

covering a protein derived from viruses, bacteria, protozoa and fungi. Therefore, Bcepred 

server is a reliable method used to predict the linear B-cell epitopes with an accuracy of 

58.70% based on amino acid properties namely hydrophilicity, flexibility, polarity and 

exposed surface [36]. A total of 31 linear B-cell epitopes (9–15-mer length) were 

predicted for all proteins including 3 and 4 epitopes for group B and group C VP6 

protein, respectively (Table 6.2). We have developed a heat map to show the distribution 

of predicted linear B-cell epitopes across structural and nonstructural proteins of 

rotavirus Figure 6.4A). We have selected 14 continuous B-cell epitopes with 2 epitopes 

each from VP6 group B and group C for inclusion in the vaccine construct based on 

epitope conservancy and agadir score of predicted epitopes. A maximum of 6 linear B-

cell epitopes were predicted for VP4, 1 epitope was predicted for NSP5 and no epitope 

was predicted for NSP1 (Table 6.3). A conformational B-cell epitope is made of 

discontinuous stretches of amino acid residues that are tightly held together in tertiary 

conformation and as over 90% of epitopes are conformational epitopes [68]. Rotaviral 

proteins lacking crystallographic structures were modeled using multiple-threading 

approach server I-TASSER. The c-score of best modeled structures were 0.010, -0.84, -

1.41, -1.33, -1.71, -1.17 and -2.83 for VP2, VP3, VP4, VP7, NSP3, NSP4 and NSP5, 

respectively (Figure 6.3). The best selected modeled structures were energy minimized 

and validated structures were used for prediction of conformational B-cell epitopes using 

four different independent tools to achieve maximum accuracy of computed epitope 

mapping; CBTOPE, DiscoTope 2.0, Ellipro and EPSVR (Table 6.3). The epitopes 

predicted by at least two different tools and found as antigenic, non-allergenic with 

agadir score and good conservancy across antigens have been selected as potential 

discontinuous B-cell epitope. Maximum 4 discontinuous 9 to 20-mer epitopes were 

predicted for VP4, while only 1 epitope each was predicted for NSP2, and VP4 (Table 

6.8). The localization of selected linear B-cell epitope in their native rotavirus protein 

structure was carried out using structural superimposition (Figure 6.2). Agadir algorithm 

analyzes the stability of isolated α-helices and the alpha-helical tendency of the peptide 

in solution [48]. We found the epitope of rotavirus proteins VP3 (aa238-249), VP7 

(aa168–184), NSP2 (aa298-312), NSP3 (aa108-120), and NSP5 (aa170-183) that are 

predicted to function as both linear and conformational B-cell epitopes (Table 6.2 & 6.3). 
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Table 6.2. Summary of linear B-cell epitopes predicted by Bcepred. Four physico-

chemical properties namely, hydrophilicity (Property 1), flexibility (Property 2), polarity 

(Property 3) and exposed surface (Property 4) were considered for prediction of B-cell 

epitopes. The selected epitopes used for designing multi-epitope vaccine constructs are 

highlighted in bold 

RV 

Protein 
Position Linear B-cell epitopes Length 

Bcepred 

Parameter 

Agadir 

Score 

Conservancy analysis 

by IEDB tool 

VP2 

189-200 AVENKNSRDAGK 12 1,2,3&4 0.33 98.82% 

275-284 YIPERIRNDV 10 3&4 0.62 97.65% 

633-643 LNLYQKKMKSI 11 2,3&4 0.55 65.29% 

664-673 MYRLRDRLRL 10 3&4 0.32 95.29% 

690-701 NMEQIERASDKI 12 2&4 0.35 61.76% 

VP3 

238-249 TIKLKQERWLGK 12 2,3&4 0.36 46.08% 

658-666 ACRSAKEFA 9 4 0.33 55.76% 

819-827 SIYLRKIKG 9 2,3&4 0.38 74.65% 

VP4 

20-32 DEIQEIGSTKSQN 13 1&2 0.43 4.67% 

241-253 RDVIHYRAQANED 13 1&4 0.29 4.00% 

208-220 IPRSEESKCTEYI 14 1,2&4 0.41 4.67% 

262-271 WKEMQYNRDI 10 4 0.48 97.33% 

657-667 PDIVTEASEKF 11 1&2 0.4 76.67% 

725-736 KTLKNLNDNYGI 12 3&4 0.25 96.00% 

VP6 

9-21 KTLKDARDKIVEG 13 2,3&4 0.63 88.52% 

98-108 DEMVRESQRNG 11 1,2,3&4 0.51 57.38% 

109-119 IAPQSDSLRKL 11 2&3 0.45 47.54% 

139-149 WNLQNRRQRTG 11 1,2,3&4 0.69 98.36% 

373-384 NYSPSREDNLQR 12 1,2,3&4 0.3 96.72% 

VP7 
174-185 YYQQTDEANKWI 12 1&4 0.31 44.78% 

308-320 QVMSKRSRSLNSA 13 2&4 0.28 73.88% 

NSP2 
267-281 QNWYAFTSSMKQGNT 15 1&2 0.32 72.34% 

298-312 NPFKGLSTDRKMDEV 15 1,2&4 0.3 89.36% 

NSP3 

51-66 DFVMDDSGVKNNLIGK 16 1&2 0.4 23.91% 

108-120 LSSKGIDQKMRVL 13 1&2 0.48 96.74% 

226-235 YNNKLERDLQ 10 1&4 0.39 40.22% 

NSP4 

87-99 EQITTKDEIEKQM 13 1,3&4 0.59 42.86% 

101-111 RVVKEMRRQLE 11 2,3&4 0.51 41.07% 

117-128 TTREIEQVELLK 12 4 0.58 96.43% 

144-155 MTKEINQKNVRT 12 3&4 0.38 26.79% 

NSP5 170-183 KCKNCKYKKKYFAL 14 3&4 0.55 74.47% 
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Table 6.2. contd….. 

RV Protein Position Linear B-cell epitopes Length 
Bcepred 

Parameter 

Agadir 

Score 

Conservancy 

analysis by IEDB 

tool 

VP6_Group 

B 

9-20 ACVKLQKRVLGL 12 4 0.39 42.86% 

74-86 ISTDDYDDMRSGI 13 1&2 0.28 76.19% 

197-211 GMDSEHRFTVELKTR 15 1,2&4 0.57 34.38% 

VP6_Group 

C 

10-19 TVSDLKKKV 9 2,3&4 0.51 69.57% 

93-104 EAVCDDEIVREA 12 1,2&4 0.48 86.96% 

130-141 NNSSQSIKNWSA 12 1&2 0.58 60.87% 

143-156 SRRENPVYEYKNPM 14 3&4 0.3 60.87% 
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Figure 6.2. Localization of selected linear B-cell epitope in native rotavirus protein. 

A. VP2; 189-AVENKNSRDAGK-200, B. VP3; 238-TIKLKQERWLGK-249, C. VP4; 

208- IPRSEESKCTEYI-220, D. VP4; 241-RDVIHYRAQANED-253, E. VP4; 262-

WKEMQYNRDI- 271, F. VP4; 657-PDIVTEASEKF-667, G. VP6; 9-

KTLKDARDKIVEG-21, H. VP6; 139- WNLQNRRQRTG-149, I. VP6; 373-

NYSPSREDNLQR-384, J. VP7; 308-QVMSKRSRSLNSA- 320, K. NSP2; 267-

QNWYAFTSSMKQGNT-281, L. NSP3; 108-LSSKGIDQKMRVL-120, M. NSP4; 117-

TTREIEQVELLK-128, N. NSP5; 170-KCKNCKYKKKYFAL-183, O. VP6 (Group A); 

74-ISTDDYDDMRSGI-86, P. VP6 (Group B); 197-GMDSEHRFTVELKTR-211, Q. 

VP6 (Group C); 93-EAVCDDEIVREA-104, R. VP6 (Group C); 143-

SRRENPVYEYKNPM-156. 
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Figure 6.3. Structure modeling of rotavirus proteins using I-TASSER. A. VP2, B. 

VP3, C. VP4, D. VP7, E. NSP1, F. NSP3, G. NSP4 and H. NSP5. 
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Table 6.3. Summary of predicted conformational B-cell epitopes. Four servers were used based on amino acid sequence dependent, 

CBTOPE (1) and three structure-dependent tools, Ellipro (2), Discotope (3) and EPSVR (4). The selected epitopes used for designing multi-

epitope vaccine constructs are highlighted in bold 

RV 

Protei

n  

PDB/I 

model  
Conformational B-cell Epitope  Server  

No. of 

residues  
Aagadir 

Score  

Conservancy 

analysis by 

IEDB tool  

VP2  I-TASSER  

K72,Q73,L74,L75,E76,V77,L78,K79,T80,K81,E82,E83,H84    2,3&4  13  0.5  38.24%  

K339,E340,L341,V342,S343,T344,E345,A346,Q347,I348,Q349,K350,M351    1,3&4  13  0.41  97.65%  

A441,F442,G443,M444,Q445,R446,M447,H448,Y449,R450,N451,G452,D453,P

454,Q455  
1,2,3&4  15  0.38  98.24%  

D807,S808,N809,D810,F811,Y812,L813,V814,A815,N816,Y817,D818,W819,I8
20,P821,T822        

3&4  16  0.47  60.59%  

VP3  I-TASSER  

Y29,E30,N31,A32,F33,L34,I35,S36,N37,L38,T39,T40,H41,N42,I43,L44,Y45        2,3&4  17  0.33  96.31%  

R176,M177,T178,T179,S180,L181,P182,I183,A184,R185,L186,S187,N188,R1

89,V190,F191,R192       
2,3&4  17  0.53  98.16%  

T238,I239,K240,L241,K242,Q243,E244,R245,W246,L247,G248,K249,R250    2&3  13  0.51  46.08%  

VP4  2B4H  T413,Q414,F415,T416,D417,F418,V419,S420,L421,N422,S423,L424  3&4  12  0.27  93.33%  

VP6  1HQD  

Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F34,N35,Q36    1&3  13  0.57  90.16%  

D74,A75,N76,Y77,V78,E79,T80,A81,R82,N83,T84,I85,D86,Y87   3&4  14  0.58  44.26%  

E260,E262,L264,L265,N266,G267,Q268,I269,I270,N271,T272,Y273,Q274,A27

5,R276,F277,G278,T279  
1,3&4  18  0.52  93.44%   

VP7  

I-TASSER  

T101,L102,S103,Q104,L105,F106,L107,T108,K109,G110,W111,P112,T113,G1

14   
1,3&4  14  0.27  29.85%  

M168,D169,I170,T171,L172,Y173,Y174,Y175,Q176,Q177,T178,D179,E180,A1

81,N182,K183,W184        
1,3&4  17  0.38  29.10%  

R286,I287,N288,W289,K290,K291,W292,W293,Q294,V295  3&4  10  0.61  26.87%  

3FMG  
D169,I170,T171,L172,Y173,Y174,Y175,Q176,Q177,T178,D179,E180,A181,N

182,K183,W184  
1,3&4  16  0.32  29.10%  
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Table 6.3.contd….. 

RV Protein 
PDB/I 

model 
Conformational B-cell Epitope Server 

No. of 

residues 

Aagadir 

Score 

Conservancy 

analysis by 

IEDB tool 

NSP2 IL9V 
N298,P299,F300,K301,G302,L303,S304,T305,D306,R307,K308,M309

,D310,E311,V312,S313 
2,3&4 16 0.39 89.36% 

NSP3 
I-TASSER 

R105,M106,M107,L108,S109,S110,K111,G112,I113,D114,Q115,K116,

M117,R118,V119,L120 
2,3&4 16 0.47 22.83% 

F78,G79,S80,A81,I82,R83,N84,R85,N86,W87 4 10 0.51 45.65% 

1KNZ K77,F78,G79,S80,A81,I82,R83,N84,R85,N86 2,3&4 10 0.36 45.65% 

NSP4 I-TASSER 
I51,P52,T53,M54,K55,I56,A57,L58,K59 1,3&4 9 0.36 91.74% 

E157,E158,W159,E160,S161,G162,K163,N164,P165,Y166,E167 1,2&4 11 0.24 21.43% 

NSP5 I-TASSER 

K19,N20,E21,S22,S23,S24,T25,T26,S27,T28,L29,S30,G31,K32,S33,I34

,G35,R36 
2,3&4 18 0.23 59.57% 

A66,S67,N68,D69,P70,L71,T72,S73,F74,S75,I76,R77,S78,N79,A80,V8

1,K82,T83,N84,A85 
1,2,3&4 20 0.5 89.36% 

N173,C174,K175,Y176,K177,K178,K179,Y180,F181,A182,L183,R184 2,3&4 12 0.3 75.53% 

VP6_Group B I-TASSER 
E154,N155,P156,L157,Y158,A159,D160,I161,I162,E163,Q164,I165,V

166,H167,R168 
1,2&4 15 0.59 35.71% 

VP6_Group C I-TASSER 
F364,P365,W366,E367,Q368,T369,L370,S371,N372,Y373,T374,V375,

A376,Q377,E378 
1&4 15 0.32 59.57% 
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6.3.3. Computational mapping of T-cell epitopes 

In a given population some representative alleles called supertypes are found more 

frequently than others and have commonly shared binding specificity and these are of 

empirical use for epitope based vaccine development [47]. 27 alleles (Table 6.4a) of 

major Human Leukocyte Antigen class I (HLA-I) supertypes are known to have more 

than 97% population coverage (African Americans, Caucasians, Hispanics, Asians, 

North American Natives) [48,49]. Similarly, for HLA-II, 27 alleles (Table 6.4b) have 

been shown to provide more than 99% population coverage [50,51]. 

Cytotoxic T lymphocyte (CTL) belongs to the CD8+ subset of T cells that are associated 

with killing of cells-infected with intracellular virus, bacterial or protozoal parasites. 

CD8+ T cells bind epitopes that are presented by the MHC class I molecule while the 

CD4+ T cells recognize epitopes that are presented by MHC class I molecule. T cells are 

required for both cell- and antibody-mediated immune protection systems. A total of 39 

CTL epitopes (9-mer) were predicted for rotavirus proteome using three different tools 

namely IEDB Proteasomal cleavage/TAP transport/MHC class I combined predictor, 

nHLAPred and RankPep (Table 6.5a). Similarly, a heat map was generated to indicate 

the distribution of predicted HLA-class I (Figure 6.4B) and II epitopes (Figure 6.4C) of 

structural and non-structural proteins of rotavirus. The highly conserved VP6 capsid 

protein sequences from group B and C rotaviruses were similarly analyzed and predicted 

3 and 2 CTL epitopes, respectively (Table 6.6a and Table 6.6b). We used NetMHCpan 

3.1, ProPred and RankPep tools for prediction of HTL epitopes based on high affinity 

score. We have predicted and found total of 36 HTL epitopes (13-mer) for all proteins 

analyzed including one and three epitopes for VP6 of group B and C rotaviruses, 

respectively (Table 6.6a and Table 6.6b). Herein we reported prediction of CTL and 

HTL epitopes of rotavirus proteins using a total of 27 alleles of major HLA-I and HLA-II 

supertypes. Immunogenicity of CTL epitopes was predicted using IEDB method and 

epitopes that were assigned a higher score were selected indicating a greater probability 

to induce an immune response. Similarly, using IEDB tool we have predicted the 

immunogenicity of MHC class II epitopes and the results generated peptides of 15-mer 

amino acid residues with immunogenicity score ranging from 73-99 indicating non-

immunogenic peptides (Table 6.6b). The observed poor predicted immunogenicity of 

CD4 epitopes could be due to the availability of only seven number of HLA alleles in the 
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database tool [41, 53]. The probable cross-reactive allergenic peptides were predicted by 

online server AllerTOP v2.0. IEDB tool was used to analyze epitope conservancy with 

sequence identity threshold less than or equal to 100% and avoiding duplicated protein 

sequences. We have applied four criteria such as immunogenicity, non-allergenicity, 

conservancy and the same epitopes is being predicted by two of the three methods used 

to qualify the selection of predicted CTL and HTL epitopes for docking with MHC 

molecules (Table 6.5a & 6.5b). 

Table 6.4a. List of HLA class I supertype alleles used in this study 

Sl. No. 
HLA Class I Supertype 

Alleles 
PDB ID/Model NetMHCpan nHLAPred Rankpep 

1 HLA-A*02:01 1duz Yes Yes Yes 

2 HLA-A*02:03 3ox8 Yes Yes Yes 

3 HLA-A*02:06 3oxr Yes Yes Yes 

4 HLA-A*03:01 2xpg Yes Yes Yes 

5 HLA-A*11:01 Model Yes Yes Yes 

6 HLA-A*24:02 3i6l Yes Yes Yes 

7 HLA-A*31:01 Model Yes Yes Yes 

8 HLA-A*68:01 4hwz Yes Yes Yes 

9 HLA-A*68:02 4i48 Yes Yes Yes 

10 HLA-B*07:02 3vcl Yes Yes Yes 

11 HLA-B*35:01 4prn Yes Yes Yes 

12 HLA-B*44:03 Model Yes Yes Yes 

13 HLA-B*51:01 1e27 Yes Yes Yes 

14 HLA-B*53:01 1a1m Yes Yes Yes 

15 HLA-B*58:01 Model Yes Yes Yes 

16 HLA-A*01:01 4nqv Yes No Yes 

17 HLA-A*33:01 Model Yes No Yes 

18 HLA-B*15:01 Model Yes No Yes 

19 HLA-B*44:02 Model Yes No Yes 

20 HLA-B*57:01 3x12 Yes No Yes 

21 HLA-A*23:01 Model Yes No No 

22 HLA-A*26:01 Model Yes No No 

23 HLA-A*30:01 Model Yes No No 

24 HLA-A*30:02 Model Yes No No 

25 HLA-A*32:01 Model Yes No No 

26 HLA-B*08:01 1m05 Yes No No 

27 HLA-B*40:01 Model Yes No No 

Total 27 15 20 
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Table 6.4b. List of HLA class II supertype alleles used in this study 

Sl. 

No. 
HLA Class II Supertype Alleles 

PDB 

ID/Reference 

PDB ID 

NetMHCIIpan Propred Rankpep 

1 HLA-DRB1*01:01 1aqd Yes Yes Yes 

2 HLA-DRB1*03:01 1a6a Yes Yes Yes 

3 HLA-DRB1*04:01 1d5z Yes Yes Yes 

4 HLA-DRB1*04:05 6bin Yes Yes Yes 

5 HLA-DRB1*07:01 1aqd (Ref) Yes Yes Yes 

6 HLA-DRB1*11:01 1aqd (Ref) Yes Yes Yes 

7 HLA-DRB1*13:02 1aqd (Ref) Yes Yes Yes 

8 HLA-DRB1*15:01 1bx2 Yes Yes Yes 

9 HLA-DRB5*01:01 1hqr Yes Yes Yes 

10 HLA-DRB1*08:02 1aqd (Ref) Yes Yes No 

11 HLA-DRB1*09:01 1aqd (Ref) Yes No Yes 

12 HLA-DRB1*12:01 1aqd (Ref) Yes No Yes 

13 HLA-DRB4*01:01 1aqd (Ref) Yes No Yes 

14 HLA-DQA1*05:01/DQB1*02:01 5ksu Yes No Yes 

15 HLA-DQA1*03:01/DQB1*03:02 5ujt Yes No Yes 

16 HLA-DQA1*01:01/DQB1*05:01 4grl Yes No Yes 

17 HLA-DQA1*01:02/DQB1*06:02 1uvq Yes No Yes 

18 HLA-DRB3*01:01 2q6w Yes No No 

19 HLA-DRB3*02:02 4h25 Yes No No 

20 HLA-DQA1*05:01/DQB1*03:01 5ksu (Ref) Yes No No 

21 HLA-DQA1*04:01/DQB1*04:02 4grl (Ref) Yes No No 

22 HLA-DPA1*02:01/DPB1*01:01 3lqz (Ref) Yes No No 

23 HLA-DPA1*01:03/DPB1*02:01 3lqz Yes No No 

24 HLA-DPA1*01/DPB1*04:01 3lqz (Ref) Yes No No 

25 HLA-DPA1*03:01/DPB1*04:02 3lqz (Ref) Yes No No 

26 HLA-DPA1*02:01/DPB1*05:01 3wex Yes No No 

27 HLA-DPA1*02:01/DPB1*14:01 3lqz (Ref) Yes No No 

Total 27 10 16 
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Table 6.5a. Summary of predicted MHC I binding epitopes. Three different tools 

were used and servers that predicted the corresponding epitope are numbered as IEDB 

Proteasomal cleavage/TAP transport/MHC class I combined predictor (1), nHLAPred (2) 

and RankPep (3). The selected epitopes used for designing multi-epitope vaccine 

constructs are highlighted in bold 

Protein Position Length 
MHC I Epitope 

(9 mer) 

No. of 

alleles 
Server 

Immunogenic

ity by IEDB 

tool 

Allergeicity by 

AllerTope v. 

2.0 

Conservancy 

analysis 

IEDB tool 

VP2 

757-765 9 QPVALVGAL 2 1,2&3 0.13229 Non-allergen 97.06% 

760-768 9 ALVGALPFI 12 1,2&3 0.1342 Allergen 35.29 

845-853 9 TSNLTFTVY 6 1,2&3 0.19162 Non-allergen 93.53% 

311-319 9 NLHDNFESL 12 1&2 0.12456 Allergen 97.65% 

777-785 9 IAKLDATVF 4 1&2 0.03415 Non-allergen 99.41% 

95-103 9 KTIPTFEPK 5 1&3 0.25806 Allergen 96.47% 

123-131 9 KLFRIFEPK 5 1&3 0.4079 Allergen 36.47% 

544-552 9 QLVDLTRLL 3 1&3 0.09866 Non-allergen 95.88% 

588-596 9 MLIGNATVI 3 1&3 0.16471 Non-allergen 37.65% 

598-606 9 SPQTLFHYY 2 1&3 0.126 Non-allergen 98.24% 

619-627 9 RINDAVAII 2 1&3 0.20796 Non-allergen 97.06% 

666-674 9 RLRDRLRLL 4 1&3 0.11628 Non-allergen 98.24% 

782-790 9 ATVFAQIVK 1 1&3 0.1967 Allergen 87.65% 

625-633 9 AIITAANRL 10 2&3 0.18197 Allergen 97.06% 

VP3 

72-80 9 LFTLIRCNF 2 1&3 0.13048 Non-allergen 68.66% 

252-260 9 SQFDIGQYK 2 1&3 0.1219 Non-allergen 98.62% 

397-405 9 LLHHPTTEI 2 1&3 0.16005 Allergen 56.22% 

612-620 9 HVYNALIYY 9 1&3 0.13011 Allergen 97.24% 

VP4 

288-296 9 GYKWSEISF 2 1&3 0.1017 Non-allergen 25.93% 

460-468 9 EYYEIAGRF 2 1&3 0.32482 Allergen 22.22% 

720-728 9 AIIDFKTLK 3 1&3 0.0028 Non-allergen 95.68% 

VP6 

218-226 9 LTTATITLL 13 1&2 0.24133 Allergen 91.80% 

314-322 9 FEHHATVGL 11 1&2 0.17233 Non-allergen 49.18% 

226-234 9 LPDAERFSF 3 1&3 0.19493 Non-allergen 95.08% 

253-261 9 ILRPNNVEV 2 1&3 0.08659 Non-allergen 83.61% 

VP7 

15-23 9 SIILLNYIL 12 1&2 0.08979 Non-allergen 67.91% 

166-174 9 NPMDITLYY 2 1&3 0.11994 Non-allergen 70.90% 

225-233 9 VITDVVDGV 3 1&3 0.1525 Allergen 40.30% 

253-261 9 GPRENVAVI 1 1&3 0.20725 Allergen 51.49% 

316-324 9 SLNSAAFYY 6 1&3 0.003 Allergen 79.10% 
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Table 6.5a. contd…. 

Protein Position Length 

MHC I 

Epitope (9 

mer) 

No. of 

alleles 
Server 

Immunogenicity 

by IEDB tool 

Allergeicity by 

AllerTope v. 

2.0 

Conservancy 

analysis 

IEDB tool 

NSP2 

234-242 9 VANHADRVY 4 1&2 0.15723 Allergen 50.00% 

9-18 9 YPHLENDSY 2 1&3 0.01281 Allergen 94.68% 

177-185 9 MPILDQNFI 3 1&3 0.00754 Allergen 79.79% 

179-187 9 ILDQNFIEY 3 1&3 0.16536 Allergen 76.60% 

NSP3 

16-24 9 NSSFEAAVV 2 1&2 0.25557 Allergen 42.39% 

66-74 9 KAITIDQAL 1 1&2 0.15784 Allergen 51.09% 

58-66 9 GVKNNLIGK 5 1&3 0.03887 Non-allergen 28.26% 

NSP4 
32-40 9 YFPYIASVL 9 1&2 0.04361 Allergen 94.64% 

36-44 9 IASVLTVLF 8 1&2 0.04194 Non-allergen 91.07% 

NSP5 2-10 9 SLSIDVTSL 2 1&3 0.07678 Allergen 92.55% 

VP6_Group 

B 

62-70 9 TINAPIISL 12 1,2&3 0.16741 Non-allergen 45.24% 

89-97 9 ILDVLAAAI 3 1&3 0.13065 Non-allergen 64.29% 

200-208 9 SEHRFTVEL 13 1&2 0.30646 Non-allergen 45.24% 

VP6_Group 

C 

33-41 9 QTNELIRTL 2 1&2 0.27949 Allergen 93.62% 

325-233 9 ILDATTESV 3 1&3 0.10875 Non-allergen 69.57% 
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Table 6.5b. Summary of predicted MHC II binding epitopes. Three different tools were used and servers that predicted the 

corresponding epitope are numbered as NetMHCpan 3.1 (1), ProPred (2) and RankPep (3). The selected epitopes used for designing multi-

epitope vaccine constructs are highlighted in bold 

RV 

Protein  
Position  Length  Core  

MHC II epitope (13 

mer)  
No. of 

alleles  
Server  

Antigenicity 

by Vexigen 

(T=0.4) 

Immunogenicity 

score by IEDB 

tool  

Allergeicity by 

AllerTope v. 

2.0  

Conservancy 

by IEDB 

conservancy 

tool  

VP2  

386-398  13  388-MLSQRTMSL-396  AAMLSQRTMSLDF  2  1&3  1.4669  97.3031 Non-allergen  92.35%  

439-451  13  442-FGMQRMHYR-450  YPAFGMQRMHYRN  2  1&2  1.2356  -  Non-allergen  98.24%  

464-476  13  468-FQVANWLHF-478  QIQNFQVANWLHF  7  1,2&3  0.9045   -  Non-allergen  98.24%  

534-546  13  535-ILLLSNRLG-543  GILLLSNRLGQLV  7  1,2&3  0.7962  -  Non-allergen  97.65%  

578-590  13  580-LTSVTSLCM-588  LQLTSVTSLCMLI  2  1&2  0.8829  99.1627 Non-allergen  98.82%  

624-636  13  627-ITAANRLNL-635  VAIITAANRLNLY  8  1,2&3  0.6395  -  Non-allergen  97.06%  

664-676  13  665-YRLRDRLRL-673  MYRLRDRLRLLPV  11  1,2&3  1.6025  -  Non-allergen  95.29%  

752-764  13  754-LNNQPVALV-761  MLLNNQPVALVGA  4  1&2  0.7018  91.7816 Non-allergen  97.06%  

771-783  13  774-ISLIAKLDA-782  SSVISLIAKLDAT  3  1&2  0.7733  94.5674 Non-allergen  97.65%  

663-675  13  664-MYRLRDRLR-672  QMYRLRDRLRLLP  2  2&3  1.1862   89.2404 Non-allergen  95.29%  

VP3  

612-624  13  614-YNALIYYRY-622  HVYNALIYYRYNY  3  1,2&3   0.6634  92.1476 Non-allergen  97.24%  

614-626  13  617-LIYYRYNYS-625  YNALIYYRYNYSF  2  1&2   0.9969  -  Non-allergen  41.01%  

617-629  13  620-YRYNYSFDL-628  LIYYRYNYSFDLK  11  1,2&3  1.6711  82.1585 Non-allergen  41.01%  

622-634  13  624-YSFDLKRWI-632  YNYSFDLKRWIYL  3  1,2&3  0.4882  -  Non-allergen  41.47%  

651-663  13  653-IELIYACRS-661  APIELIYACRSAK  4  2&3  0.8995  86.3254 Non-allergen  55.76%  

VP4  

225-237  13  227-IQNTRNVVP-235  PPIQNTRNVVPLS  2  2&3  1.4020   -  Non-allergen  77.33%  

416-428  13  418-FVSLNSLRF-426  TDFVSLNSLRFRF  15  1,2&3  1.3966  87.3103 Non-allergen  94.67%   

721-733  13  724-FKTLKNLND-732  IIDFKTLKNLNDN  3  1,2&3  1.0048  77.3647 Non-allergen  97.33%  

VP6  

384-396  13  386-FTVASIRSM-394  RVFTVASIRSMLI  5  1&2  0.4871  89.6841 Non-allergen  68.42%  

284-296  13  288-IRLSFQLMR-296  NFDTIRLSFQLMR  10  1,2&3  0.5044  -  Non-allergen  91.87%  

68-81  13  71-LNLDANYVE-79  TLLNLDANYVETA  3  1&2  0.7215  -  Non-allergen  91.39%  

382-394  13  385-VFTVASIRS-393  LQRVFTVASIRSM  5  1&2  0.4609  93.7747 Non-allergen  97.13%   
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Table 6.5b. contd….. 

RV 

Protein 
Position Length Core 

MHC II epitope (13 

mer) 

No. of 

alleles 
Server 

Antigenicity 

by Vexigen 

(T=0.4) 

Immunogenicity 

score by IEDB 

tool 

Allergeicity 

by AllerTope 

v. 2.0 

Conservancy 

by IEDB 

conservancy 

tool 

NSP2 

46-58 13 48-YGIAPPPQF-57 SIIYGIAPPPQFK 6 1&2 0.6568 94.6673 Non-allergen 41.49% 

268-280 13 268-WYAFTSSMK-276 NWYAFTSSMKQGN 4 1&2 0.7185 92.8977 Non-allergen 94.68% 

300-312 13 300-FKGLSTDRK-308 FKGLSTDRKMDEV 4 2&3 1.0314 - Non-allergen 92.55% 

NSP3 
48-60 13 51-FVMDDSGVK-59 KFDFVMDDSGVKN 5 1&2 0.4569 - Non-allergen 33.70% 

101-113 13 103-LRMMLSSKG-111 NKLRMMLSSKGID 11 1,2&3 0.8777 75.525 Non-allergen 22.83% 

NSP4 

6-18 13 9-YTLSVITLM-17 DLNYTLSVITLMN 2 2&3 1.0054 89.6726 Non-allergen 87.50% 

29-41 13 32-YFPYIASVL-40 GMAYFPYIASVLT 5 2&3 0.7181 - Non-allergen 92.86% 

84-96 13 85-YKEQITTKD-93 GYKEQITTKDEIE 4 2&3 0.5294 - Non-allergen 42.86% 

NSP5 

179-191 13 181-FALRMRMKQ-189 KYFALRMRMKQVA 8 1,2&3 1.6515 - Non-allergen 35.11% 

181-193 13 182-LRMRMKQVA-190 FALRMRMKQVAMQ 5 1&2 1.3291 89.8373 Non-allergen 35.11% 

176-188 13 180-YFALRMRMK-188 YKKKYFALRMRMK 14 1,2&3 1.5785 85.7915 Non-allergen 47.87% 

175-187 13 176-YKKKYFALR-184 KYKKKYFALRMRM 4 1,2&3 1.19 - Non-allergen 47.87% 

VP6_G

roup B 
315-327 13 318-FMFETRRTF-326 AISFMFETRRTFT 2 1&2 1.2887 - Non-allergen 50.00% 

VP6_G

roup C 

339-351 13 342-YSIVANVRR-350 SVDYSIVANVRRD 2 1,2&3 0.9904 - Non-allergen 38.30% 

344-358 13 348-VRRDSAMPA-356 ANVRRDSAMPAGT 5 1&2 0.4822 88.3861 Non-allergen 80.85% 

381-393 13 384-LLLVASVKR-392 LERLLLVASVKRM 9 1&2 0.415 73.2227 Non-allergen 44.68% 
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6.3.4. Docking of predicted T-cell epitope 

The structure of peptide was generated by PEP-FOLD 2.0 and capping was performed. 

The PDB files of MHC I and MHC II molecules were retrieved from the Protein Data 

Bank and 27 HLA supertypes were used in the prediction of epitopes (Table 6.6a and 

6.6b). MHC I alleles lacking crystal structure was modelled using I- TASSER. Some of 

the MHC II alleles were used as reference crystallographic structures for docking with 

predicted T-cell epitopes. All MHC structures were energy minimized and MHC-peptide 

docking simulation was performed using ClusPro v.2.0 [56]. Interaction energy was 

analyzed by prodigy. CTL and HTL epitopes predicted as immunogenic/antigenic, non-

allergenic and conserved across the antigens have been selected for designing multi-

epitope vaccine based on docking score or free energy (Table 6.6a and 6.6b). We have 

selected the docking models of MHC-I/II and T-cell epitope complexes having the 

lowest binding energies. Conserved peptides with their interaction energies for structural 

and non-structural proteins in kcal mol-1 are given in Table 6.6a and 6.6b. Binding 

studies have shown that nonameric peptide is the most compatible length and binds 

MHC I molecules with the closed-ended peptide-binding cleft than peptides longer or 

shorter than nonameric peptide [69]. Anchor residues are generally hydrophobic in 

nature and found one at carboxyl terminus and second and third in amino-terminal end of 

the peptide (Table 6.5a). MHC II binding peptides has specific motif with a central core 

of 13 amino acid residues. Internal sequence stretches of 7–10 residues form the contact 

points with an N-terminal aromatic or hydrophobic residue, three hydrophobic residues 

at the centre and carboxyl end of the peptide (Table 6.5b). This criterion was considered 

for the selection of final potent T-cell epitopes. 
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Table 6.6a. Molecular docking of predicted CTL epitopes with MHC I complexes. The 

selected epitopes used for designing multi-epitope vaccine constructs are highlighted in 

bold 

Rota Protein Epitope MHC I allele Binding energy in ΔG (kcal mol1) 

VP2 

QPVALVGAL 
HLA-B*07:02 -7.9 

HLA-B*35:01 -8.9 

ALVGALPFI 

HLA-A*02:01 -7.7 

HLA-B*53:01 -9.2 

HLA-B*51:01 -8.4 

HLA-A*03:01 -8.7 

HLA-A*24:02 -8.6 

HLA-A*02:03 -9.6 

HLA-A*02:06 -8.3 

HLA-B*07:02 -8.2 

HLA-A*68:01 -9 

HLA-A*68:02 -9.6 

HLA-B*35:01 -9.4 

HLA-A*11:01 -8.2 

TSNLTFTVY 

HLA-A*01:01 -9.3 

HLA-A*15:01 -8.8 

HLA-A*30:02 -12.2 

HLA-B*44:03 -14.1 

HLA-B*58:01 -12.1 

HLA-B*35:01 -13.8 

NLHDNFESL 

HLA-A*02:01 -9.4 

HLA-B*53:01 -8.3 

HLA-B*51:01 -9.3 

HLA-A*03:01 -8.5 

HLA-A*24:02 -9.2 

HLA-A*02:03 -9.4 

HLA-A*02:06 -8.5 

HLA-B*07:02 -8.2 

HLA-A*68:01 -8.8 

HLA-A*68:02 -7.6 

HLA-B*35:01 -8.3 

HLA-A*11:01 -9 

IAKLDATVF 

HLA-B*35:01 -8.8 

HLA-B*44:03 -11.1 

HLA-A*58:01 -10.1 

HLA-B*15:01 -7.9 

KTIPTFEPK 

HLA-A*03:01 -10.3 

HLA-A*68:01 -8.3 

HLA-A*11:01 -9 

HLA-A*30:01 -10.4 
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Table 6.6a. contd… 

Rota Protein Epitope MHC I allele Binding energy in ΔG (kcal mol1) 

VP2  

KTIPTFEPK HLA-A*33:01 -10.3 

KLFRIFEPK 

HLA-A*03:01 -9.5 

HLA-A*68:01 -9.5 

HLA_A*33:01 -8.5 

HLA-A*11:01 -8.6 

HLA-A*30:01 -9.2 

QLVDLTRLL 

HLA-A*02:01 -9 

HLA-A*02:03 -7.8 

HLA-A*02:06 -9 

MLIGNATVI 

HLA-A*02:01 -8.1 

HLA-A*02:03 -8.4 

HLA-A*02:06 -8.4 

SPQTLFHYY  
HLA-B*53:01  -10.4  

HLA-B*35:01  -9.7  

RINDAVAII 
HLA-A*02:01  -8.8  

HLA-A*02:03  -8.8  

RLRDRLRLL  

HLA-A*02:03  -8.9  

HLA-B*08:01  -10.3  

HLA-B*07:02  -8.3  

ATVFAQIVK  HLA-A*11:01  -7.9  

AIITAANRL  

HLA-A*02:01  -8.3  

HLA-B*53:01  -9  

HLA-B*51:01  -8.8  

HLA-A*03:01  -9.7  

HLA-A*24:02  -8.4  

HLA-B*07:02  -9.1  

HLA-A*68:01  -9.3  

HLA-A*68:02  -9.5  

HLA-B*35:01  -9.7  

HLA-A*11:01  -8.8  

VP3  

LFTLIRCNF  
HLA-A*24:02  -9.3  

HLA-A,2301  -11.6  

SQFDIGQYK  
HLA-A*03:01  -9  

HLA-A,1101  -8.3  
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Table 6.6a. contd… 

Rota Protein Epitope MHC I allele Binding energy in ΔG (kcal mol1) 

VP3 

LFTLIRCNF 
HLA-A*24:02 -9.3 

HLA-A,2301 -11.6 

SQFDIGQYK 
HLA-A*03:01 -9 

HLA-A,1101 -8.3 

LLHHPTTEI 
HLA-A*02:01 -9 

HLA-A*02:03 -9.5 

HVYNALIYY 

HLA-A*03:01 -10.3 

HLA-A*68:01 -9.7 

HLA-B*35:01 -9.2 

HLA-A*26:01 -10.1 

HLA-A*30:01 -9.6 

HLA-A*30:02 -10.1 

HLA-A*32:01 -9.5 

HLA-A*11:01 -8.6 

HLA-B*15:01 -9.5 

VP4 

GYKWSEISF 
HLA-A*24:02 -10.5 

HLA-A*23:01 -9.9 

EYYEIAGRF 
HLA-A*24:02 -9.1 

HLA-A*23:01 -8.7 

AIIDFKTLK 

HLA-A*03:01 -10.2 

HLA-A*68:01 -8.2 

HLA-A*11:01 -8.6 

VP6 LTTATITLL 

HLA-A*02:01 -8.9 

HLA-B*53:01 -9 

HLA-B*51:01 -10.4 

HLA-A*03:01 -9.2 

HLA-A*02:03 -7.5 

HLA-A*02:06 -7.1 

HLA-B*07:02 -8.6 

HLA-A*68:01 -8 

HLA-A*68:02 -10.4 
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Table 6.6a. contd… 

Rota 

Protein   
Epitope  MHC I allele  Binding energy in ΔG (kcal mol1)  

VP6  

LTTATITLL  

HLA-B*35:01  -8.2 

HLA-A*11:01  -8.2 

HLA-B*58:01  -10.6 

FEHHATVGL  

HLA-A*03:01  -9.2 

HLA-B*53:01  -7.7 

HLA-B*51:01  -8.3 

HLA-A*24:02  -8.9 

HLA-B*07:02  -8.7 

HLA-A*68:01  -9.5 

HLA-A*68:02  -9 

HLA-B*35:01  -8.9 

HLA-A*11:01  -8.6 

HLA-B*40:01  -10.6 

HLA-B*44:03  -10.6 

LPDAERFSF  

HLA-B*07:02  -7.8 

HLA-B*53:01  -9.3 

HLA-B*35:01  -8.9 

ILRPNNVEV  

HLA-A*02:01  -8.7 

HLA-A*02:03  -8.5 

VP7 SIILLNYIL 

HLA-A*02:01  -8.2 

HLA-B*53:01  -7.6 

HLA-B*51:01  -8.7 

HLA-A*03:01  -8.1 

HLA-A*24:02  -10.2 

HLA-B*07:02  -7.2 

HLA-A*68:01  -9.1 

HLA-A*68:02  -8.7 

HLA-B*35:01  -9.1 

HLA-A*11:01  -8.9 

HLA-A*31:01  -9.2 

HLA-A*32:01  -9.8 
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Table 6.6a. contd… 

Rota Protein Epitope MHC I allele Binding energy in ΔG (kcal mol1) 

NSP2 

VANHADRVY 

HLA-B*35:01 -8.4 

HLA-B*15:01 -8.1 

HLA-B*44:03 -8.1 

HLA-B*58:01 -11 

YPHLENDSY 
HLA-B*53:01 -8.6 

HLA-B*35:01 -8.5 

MPILDQNFI 

HLA-B*53:01 -8.1 

HLA-B*51:01 -9.2 

HLA-B*35:01 -8.4 

ILDQNFIEY 

HLA-A*01:01 -8.1 

HLA-B*35:01 -7.8 

HLA-A*11:01 -8.1 

NSP3 

NSSFEAAVV 
HLA-A*68:02 -8.8 

HLA-B*58:01 -9.4 

GVKNNLIGK 

HLA-A*03:01 -8.5 

HLA-A*68:01 -8.1 

HLA-A*11:01 -8.4 

HLA-A*30:01 -9.2 

HLA-A*33:01 -10.2 

NSP4 YFPYIASVL 

HLA-B*53:01 -7.6 

HLA-B*51:01 -8.8 

HLA-A*24:02 -10.3 

HLA-B*07:02 -8.6 

HLA-A*68:01 -9.9 

HLA-A*68:02 -10.9 

HLA-A*11:01 -8.2 
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Table 6.6a. contd… 

Rota Protein Epitope MHC I allele Binding energy in ΔG (kcal mol1) 

NSP4 IASVLTVLF 

HLA-B*57:01 -7.9 

HLA-B*35:01 -9.8 

HLA-A*23:01 -9 

HLA-A*32:01 -8.4 

HLA-B*15:01 -11.7 

HLA-B*44:03 -9.9 

HLA-B*58:01 -8.7 

NSP5 SLSIDVTSL 
HLA-A*02:01 -10.9 

HLA-A*02:03 -11.9 

VP6_Group 
B 

TINAPIISL 

HLA-B*53:01 -8.5 

HLA-A*02:01 -9.1 

HLA-B*51:01 -8 

HLA-A*03:01 -9.4 

HLA-A*24:02 -9.1 

HLA-A*02:03 -8.4 

HLA-B*07:02 -10.1 

HLA-A*68:01 -8.4 

HLA-A*68:02 -10.8 

HLA-B*35:01 -8.6 

HLA-A*11:01 -9.1 

HLA-A*32:01 -10.2 

ILDVLAAAI 

HLA-A*02:01 -9.7 

HLA-A*02:03 -9 

HLA-A*01:01 -9.9 
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Table 6.6a. contd… 

Rota 

Protein 
Epitope MHC I allele Binding energy in ΔG (kcal mol1) 

VP6_Group 
B 

SEHRFTVEL 

HLA-B*53:01 -10.5 

HLA-A*02:01 -10.3 

HLA-B*51:01 -11.3 

HLA-A*03:01 -10.2 

HLA-A*24:02 -8.3 

HLA-B*07:02 -10.3 

HLA-A*68:01 -10.5 

HLA-A*68:02 -9.4 

HLA-B*35:01 -10.7 

HLA-A*11:01 -8.4 

HLA-B*40:01 -11.9 

HLA-B*44:02 -8.9 

HLA-B*44:03 -11.1 

VP6_Group 
C 

QTNELIRTL 
HLA-A*68:02 -9.8 

HLA-B*58:01 -8.5 

ILDATTESV 

HLA-A*02:01 -8.9 

HLA-A*02:03 -7.6 

HLA-A*02:06 -8.8 

 

 

 

 

 

 

 

 

 



  Molecular epidemiology of group A rotaviruses (RVA) in children of Imphal, Manipur, India 
 

YD Devi 2022 187 

 

Table 6.6b. Molecular docking of predicted HTL epitopes with MHC II complexes. The 

selected epitopes used for designing multi-epitope vaccine constructs are highlighted in 

bold 

RV 

protein 
Epitope MHC II allele 

Binding energy in  

ΔG (kcal mol-1 ) 

VP2 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
  

AAMLSQRTMSLDF 
HLA-DRB4*01:01 -6.1 

HLA-DRB1*04:01 -5.3 

YPAFGMQRMHYRN 
HLA-DRB1*13:02 -5.5 

HLA-DRB5*01:01 -11.5 

QIQNFQVANWLHF 
  

HLA-DRB1*07:01 -7.1 

HLA-DRB1*04:01 -6 

HLA-DPA1*02:01/DPB1*01:01 -5.2 

HLA-DPA1*02:01/DPB1*05:01 -6.4 

GILLLSNRLGQLV 
  

HLA-DRB1*01:01 -5.7 

HLA-DRB1*15:01 -6.6 

HLA-DRB1*04:05 -5.2 

LQLTSVTSLCMLI  
HLA-DRB1*07:01 -5.7 

HLA-DRB1*04:05 -6.7 

VAIITAANRLNLY 
 
  

HLA-DRB1*03:01 -5.4 

HLA-DRB1*08:02 -5.7 

HLA-DRB1*15:01 -6.4 

HLA-DRB3*02:02 -5.4 

HLA-DRB1*04:01 -6.5 

MYRLRDRLRLLPV 
 
  

HLA-DRB1*03:01 -5.6 

HLA-DRB4*01:01 -5.6 

HLA-DRB1*15:01 -5.4 

HLA-DRB1*04:01 -6.1 

HLA-DPA1*02:01/DPB1*05:01 -6.2 

MLLNNQPVALVGA 
  

HLA-DRB1*13:02 -6 

HLA-DQA1*01:02/DQB1*06:02 -7.5 

HLA-DRB3*02:02 -6.3 

SSVISLIAKLDAT HLA-DRB1*11:01 -5.5 

QMYRLRDRLRLLP  
HLA-DRB4*01:01 -5.7 

HLA-DRB5*01:01 -9.7 

VP3 
 
 
 

 
 
 
 
 
 
 
 

 
 
  

HVYNALIYYRYNY  

HLA-DRB1*01:01 -5.2 

HLA-DRB5*01:01 -8.9 

HLA-DRB1*15:01 -6.2 

YNALIYYRYNYSF 
HLA-DRB1*08:02 -7.5 

HLA-DRB1*15:01 -5.6 

LIYYRYNYSFDLK 
 
 
 
  

HLA-DRB1*01:01 -6.6 

HLA-DRB1*15:01 -6.1 

HLA-DRB1*04:01 -5 

HLA-DRB5*01:01 -9.4 

HLA-DRB3*01:01 -6.3 

HLA-DRB3*02:02 -7.3 

HLA-DRB1*04:05 -6.3 

YNYSFDLKRWIYL 
HLA-DRB1*13:02 -6.1 

HLA-DRB3*01:01 -5.8 

APIELIYACRSAK 
HLA-DRB1*01:01 -6.5 

HLA-DRB1*04:01 -5.7 
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Table 6.6b. contd…. 

RV 

protein 
Epitope MHC II allele 

Binding energy in  

ΔG (kcal mol-1 ) 

VP4 

PPIQNTRNVVPLS 
HLA-DRB1*15:01 -5.9 

HLA-DRB1*04:01 -7.1 

TDFVSLNSLRFRF 

HLA-DRB1*03:01 -6.3 

HLA-DRB1*01:01 -5 

HLA-DRB1*15:01 -5.6 

HLA-DRB1*04:01 -5.7 

HLA-DRB5*01:01 -9.2 

HLA-DPA1*02:01/DPB1*01:01 -7.7 

HLA-DPA1*02:01/DPB1*05:01 -6.4 

HLA-DPA1*02:01/DPB1*05:01 -6.3 

HLA-DRB1*04:05 -5.5 

IIDFKTLKNLNDN 

HLA-DRB1*01:01 -5.8 

HLA-DRB1*04:01 -5.7 

HLA-DRB1*04:05 -4.8 

VP6 

RVFTVASIRSMLI 

HLA-DRB1*09:01 -6.4 

HLA-DRB1*04:01 -5.8 

HLA-DPA1*02:01/DPB1*14:01 -5.8 

HLA-DRB3*02:02 -6.2 

NFDTIRLSFQLMR 

HLA-DRB1*03:01 -6.8 

HLA-DRB1*11:01 -5.8 

HLA-DRB1*04:01 -5.9 

HLA-DRB5*01:01 -9.6 

HLA-DPA1*02:01/DPB1*01:01 -6.9 

HLA-DPA1*02:01/DPB1*05:01 -7 

TLLNLDANYVETA 

HLA-DRB1*03:01 -5.8 

HLA-DRB3*01:01 -5.6 

HLA-DRB1*04:05 -5.4 

LQRVFTVASIRSM 

HLA-DRB1*07:01 -5.3 

HLA-DRB5*01:01 -7.3 

HLA-DRB1*04:05 -6 

VP7 

LISIILLNYILKS 

HLA-DRB1*03:01 -5.4 

HLA-DRB1*08:02 -5.7 

HLA-DRB1*15:01 -5 

HLA-DRB1*04:01 -5.5 

HLA-DPA1*03:01/DPB1*04:02 -5.5 

PMDITLYYYQQTD 
HLA-DRB1*15:01 -5.6 

HLA-DQA1*01:01/DQB1*05:01 -8.2 
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Table 6.6b. contd….. 

RV 

protein 
Epitope MHC II allele 

Binding energy in  ΔG (kcal 

mol-1 ) 

NSP2 

SIIYGIAPPPQFK 

HLA-DRB1*03:01 -5 

HLA-DRB1*09:01 -6.1 

HLA-DRB5*01:01 -10.4 

NWYAFTSSMKQGN 

HLA-DRB1*09:01 -6.1 

HLA-DRB1*04:01 -6.8 

HLA-DRB5*01:01 -9.5 

HLA-DRB1*04:05 -5.8 

FKGLSTDRKMDEV 

HLA-DRB1*01:01 -5.3 

HLA-DRB1*04:01 -5.6 

HLA-DRB5*01:01 -9.5 

HLA-DRB1*04:05 -5.8 

NSP3 

KFDFVMDDSGVKN 

HLA-DRB1*03:01 -5.8 

HLA-DRB1*08:02 -6.6 

HLA-DRB1*04:01 -5.1 

HLA-DRB5*01:01 -8.3 

HLA-DRB3*01:01 -6.8 

NKLRMMLSSKGID 

HLA-DRB1*03:01 -5.7 

HLA-DRB1*01:01 -5.8 

HLA-DRB1*15:01 -4.4 

HLA-DRB1*04:01 -6.8 

HLA-DRB5*01:01 -7.5 

HLA-DRB3*02:02 -5 

HLA-DRB1*04:05 -4.7 

NSP4 

DLNYTLSVITLMN 
HLA-DRB1*07:01 -7 

HLA-DRB1*04:01 -5.5 

GMAYFPYIASVLT 
HLA-DRB1*01:01 -5.1 

HLA-DRB1*15:01 -5.7 

GYKEQITTKDEIE 

HLA-DRB1*01:01 -5.2 

HLA-DRB1*04:01 -5.9 

HLA-DRB1*04:05 -5.1 
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Table 6.6b. contd….. 

RV 

protein 
Epitope MHC II allele 

Binding energy in  ΔG 

(kcal mol-1 ) 

NSP5 

KYFALRMRMKQVA 

HLA-DRB1*12:01 -6.3 

HLA-DRB1*04:01 -6.1 

HLA-DPA1*02:01/DPB1*01:01 -6.2 

HLA-DPA1*02:01/DPB1*05:01 -7.3 

FALRMRMKQVAMQ 
HLA-DRB1*03:01 -5 

HLA-DRB1*12:01 -5.8 

YKKKYFALRMRMK 

HLA-DRB1*01:01 -7.4 

HLA-DRB1*15:01 -6.8 

HLA-DRB5*01:01 -9.3 

HLA-DPA1*02:01/DPB1*01:01 -6.8 

HLA-DPA1*02:01/DPB1*05:01 -7 

HLA-DRB3*02:02 -7.3 

HLA-DRB1*04:05 -6.1 

KYKKKYFALRMRM 

HLA-DRB1*08:02 -5.7 

HLA-DRB5*01:01 -10.4 

HLA-DPA1*01/DPB1*04:01 -6.7 

VP6_B AISFMFETRRTFT 
HLA-DPA1*02:01/DPB1*05:01 -7.3 

HLA-DRB1*13:02 -5.8 

VP6_C 

SVDYSIVANVRRD 
HLA-DRB1*01:01 -6.5 

HLA-DRB5*01:01 -11.1 

ANVRRDSAMPAGT 

HLA-DRB1*03:01 -5.3 

HLA-DRB1*13:02 -6.5 

HLA-DRB1*15:01 -6.3 

HLA-DRB1*04:01 -6.5 

LERLLLVASVKRM 

HLA-DRB1*03:01 -6.2 

HLA-DRB1*01:01 -5.4 

HLA-DRB1*15:01 -5.6 

HLA-DRB5*01:01 -8 
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Figure 6.4. Summary of rotavirus protein-derived B- and T-cell epitopes. Heat map 

showing the distribution of (A) linear (continuous) B-cell epitopes, (B) HLA-class I and 

(C) II epitopes across the structural and non-structural protein sequences of rotavirus. 

Strong binding affinity epitopes with <0.5% rank and 2% rank, to HLA class I and class 

II, respectively, for each HLA molecule are represented here. Red color represents likely 

antigenic epitopes that were predicted using the methods described in Figure 6.1. 

 

A.

B.

C.
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Table 6.7. Rotavirus proteins, total number of epitopes predicted and the immunogenicity/antigenicity/allergenicity as obtained from 

immune epitope database  

Sl 

No

. 

RV 

protein 

B-/T-

cell 

epitope 

Types 
Total no. 

of epitopes 

Selected Epitope for vaccine 

construct 
Length Immunogenicity Antigenicity Allergenicity 

Agadir 

Score 
Conservancy 

1 VP2 

B-cell 

epitope 

Linear 5 189-AVENKNSRDAGK-200 12 - - - 0.33 98.82% 

Confo 4 

K339,E340,L341,V342,S343,T344,

E345,A346,Q347,I348,Q349,K350,

M351 

13 - - - 0.41 97.65% 

T-cell 

epitope 

MHC I 14 544-QLVDLTRLL-552 9 0.09866 - Non-allergen - 95.88% 

MHC II 10 534-GILLLSNRLGQLV-546 13 - 0.7962 Non-allergen - 97.65% 

2 VP3 

B-cell 

epitope 

Linear 3 238-TIKLKQERWLGK-249 12 - - - 0.36 46.08% 

Confo 3 

R176,M177,T178,T179,S180,L181,

P182,I183,A184,R185,L186,S187,

N188,R189,V190,F191,R192 

17 - - - 0.53 98.16% 

T-cell 

epitope 

MHC I 4 72-LFTLIRCNF-80 9 0.13048 - Non-allergen - 68.66% 

MHC II 5 612-HVYNALIYYRYNY-624 13 - 0.6634 Non-allergen - 97.24% 

3 VP4 

B-cell 

epitope 

Linear 6 

241-RDVIHYRAQANED-253 13 - - - 0.29 4.00% 

208-IPRSEESKCTEYI-220 14 - - - 0.41 4.67% 

262-WKEMQYNRDI-271 10 - - - 0.48 97.33% 

657-PDIVTEASEKF-667 11 - - - 0.4 76.67% 

Confo 1 
T413,Q414,F415,T416,D417,F418,

V419,S420,L421,N422,S423,L424 
12 - - - 0.27 93.33% 

T-cell 

epitope 

MHC I 3 288-GYKWSEISF-296 9 0.1017 - Non-allergen - 25.93% 

MHC II 3 416-TDFVSLNSLRFRF-428 13 - 1.3966 Non-allergen - 94.67% 
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Table 6.7. contd…. 

 

Sl 

No. 

RV 

protein 

B-/T-

cell 

epitope 

Types 
Total no. 

of epitopes 

Selected Epitope for vaccine 

construct 
Length Immunogenicity Antigenicity Allergenicity 

Agadir 

Score 
Conservancy 

4 VP6 

B-cell 

epitope 

Linear 5 

9-KTLKDARDKIVEG-21 13 - - - 0.63 88.52% 

139-WNLQNRRQRTG-149 11 - - - 0.69 98.36% 

373-NYSPSREDNLQR-384 12 - - - 0.3 96.72% 

Confo 3 

Y24,S25,N26,V27,S28,D29,L30,I

31,Q32,Q33,F34,N35,Q36 
13 - - - 0.57 90.16% 

D74,A75,N76,Y77,V78,E79,T80,

A81,R82,N83,T84,I85,D86,Y87 
14 - - - 0.58 44.26% 

T-cell 

epitope 

MHC I 4 226-LPDAERFSF-234 9 0.19493 - Non-allergen - 95.08% 

MHC II 4 284-NFDTIRLSFQLMR-296 13 - 0.5044 Non-allergen - 91.87% 

5 VP7 

B-cell 

epitope 

Linear 2 308-QVMSKRSRSLNSA-320 13 - - - 0.28 73.88% 

Confo 4 

R286,I287,N288,W289,K290,K29

1,W292,W293,Q294,V295 
10 - - - 0.61 26.87% 

D169,I170,T171,L172,Y173,Y17

4,Y175,Q176,Q177,T178,D179,E

180,A181,N182,K183,W184 

16 - - - 0.32 29.10% 

T-cell 

epitope 

MHC I 5 15-SIILLNYIL-23 9 0.08979 - Non-allergen - 67.91% 

MHC II 2 13-LISIILLNYILKS-25 13 - 0.5661 Non-allergen - 57.46% 
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Table 6.7. contd…. 

 

Sl 

No. 
RV 

protein 

B-/T-

cell 

epitope  
Types 

Total no. 

of 

epitopes  

Selected Epitope for vaccine 

construct 
Length Immunogenicity Antigenicity  Allergenicity  

Agadir 

Score 
Conservancy  

6 NSP2 

B-cell 

epitope  

Linear 2 267-QNWYAFTSSMKQGNT-281   15 - - - 0.32 72.34% 

Confo  1 

N298,P299,F300,K301,G302,L303,

S304,T305,D306,R307,K308,M309

,D310,E311,V312,S313          

16 - - - 0.39 89.36% 

T-cell 

epitope  

MHC I 3 9-YPHLENDSY-18  9 0.01281 - Allergen  - 94.68% 

MHC II 3 46-SIIYGIAPPPQFK-58  13 - 0.6568 Non-allergen  - 41.49%   

7 NSP3 

B-cell 

epitope  

Linear 3 108-LSSKGIDQKMRVL-120    13 - - - 0.48 96.74% 

Confo 3 
K77,F78,G79,S80,A81,I82,R83,N8

4,R85,N86        
10 - - - 0.36 45.65% 

T-cell 

epitope  

MHC I 3 58-GVKNNLIGK-66  9 0.03887 - Non-allergen  - 28.26% 

MHC II 2 101-NKLRMMLSSKGID-113 13 - 0.8777 Non-allergen - 22.83% 

8 NSP4 

B-cell 

epitope  

Linear 4 117-TTREIEQVELLK-128    13 - - - 0.48 96.74% 

Confo  2 
I51,P52,T53,M54,K55,I56,A57,L58

,K59         
9 - - - 0.36 91.74% 

T-cell 

epitope 

MHC I 2 36-IASVLTVLF-44  9 0.04194   Non-allergen    91.07%   

MHC II 3 29-GMAYFPYIASVLT-41  13   0.7181 Non-allergen    92.86% 

9 NSP5 

B-cell 

epitope 

Linear 1 170-KCKNCKYKKKYFAL-183   14 - - - 0.55 74.47% 

Confo  3 

A66,S67,N68,D69,P70,L71,T72,S7

3,F74,S75,I76,R77,S78,N79,A80,V

81,K82,T83,N84,A85      

20 - - - 0.5 89.36% 

T-cell 

epitope 

MHC I 1 2-SLSIDVTSL-10  9 0.07678   Allergen    92.55% 

MHC II 4 176-YKKKYFALRMRMK-188  13   1.5785 Non-allergen    47.87% 
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Table 6.7. contd…. 

 

Sl 

No. 

RV 

protein 

B-/T-

cell 

epitope 

Types 
Total no. 

of epitopes 

Selected Epitope for vaccine 

construct 
Length Immunogenicity Antigenicity Allergenicity 

Agadir 

Score 
Conservancy 

10 

VP6 

Group 

B 

B-cell 

epitope 

Linear 3 
74-ISTDDYDDMRSGI-86 13 - - - 0.28 76.19% 

197-GMDSEHRFTVELKTR-211 15 - - - 0.57 34.38% 

Confo 1 

E154,N155,P156,L157,Y158,A159,D

160,I161,I162,E163,Q164,I165,V166,

H167,R168 

15 - - - 0.59 35.71% 

T-cell 

epitope 

MHC I 3 89-ILDVLAAAI-97 9 0.13065 - Non-allergen - 64.29% 

MHC II 1 315-AISFMFETRRTFT-327 13 - 1.2887 Non-allergen - 50.00% 

11 

VP6 

Group 

C 

B-cell 

epitope 

Linear 4 
93-EAVCDDEIVREA-104 12 - - - 0.48 86.96% 

143-SRRENPVYEYKNPM-156 14 - - - 0.3 60.87% 

Confo 1 

F364,P365,W366,E367,Q368,T369,L

370,S371,N372,Y373,T374,V375,A3

76,Q377,E378 

15 - - - 0.32 59.57% 

T-cell 

epitope 

MHC I 2 325-ILDATTESV-233 9 0.10875 - Non-allergen - 69.57% 

MHC II 3 381-LERLLLVASVKRM-393 13 - 0.415 Non-allergen - 44.68% 

 

 

 



  Molecular epidemiology of group A rotaviruses (RVA) in children of Imphal, Manipur, India 
 

YD Devi 2022 196 

6.3.5. Designing of multi-epitope subunit vaccine 

A total of 10 multi-epitope vaccine constructs comprising of 69 amino acids (aa) through 

576 aa consisting of 11 CTL, 11 HTL, 18 linear and 14 conformational B-cell epitopes 

have been described (Table 6.7 and 6.8). These predicted epitopes were derived from 5 

structural (VP2, VP3, VP4, VP6 and VP7) and 4 non-structural proteins (NSP2, NSP3, 

NSP4 and NSP5). Linear B-cell epitopes were selected and included in the vaccine 

constructs based on (i) Agadir score (the helical content of peptide), (ii) conservancy 

(Table 6.2), (iii) surface localization of epitopes on the native protein of rotavirus (Figure 

6.2). Conformational B cell epitopes were selected based on prediction of the same 

epitope by (i) two prediction tools used, (ii) Agadir score and (iii) conservancy (Table 

6.3). Similarly, T cell epitopes were included in the multi-subunit vaccine constructs 

based on prediction of the same epitope by (i) three prediction tools used, (ii) 

antigenicity/immunogenicity, (iii) non-allergenicity, (iv) conservancy (Table 6.5a & 

6.5b), and best docking score (Table 6.6a and 6.6b). Each epitope in the vaccine 

construct was occupied by the appropriate linkers, adjuvant and CTL epitopes were 

combined by EAAAK rigid linker, intra-CTL and intra-HTL epitopes joint by AAY and 

KK cleavable linker, respectively, and B- cell epitopes were linked together by GGGGS 

flexible linker [32,33,34,70,21,22,23,60]. Poly-Gly-rich flexible linkers are well 

characterized and generally do not affect the folding and function of fusion proteins [71]. 

Finally, vaccine construct was made containing N-terminal integrin binding motif (RGD) 

as adjuvant, CTL, HTL and B-cell epitopes (Figure 6.5). Rotavirus entry into the cell 

involves a multi-step process with sialic acid and integrins as viral receptors. The 

arginine-glycine-aspartate (RGD) motif has been shown to enhance immunogenicity and 

adjuvanicity in peptide antigens [72]. Since integrins are used as one of the receptors by 

rotavirus, RGD motif was selected as biological adjuvant to improve the immunogenicity 

of vaccine constructs. The rationale for a non-live subunit RV vaccine has no 

competition of uptake with enteric viruses in the gut, live-attenuated oral RV vaccines 

have lower rate of efficacies in developing countries and genetic background of the 

population is not critical (e.g. secretors/non-secretors) [7,8]. We have designed a total of 

10 possible multi-subunit vaccine constructs using the predicted B and T cell epitopes of 

RV proteins. Construct 1 (VP6A/B/C) has a combination of B and T cell epitope 

predicted using the VP6 protein of group A, B and C rotaviruses, Construct 2 (VP4/6/7) 

has B and T cell epitope of VP4, VP6 and VP7 proteins, Construct 3 (VP2/3/4/6/7) has B 
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and T cell epitope of VP2, VP3, VP4, VP6 and VP7 proteins, Construct 4 (NSP2/3/4/5) 

has B and T cell epitope of NSP2, NSP3, NSP4 and NSP5 proteins, Construct 5 

(VP2/3/4/6/7-NSP2/3/4/5) has B and T cell epitope of VP2, VP3, VP4, VP6, VP7, NSP2, 

NSP3, NSP4, and NSP5 proteins, Construct 6 (VP6A/B/C–B) has B-cell epitope 

predicted using the VP6 protein of group A, B and C rotaviruses, Construct 7 (VP4/6/7-

B) has B cell epitope of VP4, VP6 and VP7 proteins, Construct 8 (VP4/A) has B and T 

cell epitope of VP4 protein of group A rotavirus, Construct 9 (VP6/A) has B and T cell 

epitope of VP6 protein of group A rotavirus, and Construct 10 (VP7/A) has B and T cell 

epitope of VP7 protein of group A rotavirus (Table 6.7 and 6.8). Some of the constructs 

were designed with predicted B-cell epitope with a long-term goal to express chimeric 

antigen to possibly develop rapid detection of rotavirus antigen in stool specimens. 

Intestinal mucosal immunity mediated mainly by IgA antibodies is often associated with 

protective immunity during rotavirus reinfection. The outer capsid layer of RV is 

composed of VP4 and VP7 proteins that are mainly responsible for viral attachment and 

entry are often targeted for protective neutralizing antibodies during rotavirus infections 

[73,74]. However, a non-neutralizing IgA monoclonal antibody directed against the VP6 

protein has been shown to protect mice from rotavirus infection [75]. Studies on several 

non-replicating RV vaccines are being performed and assessed in various animal models. 

The expressed truncated VP6 and VP8 protein sub-units, bivalent vaccine (NSP4 & VP6) 

and ‘‘virus-like particles” (VP2, VP4, VP6, and VP7) are being investigated as potential 

vaccine for rotavirus [76]. The results of preclinical studies have shown that majority of 

these potential vaccine candidates for rotavirus induces a strong immune responses and 

provides a protection against oral challenge with rotavirus strains in mice model 

[77,78,79]. VP6-specific polyclonal IgA inhibits RV replication at the transcription level 

by blocking channels on RV particles and preventing RV mRNA release [80]. The recent 

findings of an efficient intracellular neutralization mediated mainly by VP6-specific IgG 

and subsequent protection of mice against the challenge of rotavirus might have 

implications in developing next generation vaccine for rotavirus [81]. 
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Table 6.8. Predicted B- and T-cell epitopes obtained from the immune epitope database. The amino acid sequence of 

selected epitopes used for design of final multi-subunit chimeric antigen constructs 

Multi-epitope 

antigen construct  
RV 

Protein  
Linear B-cell epitope  Conformational B-cell epitope  

CTL 

epitope  
HTL epitope  

VP6A/B/C 
(Construct 1)  

VP6 

GroupA  

9-KTLKDARDKIVEG-21, 139-

WNLQNRRQRTG-149, 373-

NYSPSREDNLQR-384 

Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F

34,N35,Q36 226-

LPDAERF

SF-234 

284-

NFDTIRLSFQL

MR-296 D74,A75,N76,Y77,V78,E79,T80,A81,R82,N83,

T84,I85,D86,Y87 

VP6 
Group B  

74-ISTDDYDDMRSGI-86, 197-
GMDSEHRFTVELKTR-211 

E154,N155,P156,L157,Y158,A159,D160,I161,I
162,E163,Q164,I165,V166,H167,R168 

89-

TINAPIIS
L-97 

315-

AISFMFETRRT
FT-327 

VP6 

Group C  
93-TVSDLKKKV-104, 143-

EAVCDDEIVREA-156 
F364,P365,W366,E367,Q368,T369,L370,S371,

N372,Y373,T374,V375,A376,Q377,E378 

325-
ILDATTE

SV-334 

381-
LERLLLVASV

KRM-393 

V
P

4
/6

/7
 (

C
o
n
st

ru
ct

 2
) 

VP4/A 
(Construct 8)  

VP4  

241-RDVIHYRAQANED-253, 208-

IPRSEESKCTEYI-220, 262-

WKEMQYNRDI-271, 657-

PDIVTEASEKF-667 

T413,Q414,F415,T416,D417,F418,V419,S420,

L421,N422,S423,L424 

288-

GYKWSEI

SF-296 

416-

TDFVSLNSLRF

RF-428 

VP6/A 
(Construct 9)  

VP6  
9-KTLKDARDKIVEG-21, 373-

NYSPSREDNLQR-384 

Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F

34,N35,Q36  226-

LPDAERF

SF-234 

284-

NFDTIRLSFQL

MR-296 D74,A75,N76,Y77,V78,E79,T80,A81,R82,N83,

T84,I85,D86,Y87 

VP7/A 
(Construct 

10)  
VP7  308-QVMSKRSRSLNSA-320 

D169,I170,T171,L172,Y173,Y174,Y175,Q176,

Q177,T178,D179,E180,A181,N182,K183,W184 

15-

SIILLNYI

L-23 

13-

LISIILLNYILKS

-25 
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Table 6.8 contd…. 

Multi-epitope 

antigen construct 

RV 

Protein 

Linear 

B-cell epitope 
Conformational B-cell epitope CTL epitope HTL epitope 

V
P

2
/3

/4
/6

/7
-N

S
P

2
/3

/4
/5

 (
C

o
n

st
ru

ct
 5

) 

V
P

2
/3

/4
/6

/7
 (

C
o
n

st
ru

ct
 3

) 
VP2  189-AVENKNSRDAGK-200 

K339,E340,L341,V342,S343,T344,E345,A3

46,Q347,I348,Q349,K350,M351 

544-

QLVDLTRLL-552 

534-

GILLLSNRLGQL

V-546 

VP3  238-TIKLKQERWLGK-249 

R176,M177,T178,T179,S180,L181,P182,I18

3,A184,R185,L186,S187,N188,R189,V190,F

191,R192 

72-LFTLIRCNF-

80 

612-

HVYNALIYYRY

NY-624 

VP4  657-PDIVTEASEKF-667 
T413,Q414,F415,T416,D417,F418,V419,S42

0,L421,N422,S423,L424 

288-

GYKWSEISF-296 

416-

TDFVSLNSLRFR

F-428 

VP6  373-NYSPSREDNLQR-384 
Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q3

3,F34,N35,Q36 

226-LPDAERFSF-

234 

284-

NFDTIRLSFQLM

R-296 

VP7  
308-QVMSKRSRSLNSA-

320 

D169,I170,T171,L172,Y173,Y174,Y175,Q1

76,Q177,T178,D179,E180,A181,N182,K183,

W184 

15-SIILLNYIL-23 

13-

LISIILLNYILKS-

25 

N
S

P
2
/3

/4
/5

 (
C

o
n
st

ru
ct

 4
) 

NSP2  

267-

QNWYAFTSSMKQGNT-

281 

N298,P299,F300,K301,G302,L303,S304,T30

5,D306,R307,K308,M309,D310,E311,V312,

S313 

9-YPHLENDSY-

18 

46-

SIIYGIAPPPQFK-

58 

NSP3  
108-LSSKGIDQKMRVL-
120 

K77,F78,G79,S80,A81,I82,R83,N84,R85,N8
6 

58-GVKNNLIGK-
66 

101-

NKLRMMLSSKGI
D-113 

NSP4  117-TTREIEQVELLK-128 I51,P52,T53,M54,K55,I56,A57,L58,K59  
36-IASVLTVLF-

44 

29-
GMAYFPYIASVL

T-41 

NSP5  
170-KCKNCKYKKKYFAL-

183 

A66,S67,N68,D69,P70,L71,T72,S73,F74,S7

5,I76,R77,S78,N79,A80,V81,K82,T83,N84,

A85 

2-SLSIDVTSL-10 

176-

YKKKYFALRMR

MK-188 
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Table 6.8 contd…. 

Multi-epitope 

antigen 

construct 

RV 

Protein 
Linear B-cell epitope Conformational B-cell epitope 

CTL 

epitope 

HTL 

epitope 

VP6A/B/C-B 

(Construct 6)  

VP6 

GroupA  

9-KTLKDARDKIVEG-21, 

139-WNLQNRRQRTG-149,  

373-NYSPSREDNLQR-384 

Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F34,N35,Q36 
- - 

D74,A75,N76,Y77,V78,E79,T80,A81,R82,N83,T84,I85,D86,Y87 

VP6 

Group 

B  

74-ISTDDYDDMRSGI-86, 

197-GMDSEHRFTVELKTR-

211 

E154,N155,P156,L157,Y158,A159,D160,I161,I162,E163,Q164,I165,V166,H

167,R168  
- - 

VP6 

Group 

C  

93-TVSDLKKKV-104, 143-

EAVCDDEIVREA-156 

F364,P365,W366,E367,Q368,T369,L370,S371,N372,Y373,T374,V375,A376

,Q377,E378 
- - 

VP4/6/7-B 

(Construct 7)  

VP4  

241-RDVIHYRAQANED-

253, 208-IPRSEESKCTEYI-

220,  

262-WKEMQYNRDI-271, 

657-PDIVTEASEKF-667 

T413,Q414,F415,T416,D417,F418,V419,S420,L421,N422,S423,L424 - - 

VP6  

9-KTLKDARDKIVEG-21, 

139-WNLQNRRQRTG-149,  

373-NYSPSREDNLQR-384 

Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F34,N35,Q36 
- - 

D74,A75,N76,Y77,V78,E79,T80,A81,R82,N83,T84,I85,D86,Y87 

VP7  
308-QVMSKRSRSLNSA-

320 

D169,I170,T171,L172,Y173,Y174,Y175,Q176,Q177,T178,D179,E180,A181,

N182,K183,W184 
- - 
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Figure 6.5. Schematic diagram of multi-epitope chimeric constructs. The multi-

epitope constructs sequence consisting adjuvant followed by T- and B-cell epitope. 

Adjuvant and CTL epitope has been joined by EAAAK linker, whereas the AAY, KK 

and GGGGS linkers were used to join the CTL, HTL and linear/conformational B-cell 

epitopes, respectively. A. Construct 1 (VP6A/B/C), B. Construct 2 (VP6/4/7), C. 

Construct 3 (VP2/3/4/6/7), D. Construct 4 (NSP2/3/4/5) and E. Construct 5 

(VP2/3/4/6/7-NSP2/3/4/5), F. Construct 6 (VP6A/B/C–B), G. Construct 7 (VP4/6/7-B), 

H. Construct 8 (VP4/A), I. Construct 9 (VP6/A) and J. Construct 10 (VP7/A); (BL-

Linear B-cell epitope, BC- Conformational B-cell epitope). A/B/C: VP6 sequence of 

group A, B and C rotaviruses; A: group A rotavirus; B: B-cell epitopes (Both linear and 

conformational). 
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6.3.6. Allergenicity, antigenicity and physicochemical parameters of the vaccine 

constructs 

All vaccine constructs were predicted as non-allergenic by Allertop v.2. Construct 1 was 

predicted as non-antigenic by Vexijen v.2.0 with a score (3.888) close to default 

threshold value of 4.0. Of 10 vaccine constructs, the antigenicity of construct 4 

(NSP2/3/4/5), construct 5 (VP2/3/4/6/7- NSP2/3/4/5) and construct 8 (VP4/A) were 

predicted to be 0.7059, 0.6263, 0.7943, respectively, using the VaxiJen server indicating 

the probable antigenic properties of vaccine constructs (Table 6.9). Various 

physicochemical parameters of vaccine constructs were analyzed by ProtParam. The 

final vaccine constructs were found moderately thermostable based on the aliphatic index 

scores. We found negative value of gravy scores suggesting the likelihood of multi-

epitope vaccine being globular and hydrophilic in nature (Table 6.9). 
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Table 6.9. Physico-chemical parameter of final multi-epitope constructs. Number of residues, theoretical pI, molecular weight, aliphatic 

index, and grand average of hydrophobicity (GRAVY) by ProtParam 

Multi-epitope 

antigen 

No. 

of 

residues 

Isoelectric 

Point 

Mol 

Wt. in 

KDa 

Aliphatic 

Index 

GRAVY 

Score 

Secondary structure by 

PSIPRED 

Allergenicity 

by Allertop 

v.2.0 

Antigenicity 

by Vexijen 

v2.0 (T=0.4) 

VP6A/B/C 

(Construct 1) 
230 5.24 24.77 70.04 -0.532 

52.2% Helix, 3.0% Sheet 

and 44.8% Coil 
Non-allergen 

Non-antigen 

(0.3888) 

VP4/6/7 

(Construct 2) 
278 8.91 30.10 66.01 -0.613 

10.43% Helix, 9.71% 

Sheet and 79.86% Coil 
Non-allergen 

Antigen 

(0.5901) 

VP2/3/4/6/7 

(Construct 3) 
318 9.96 34.87 81.32 -0.375 

36.2% Helix,11.0% Sheet 

and 52.8% Coil 
Non-allergen 

Antigen 

(0.5537) 

NSP2/3/4/5 

(Construct 4) 
260 10.11 27.63 66.88 -0.428 

25.39% Helix, 11.92% 

Sheet and 62.69% Coil 
Non-allergen 

Antigen 

(0.7059) 

VP2/3/4/6/7-
NSP2/3/4/5 

(Construct 5) 

576 10.04 62.05 74.91 -0.369 
34.0% Helix, 3.7% Sheet 

and 62.3% Coil 
Non-allergen 

Antigen 

(0.6263) 

VP6A/B/C-B 

(Construct 6) 
200 4.83 20.64 52.65 -0.872 

28.5% Helix, 4.0% Sheet 

and 67.5% Coil 
Non-allergen 

Antigen 

(0.5319) 

VP4/6/7-B 

(Construct 7) 
229 6.83 24.04 45.59 -0.976 

19.2% Helix, 4.8% Sheet 

and 76.0% Coil 
Non-allergen 

Antigen 

(0.5374) 

VP4/A 

(Construct 8) 
113 6.80 12.31 50.09 -0.777 

11.5% Helix, 32.7% Sheet 

and 55.8% Coil 
Non-allergen 

Antigen 

(0.7943) 

VP6/A 
(Construct 9) 

102 6.45 11.09 55.59 -0.884 
40.2% Helix, 2% Sheet 
and 57.8% Coil 

Non-allergen 
Antigen 
(0.4670) 

VP7/A 

(Construct 10) 
69 9.52 7.7 110.43 -0.123 

59.4% Helix, 11.6% Sheet 

and 29% Coil 
Non-allergen 

Antigen 

(0.4165) 
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6.3.7. Prediction of secondary and tertiary structure 

We used online server PSIPRED to predict the secondary structure of the final vaccine 

constructs. The predicted α-helix, β-sheets and random coil of vaccine constructs have 

been provided in Table 6.9 and Figure 6.6. Tertiary structure of the final vaccine 

constructs was modeled using ITASSER, RaptorX and Phyre (Figure 6.7). All the 

modeled structures were analyzed, and the common predicted structure was selected for 

further molecular simulation. I-TASSER modeled structures were found satisfactory for 

vaccine constructs (1, 2, 3, 4, 5, 7, 8, 9, & 10) with c-values of the best models -3.19, -

2.68, 3.84, -2.84, -1.99, -1.69, -2.42, -2.59 and -2.51, respectively, while for construct 6, 

RaptorX modeled structure was chosen with a P-value of 2.78e-03, a lower p-value is 

indicative of best modelled structure [82]. 
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Figure 6.6. Graphical representation of secondary structure obtained for the multi-

epitope constructs using PSIPRED server. A. Construct 1, 52.2% helix, 3.0% sheet 

and 44.8% coil, B. Construct 2, 10.43% helix, 9.71% sheet and 79.86% coil, C. 

Construct 6, 28.5% helix, 4.0% sheet and 67.5% coil and D. Construct 7, 19.2% helix, 

4.8% sheet and 76.0% coil, E. Construct 3, 36.2% helix,11.0% sheet and 52.8% coil, F. 

Construct 4, 25.39% helix, 11.92% sheet and 62.69% coil, G. Construct 5, 34.0% Helix, 

3.7% Sheet and 62.3% Coil, H. Construct 8, 11.5% helix, 32.7% sheet and 55.8% coil, I. 

Construct 9, 40.2 % helix, 2 % sheet and 57.8 % coil and J. Construct 10, 59.4 % helix, 

11.6 % sheet and 29 % coil. 

H
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Figure 6.7. Tertiary structure modeling of multi-epitope constructs. Cyan color 

represents CTL epitopes, orange represents HTL epitopes, blue represents linear B- cell 

epitopes and conformational B-cell epitope is highlighted with green. A. Construct 1; B. 

Construct 2; C. Construct 3; D. Construct 4; E. Construct 5; F. Construct 6; G. Construct 

7; H. Construct 8; I. Construct 9; and J. Construct 10. 

6.3.8. Molecular dynamics simulation and tertiary structure validation 

Further refinement and overall stability of multi-epitope subunit vaccine constructs were 

performed using molecular dynamics simulation in GROMACS, CHARMM27 force 
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field and SPC/E water model as described previously. A plot of root square deviation 

(RMSD) against time reflects fluctuations generated within a time interval of 20 ns for 

all constructs and 40 ns for construct 5 having a predicted molecular weight of 62 kDa 

(Table 6.9). RMSD value of multi-subunit vaccine backbone was predicted to be 0.2–0.7 

nm (Figure 6.8) and the structure validation of final vaccine was carried out using 

RAMPAGE server (Figure 6.9). Table 6.9 provides the summary of distribution of amino 

acid residues in energetically favored area, allowed part and outlier region of vaccine 

constructs. The results of Ramachandran plots are suggestive of high structural quality 

due to the presence of minimum steric atomic clashes between the residues in the refined 

vaccine constructs (Figure 6.9 and Table 6.10). 

 

Figure 6.8. Molecular dynamics simulation study of final multi-epitope constructs 

representing root mean square deviation. A. Simulation was carried out for time 

duration of 20 ns for construct 1, 2, 6 and 7, B. Simulation for construct 5 was performed 

for the time duration of 40 ns, C. Simulation for 20ns for constructs 3,4,8,9 and 10. 
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Figure 6.9. Structure prediction and validation of final multi-epitope constructs. 

Ramachandran plot analysis of the simulated structures. Summary of residues in favored, 

allowed and in outlier part is provided in Table 6.10. 
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Table 6.10. Summary of amino acid residues of vaccine constructs in the energetically 

favored, allowed and residues in the outlier region as analyzed by physico-chemical 

parameter of final multi-epitope constructs 

Multi-epitope 

antigen 

No. of residues in 

the favored region 

No. of residues in 

the allowed region 

No. of residues in 

the outlier region 

VP6A/B/C 

(Construct 1) 
188 ( 82.8%) 29 (12.8%) 10 (4.4%) 

VP4/6/7  

(Construct 2) 
242 (88.0%) 24 (8.7%) 9 (3.3%) 

VP2/3/4/6/7 

(Construct 3) 
270 (85.7%) 35 (11.1%) 10 (3.2%) 

NSP2/3/4/5 

(Construct 4) 
237 (92.2%) 17 (6.6%) 3 (1.2%) 

VP2/3/4/6/7-

NSP2/3/4/5 

(Construct 5) 

522 (91%) 42 (7.3%) 9 (1.6%) 

VP6A/B/C-B 

(Construct 6) 
184 (93.4%) 11 (5.6%) 2 (1.0%) 

VP4/6/7-B 

(Construct 7) 
193 ( 85.4%) 24 (10.6%) 9 (4.0%) 

VP4/A 

(Construct 8) 
101 (91.8%) 9 (8.2%) 0 (0.0%) 

VP6/A 

(Construct 9) 
93 (93.9%) 5 (5.1%) 1 (1.0%) 

VP7/A 

(Construct 10) 
50 (75.8%) 12 (18.2%) 4 (6.1%) 

 

6.3.9. Surface accessibility of linkers and verification of conformational B-cell 

epitopes in the vaccine construct 

Cathepsin and carboxypeptidase are involved in MHC class II antigen presentation 

pathway through proteolytic cleavage of dibasic (RR, KK, KR or RK) sites present in the 

endocytosed proteins [83]. MHC class II molecules expressed by antigen presenting cells 

are associated with presentation of processed peptides to CD4+ T cells. Proteases that are 

involved in MHC class II antigen presentation pathway exhibits preferential cleavage of 

substrates containing hydrophobic motifs (AAY). We found that the cleavable linker 

residues (AAY and KK) in the multi-epitope subunit vaccines were accessible suggesting 
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that the probability of T-cell epitopes presentation by MHC molecules as predicted by 

discovery studio (Figure 6.10). Conformational B-cell epitopes that were included in the 

final vaccine construct was further verified with the help of four prediction servers - 

CBTOPE, Ellipro, Discotope and EPSVR. The results showed that the conformation 

epitopes were similarly predicted by CBTOPE, Ellipro, Discotope and EPSVR (Table 

6.11). We have predicted an additional discontinuous B-cell epitopes with the help of 

Ellipro (Figure 6.11 and Table 6.12). ElliPro is a web-based server commonly used for 

prediction of an antibody epitopes in protein antigens [39,84]. 

 

 

Figure 6.10. Surface accessibility of linkers in the final multi-epitope constructs. A. 

Construct 1; B. Construct 2; C. Construct 3; D. Construct 4; E. Construct 5; F. Construct 

6; G. Construct 7; H. Construct 8; I. Construct 9; and J. Construct 10. Blue color 

represents AAY linker, cyan represents KK linker and GGGGS is represented by red 

color.  
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Figure 6.11. Conformational B-cell epitopes prediction for the final multi-epitope 

constructs by Ellipro. A. Construct 1, B. Construct 2, C. Construct 3, D. Construct 4, E. 

Construct 5, F. Construct 6, G. Construct 7, H. Construct 8, I. Construct 9 and J. 

Construct 10. The epitopes are represented as colored spheres in the final vaccine model 

where each color represents one epitope. 
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Table 6.11. Verification of conformational B-cell epitopes. The epitopes in the final vaccine constructs were superimposed with their 

native structure by Phymol and Yale alignment server. The corresponding B-cell epitopes or part of the epitope predicted using four servers 

are numbered as CBTOPE (1), Ellipro (2), Discotope (3) and EPSVR (4). 

Multi-

epitope 

construct  

RV 

Protein  
Conformational B-cell epitope  

RMSD  of 

superimposition  

server  

Pymol  

Yale 

Alignmen

t Server  

VP6A/B/

C  

VP6 

GroupA  

Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F34,N35,Q36 1.236 1.235635 1,3&4  

D74,A75,N76,Y77,V78,E79,T80,A81,R82,N83,T84,I85,D86,Y87 4.523 4.522595 1,2,3&4  

VP6 

Group B  
E154,N155,P156,L157,Y158,A159,D160,I161,I162,E163,Q164,I165,V166,H167,R168 5.448 5.448080 1,2,3&4  

VP6 

Group C  
F364,P365,W366,E367,Q368,T369,L370,S371,N372,Y373,T374,V375,A376,Q377,E378  4.662 4.662487 2&3  

VP4/6/7  

VP4  T413,Q414,F415,T416,D417,F418,V419,S420,L421,N422,S423,L424 4.112 4.112052 1,2,3&4  

VP6-  
Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F34,N35,Q36 5.166 5.165656 1,2,3&4  

D74,A75,N76,Y77,V78,E79,T80,A81,R82,N83,T84,I85,D86,Y87 6.584 6.584060 1,2,3&4  

VP7  D169,I170,T171,L172,Y173,Y174,Y175,Q176,Q177,T178,D179,E180,A181,N182,K183,W184 5.543 5.559023  1,2&3  

VP2/3/4/6

/7  

VP2  K339,E340,L341,V342,S343,T344,E345,A346,Q347,I348,Q349,K350,M351  2.253 3.176211 2,3&4  

VP3  
R176,M177,T178,T179,S180,L181,P182,I183,A184,R185,L186,S187,N188,R189,V190,F191,R

192 
6.117 7.039348 2,3&4  

VP4  T413,Q414,F415,T416,D417,F418,V419,S420,L421,N422,S423,L424 4.123 4.123033 2,3&4  

VP6  Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F34,N35,Q36 5.641 5.640909 2,3&4  

VP7  D169,I170,T171,L172,Y173,Y174,Y175,Q176,Q177,T178,D179,E180,A181,N182,K183,W184 5.559 5.559023 2,3&4  
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Table 6.11. contd…. 

Multi-

epitope 

construct  

RV 

Protein  
Conformational B-cell epitope  

RMSD  of 

superimposition  

server  

Pymol  

Yale 

Alignment 

Server  

N
S

P
2

/3
/4

/5
  NSP2  N298,P299,F300,K301,G302,L303,S304,T305,D306,R307,K308,M309,D310,E311,V312,S313 4.682 4.740787 1,2,3&4  

NSP3  K77,F78,G79,S80,A81,I82,R83,N84,R85,N86 0.372 1.361094 1,2,3&4  

NSP4  I51,P52,T53,M54,K55,I56,A57,L58,K59  4.195 4.195239 1,2&3  

NSP5  A66,S67,N68,D69,P70,L71,T72,S73,F74,S75,I76,R77,S78,N79,A80,V81,K82,T83,N84,A85 6.172 6.171581 1,2,3&4  

V
P

2
/3

/4
/6

/7
-N

S
P

2
/3

/4
/5

  

VP2  K339,E340,L341,V342,S343,T344,E345,A346,Q347,I348,Q349,K350,M351  3.743 3.743109 1,2,3&4  

VP3  
      

R176,M177,T178,T179,S180,L181,P182,I183,A184,R185,L186,S187,N188,R189,V190,F191,R192 
3.855 4.518686 1,3&4  

VP4       T413,Q414,F415,T416,D417,F418,V419,S420,L421,N422,S423,L424 7.294 7.321160 1,2,3&4  

VP6       Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F34,N35,Q36 5.437 5.436957 1,3&4  

VP7       D169,I170,T171,L172,Y173,Y174,Y175,Q176,Q177,T178,D179,E180,A181,N182,K183,W184 5.201 5.212638 1,2,3&4  

NSP2       N298,P299,F300,K301,G302,L303,S304,T305,D306,R307,K308,M309,D310,E311,V312,S313 5.200 5.200160 1,2,3&4  

NSP3       K77,F78,G79,S80,A81,I82,R83,N84,R85,N86 4.638 4.638486 1,2,3&4  

NSP4       I51,P52,T53,M54,K55,I56,A57,L58,K59  3.804 3.803996 1,2,3&4  

NSP5       A66,S67,N68,D69,P70,L71,T72,S73,F74,S75,I76,R77,S78,N79,A80,V81,K82,T83,N84,A85 6.331 5.959602 1,2&3  
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Table 6.11. contd…. 

Multi-

epitope 

construct 

RV 

Protein 
Conformational B-cell epitope 

RMSD  of 

superimposition 

server 

Pymol 

Yale 

Alignment 

Server 

V
P

6
A

/B
/C

-B
 

VP6 

GroupA 

Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F34,N35,Q36 1.035 1.034830 1,2,3&4 

D74,A75,N76,Y77,V78,E79,T80,A81,R82,N83,T84,I85,D86,Y87 4.878 4.877540 1,2,3&4 

VP6 

Group 
B 

E154,N155,P156,L157,Y158,A159,D160,I161,I162,E163,Q164,I165,V166,H167,R168 5.056 5.056235 1,2,3&4 

VP6 
Group 

C 

F364,P365,W366,E367,Q368,T369,L370,S371,N372,Y373,T374,V375,A376,Q377,E378 4.353 4.352642 1,2&3 

V
P

4
/6

/7
-B

 

VP4 T413,Q414,F415,T416,D417,F418,V419,S420,L421,N422,S423,L424 4.003 4.024564 1,3&4 

VP6 
Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F34,N35,Q36 5.214 5.213927 1,2,3&4 

D74,A75,N76,Y77,V78,E79,T80,A81,R82,N83,T84,I85,D86,Y87 6.058 6.057730 1,2,3&4 

VP7 
D169,I170,T171,L172,Y173,Y174,Y175,Q176,Q177,T178,D179,E180,A181,N182,K183,W184 5.341 3.793345 1,2,3&4 

R286,I287,N288,W289,K290,K291,W292,W293,Q294,V295 3.541 4.642401 1,2&3 

VP4/A VP4 T413,Q414,F415,T416,D417,F418,V419,S420,L421,N422,S423,L424 4.237 6.780728 1,2&3 

VP6/A VP6 
Y24,S25,N26,V27,S28,D29,L30,I31,Q32,Q33,F34,N35,Q36 1.560 1.560356 1,3&4 

D74,A75,N76,Y77,V78,E79,T80,A81,R82,N83,T84,I85,D86,Y87 1.638 1.638197 1,2,3&4 

VP7/A VP7 D169,I170,T171,L172,Y173,Y174,Y175,Q176,Q177,T178,D179,E180,A181,N182,K183,W184 0.954 1.304295 1,2,3&4 
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Table 6.12. Conformational B-cell epitopes prediction for the final multi-epitope vaccine construct by Ellipro  

Multi-

epitope 

construct 

Epitope 

No. 
Conformational B-cell epitope 

No. of 

residues 
V

P
6

A
/B

/C
 

1 F64, E65,T66,R67,R68,T69,F70,K73,L74,E209,A210,G211,G212,G213,G214,S215,F216,P217,W218 19 

2 
R1,G2,D3,E4,A5,A6,A7,K8,L9,P10,D11,A12,E13,R14,F15,S16,F17,A18,A19,Y20,T21,I22,N23,A24,P25,I26,I27,S40,K42,K43,

N44,F45,D46,T47,I48,R49,L50,S51 
38 

3 
V99,E100,G101,G102,G103,G104,G105,S106,N107,Y108,S109,P110,S111,R112,E113,D114,N115,L116,Q117,R118,G119,G12

0,G121,G122,S123,Y124,S125 
27 

4 
V146,E147,T148,A149,R150,N151,T152,I153,D154,Y155,G156,G157,G158,G159,S160,I161,S162,T163,D164,D165,D167,D16

8,M169,R170 
24 

5 G172,I173,G174,G175,G176,G177,S178,E179,N180,P181,L182,Y183,A184,D185,I186 15 

6 D203,D204,I206,V207,R208 5 

V
P

4
/6

/7
 

1 
R1,G2,D3,E4,A5,A6,A7,K8,S9,I10,I11,L12,L13,N14,Y15,I16,L17,A18,A19,Y20,L21,P22,D23,A24,E25,R26,F27,S28,F29,A30,

A31,Y32,G33,Y34,K35,K42,K43,L44,I45,S46,I47,I48,L49,L50,N51,Y52,I53,L54,K72,K73,T74,D75,F76,V77 
54 

2 

S195,R196,E197,R202,S212,D213,L214,I215,Q216,Q217,F218,N219,Q220,G221,G222,G223,G224,S225,D226,Y229,V230,E23

1,T232,A233,R234,N235,T236,I237,D238,Y239,G240,G241,G242,G243,S244,S248,K249,R250,S253,L254,N255,S256,A257,G2

58,G259,G260,G261,S262,D263,I264,T265,L266,Y267,Y268,Y269,Q270,Q271,T272,D273,E274,A275,N276,K277,W278 

64 

3 S56,N59,F60,D61,T62,I63,R64,L65,S66,F67,F86,K87,K88,D90,V91,I92,H93,Y94,I107,R109,S110,E111,E112,S113 24 

4 R179,D180,D198,N199 4 

5 R95,K114,C115,G135,G136,G137,G138,S139,P140,D141,I142,T159,D160,F161,V162,S163,L164 17 

V
P

2
/3

/4
/6

/7
 

1 Y309,Q310,Q311,T312,D313,E314,A315,N316,K317,W318 10 

2 

T198,S199,P201,K226,G228,G229,G230,G231,S232,T233,Q234,F235,T236,D237,F238,V239,S240,L241,N242,S243,L244,G245

,G247,G248,S249,N250,D257,N258,L259,Q260,R261,G262,G263,G264,G265,S271,D272,L273,I274,Q275,Q276,F277,N278,Q2

79,G280,G281,G282,G283,S284,K289,R290,S291,R292,S293,L294,N295,S296,A297,G298,G299,G300,G301,S302 

63 

3 A203,R204,Y251,S252,P253,S254,R255 7 

4 

R1,G2,D3,E4,A5,A6,A7,K8,Q9,L10,V11,D12,L13,T14,R15,L16,L17,A18,A19,Y20,L21,F22,T23,L24,I25,R26,C27,N28,F29,A3

0,A31,Y32,G33,Y34,K35,W36,S37,E38,I39,A43,Y44,L45,A48,E49,R50,F51,S52,F53,A54,A55,Y56,S57,I58,I59,L60,L61,N62,Y

63,I64,L65,K66,K67,R92,Y93,N94,Y95,K96,K97,T98,D99,F100,V101,S102,L103,L138,K139,S140,K141,G157,G158,S159,K16

0 

82 

5 L72,R75,Q78,L79,V80,K81,K82,H83 
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Table 6.12. contd…. 

Multi-

epitope 

construct  

Epitope 

No.  
Conformational B-cell epitope  

No. of 

residues  

N
S

P
2

/3
/4

/5
 

1  K199,G200,G201,G202,G203,S204,I205,A211,L212,K213,G214,G215,G216,G217,S218,K219,C220,K221,N222,C223,K224,Y22

5,K226,K227,K228,F230,G233,G234,G235,G236,S237,A238,S239,N240,D241,P242,L243,T244,S245,F246,S247,I248,R249,S250

,N251,A252,V253,K254,T255,N256,A257  

51  

2  A19,G21,V22,K23,N24,N25,L26,I27,G28,K29,A30,A31,Y32,I33,A34,S35,V36,L37,T38,V39,L40,F41,A42,A43,Y44,S45,L46,S47

,I48,D49,V50,T51,S52,K54,S56,I57,I58,Y59,G60,P64,Q66,K69,K72,L73,R74,M75,M76,L77,S78,S79,K80,G81,I82,D83,K84,K85,

G86,A88,Y89  

59  

3  H11,L12,E13,N14,D15,S16,Y17,A18,R111,M112,K113,Q114,N115,W116,Y117,F119,S121,K124  18  

4  K163,M164,R165,V166,L167,G168,G169,G170,G171,S172,K173,F174,G175,S176,A177,I178,R179,N180,R181,N182,G183,G18

4,G186  

23  

V
P

2
/3

/4
/6

/7
-N

S
P

2
/3

/4
/5

 

1  L24,I25,R26,C27,N28,F29,A30,A31,Y32,G33,Y34,K35,W36,Y68,Y69,P70,L72,E73,N74,D75,S76,Y77,A78,A79,Y80,G81,V82,K

83,N84,N85,L86,I87,G88,K89,A90,A91,Y92,I93,A94,S95,L97,T98  

42  

2  T111,S112,L113,A114,A115,Y116,G117,I118,L119,L120,L121,S122,N123,R124,L125,G126,Q127,L128,V129,K130,K131,H132,

A136,L137,Y142,N143,Y144,K145,K146,T147,D148,F149,V150,L168,S169,Q171,L172,M173,R174,K175,K176,L177,I178,S179,

I180,I181,L182,L183,N184,Y185,I186,L187,K188,S189,K190,K191,S192,I193,Y241  

59  

3  G407,G408,G409,G410,S411,D412,I413,T414,L415,Y416,Y417,Y418,Q420,T421,D422,Y436,A437,F438,T439,S440,S441,M442,

K443,Q444,G445,N446,T447,G448,G449,G450,G451,S452,N453,P454,F455,K456,G457,L458,S459,T460,D461,R462,K463,M46

4,D465,E466,V467,S468,G469,G470,G471,G472,S473,L474,S475,S476,K477,G478,I479,D480,Q481,K482,M483,R484,V485,L48

6,G487,G488,G489,G490,S491,K492,F493,G494,S495,A496,I497,R498,N499,R500,N501,G502,G503,G504,G505,S506,T507,T50

8,Q513,V514,E515,L516,L517,K518,G519,G520,G521,G522,S523,I524,P525,T526,M527,K528,G536,S537,K538,C542,K543,Y5

44,K545,K546,K547,Y548,F549,A550,G553,G554,G555,S556,A557,S558,N559,D560,P561,L562,T563,S564,F565,S566,I567,R56

8,S569,N570,A571,V572  

136  

4  K205,K206,N207,K208,M211,M212,L213,S214,S215,K216,G217,I218,D219,K220,K221  15  

5  S231,V232,L233,T234,K235,K236,Y237,K238,K239,K240,F242,A243,R247,A252  14  

6  S258,G264,G265,G266,G267,S268,K269,E270,L271,V272,S273,T274,E275,A276,Q277,I278,Q279,K280,M281,G282,G284,S286,

R294,D346,V348,S349,L350,N351,S352  

29  

7  E293,W295,L296,G297,K298,G299,G300,R304  8  

8  K160,K161,N162,F163,D164,T165,I166,R167  8  

9  S57,I58,I59,L60,L61,N62,Y63,I64,L65,A66,K335,F336  12  
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Table 6.12. contd…. 

Multi-

epitope 

construct 

Epitope 

No. 
Conformational B-cell epitope 

No. of 

residues 
V

P
6

A
/B

/C
-B

 

1 Y81,V82,E83  3 

2 N28,L29,N31,R32  4 

3 

D100,D101,Y102,D103,D104,M105,R106,S107,G108,I109,G110,G111,G112,G113,S114,G115,M116,D117,S118,E119,R121,I176

,V177,R178,E179,A180,G181,G182,G183,G184,S185,F186,P187,W188,E189,Q190,T191,L192,S193,N194,Y195,T196,V197,A19

8,Q199,E200  

46 

4 
G24,G25,S26,W27,Q30,R33,Q34,R35,T36,G37,G38,G39,G40,G41,S42,N43,Y44,S45,P46,S47,R48,E49,D50,N51,L52,Q53,R54,S

59,Y60,S61,G131,G132,G133,S134,E135,N136,P137,L138,Y139  
39 

5 G2,D3,Q68,Q72,G73,G74,G75,G76,S77,D78,A79,N80,T84,A85,R86,N87,D90,T128  18 

V
P

4
/6

/7
-B

 

1 
R1,G2,D3,E4,A5,A6,A7,K8,R9,D10,V11,I12,H13,Y14,R15,A16,Q17,A18,N19,E20,D21,G22,G23,G24,G25,S26,I27,P28,R29,S30,

E31,E32,S33,K34,E37,Y38,I39,G40  
38 

2 

D97,A98,R99,D100,K101,I102,L113,Q114,N115,R116,R117,Q118,S129,P130,S131,R132,E133,D134,N135,L136,Q137,R138,D14
9,L150,I151,Q152,Q153,F154,N155,Q156,G157,E167,T168,A169,R170,N171,T172,I173,D174,Y175,G176,G177,G178,G179,S18

0,K185,R186,S187,R188,S189,L190,N191,A193,G194,G195,G196,G197,S198,D199,I200,L202,Y204,Y205,Q206,Q207,T208,D20

9,E210,A211,N212,K213,W214,G215,G216,G217,G218,S219,R220,I221,N222,W223,K224,K225,W226,W227,Q228,V229  

87 

3 T36,G55,G56,G57,G58,S59,P60,D61,I62,G73  10 

VP4/A 

1 R1,G2,D3,E4,A5,A6,A7,K8,G9,Y10,W12  11 

2 T20,D21,F22,V23,S24,L25,D47,G48,G49,G50,G51,I53,K95,F96,G97,G98,G99,G100,S101,T102,Q103  21 

3 R55,S56,E57,E58,S59,K60,C61,T62,E63  9 

4 Y40,M74,Q75,Y76  4 

5 K11,K34,R35,D36,V37,I38,H39,D79,I80,G81,G82,G83,G84,S85  14 

VP6/A 

1 R1,G2,D3,E4,A5,A6,A7,K8,L9,P10,D11,A12,E13,F15  14 

2 N21,F22,D23,T24,I25,R26,L27,S28,F29,Q30,L31,M32,K34,K35,D101,Y102  16 

3 
E47,G48,G49,G50,G51,G52,S53,N54,Y55,S56,P57,S58,R59,E60,D61,Q64,R65,G66,G67,G68,G69,S70,Y71,S72,G84,G85,G86,G

87,S88,D89,A90  
31 

VP7/A 

1 G49,G50,G51,G52,S53,D54,I55,T56,L57,Y58,Y59,Y60  12 

2 Q61,Q62,T63,D64,E65,A66,N67,K68  8 

3 N28,I30,L31,K32,S33,K34  6 

4 R1,G2,D3,E4,A5,A6,A7,K8,S9,I10,I11,L12,L13,N14,Y15,Y20  16 
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6.3.10. Docking of vaccine constructs with receptor 

Rotavirus entry is a multistep process involving the proteolytic cleavage of spike protein 

VP4 into two fragments VP5 and VP8, the interaction of these polypeptides and VP7 

with integrins (αvβ3) and sialic acid including heat shock cognate protein [43,85]. 

Modeled and refined structures of vaccine constructs was used for molecular docking 

with integrin receptors using ClusPro v.2.0 docking program (www.cluspro.bu.edu) with 

default settings [53]. The interacting residues of four vaccine constructs with integrin 

receptor chain A and B is summarized in Table 6.13. All the four vaccine models have 

shown interactions with chain A of integrin subunit (αIIbβ3 and αVβ3) receptors (Figure 

6.12) that are well known to mediate the entry of rotavirus involving VP4 and VP7 

surface proteins [43,85]. 
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Figure 6.12. Docked complex of multi-subunit vaccine constructs with integrin 

receptor. A. Construct1 interaction with αIIbβ3 B. Construct 1 with αVβ3 C. 

Construct 2 with αIIbβ3 D. Construct 2 with αVβ3 E. Construct 6 with αIIbβ3 F. 

Construct 6 with αVβ3 G. Construct 7 with αIIbβ3 H. Construct 7 with αVβ3. Integrin 

receptor chain A and B has been shown in cyan and silver color, respectively, whereas 

magenta color represents the multi-epitope vaccine constructs in the docked complex.  
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C D

E F
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H
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Table 6.13. A list of interacting residues of docked multi-subunit vaccine constructs with integrin receptor complex 

Vaccine 

constructs 
Integrin receptor 

Binding energy (kcal mol-1) Interacting residues of vaccine constructs 

Integrin 

receptor 

chain  A 

Integrin 

receptor chain 

B 
A B 

Construct 1 
αIIbβ3 

(PDB ID: 2vdp) 
-10.8 0 

GLU75, ARG76, TYR145, VAL146, GLU147, THR148, 

ALA149,THR152, GLN220, PHE216, TRP218, GLU219, 

THR221, VAL227, ALA228,  

-  

Construct 1 
αVβ3 

(PDB ID: 4O02) 
-8.5 -6.0 

LEU9, GLU13, TYR20, THR21, ILE22, ASN23, THR38, 

ARG49, LEU50, SER51, ARG67  

GLN53, MET55, ARG56, LYS58, 

ALA228  

Construct 2 
αIIbβ3 

(PDB ID: 2vdp) 
-9.4 -8.1 

GLU4, ALA5, LYS8, SER9, ILE10, LEU12, LEU17, ALA18, 

TYR20, GLU25  

LEU12, LEU13, TYR15, LEU17, 

ARG26,  PHE27, SER28, TYR34, 

ASN59,  

Construct 2 
αVβ3 

(PDB ID: 4O02) 
-14.7 -10.4 

ASP3, ALA31, TYR32, LYS35, LYS57, LYS58, ILE119, 

GLY120, GLY121,  TRP125, GLY153, GLY171  

LYS8, SER9, ILE11, ILE12, TYR20, 

GLU25, ARG26, LYS42  

Construct 6 
αIIbβ3 

(PDB ID: 2vdp) 
-11.1 -6.7 

GLY23, GLY24, GLY25, SER26, TRP27, LEU29, ARG33, 

ARG35, ASN51, GLN53, GLY115, ASP141, GLU144, 

GLN145,  HIS148, ARG149  

LEU29, ASN31, ARG32  

Construct 6 
αVβ3 

(PDB ID: 4O02) 
-10.5 -7.1 

ARG1, TYR81, TYR91, GLY148, LYS162, PHE186, 

PRO187, TRP188, LEU192, TYR195, ALA198, GLU200,   

ASN80, TYR81, GLU83, ARG86  

Construct 7 
αIIbβ3 

(PDB ID: 2vdp) 
-20.1 0 

GLY2, GLU4, ALA6, ALA7, ARG9, ARG15, ALA16, 

ALA18, ASN19, ASP21, GLY22, GLY25, TYR38,  ILE39, 

GLY40, GLY41, SER44,  TRP45, SER59, PRO60, ILE62, 

VAL63, THR64, GLU65, ALA66, GLN77, THR79,  

-  

Construct 7 
αVβ3 

(PDB ID: 4O02) 
-14.4 -7.4 

ARG132, ASP134, SER148, ASP149, GLN152, GLU167, 

ARG170, LYS185, ARG186, GLN206, LYS225, TRP226, 

TRP227, VAL229,  

SER198, GLU210, LYS224, GLN228  
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6.3.11. Functional validations of predicted B- and T-cell epitopes based on 

published literature 

Immunoinformatic approaches have commonly been used to identify potential B and T-

cell epitopes that can help to induce humoral and cell-mediated immune responses. 

Neutralizing antibodies to VP4 and VP7 proteins are known to induce immunity against 

RV in natural infection in humans [8,86], anti-VP6 antibodies and CD4+ T cells have 

also been implicated in immune protection [87,88]. In this work we have identified a 

total of 4 linear B-cell epitopes, of which two linear epitopes (aa117-128 and aa144-155) 

and 2 conformational B-cell epitopes (aa151-159, aa157-167) forms a part of secreted 

soluble form of NSP4 (Table 6.2 and 6.4, Table 6.3a and 6.3b). It was previously shown 

that the secreted form of NSP4 (aa112–175) during rotavirus- infected cells was 

characterized as an enterotoxin of rotavirus protein. In a previous study, an antibody to 

NSP4 aa112-175 was found to reduce the occurrence and severity of rotavirus-induced 

diarrhoea in suckling mice pups [89]. It has been previously shown that a peptide (aa266-

326) derived from VP7 can permeabilize artificial membranes leading to subsequent 

replication in virus-infected cells [90]. In silico analysis of rotavirus VP7 revealed the 

presence of potential linear (aa308-320), conformational B-cell (aa286-295) and CTL 

(aa316-324) epitopes in the membrane permeabilization domain (Table 6.3a and 6.3b). 

Antibody to such peptides might block membrane crossing by non-enveloped rotavirus 

during infection. Rotavirus VP7 protein has well defined antigenic epitopes namely 7-1 

and 7-2. 7-1 epitope is subdivided into 7-1a and 7-1b [91]. Region 7-1 that spans the 

inter-subunit boundary is reported as an immunodominant epitope. Antibodies that target 

region 7-1 of VP7 probably neutralized entry of rotavirus through stabilization of VP7 

trimer and inhibition of uncoating signal required for VP4 structural rearrangement [91]. 

Cytotoxic T lymphocytes specific to rotavirus is reported to play an important role in the 

clearance of rotavirus infection. Rotavirus VP7 protein was shown to induce a class I 

MHC-restricted CTL response and the CTL epitopes (aa5-13, aa8-16 and aa31-40) were 

mapped to H1 and H2 signal sequence of protein [92]. Using immunoinformatic tools we 

have identified and mapped CTL (aa15-23) and HTL (aa13-25) epitopes that were 

previously characterized as MHC class I epitopes of VP7 (Table 6.4). It has been shown 

that a synthetic peptide containing aa642 to 658 of VP5 can compete with the binding of 

the RRV to the heat shock cognate protein, HSC70 [93]. The VP5* subunit (aa308-310) 

of cleaved fragment of VP4 spike protein contains the α2β1 integrin (Asp-Gly-Glu) 
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binding motif [94]. Synthetic peptides or antibodies to the regions spanning the predicted 

conformational (aa413-424) and linear B-cell epitope (aa657-667) of VP5 might provide 

a steric hindrance to rotavirus particle that uses α2β1 integrin as a receptor during entry 

(Table 6.4). VP6 protein is the most abundant and highly conserved group specific 

antigen of rotavirus. The sequence between amino acid residues 48 to 75 of VP6 has 

previously been characterized as immunodominant based on reactivity of monoclonal 

antibodies [95]. In the present study, we have identified aa68-81 as potential HTL 

epitope spanning the previously predicted antibody binding epitope of VP6 protein 

(Table 6.6a). In a previous study a synthetic peptide comprising of 14-amino acid 

spanning the region aa289-302 (RLSFQLVRPPNMTP) of VP6 protein was found to 

provide complete protection of mice against oral challenge of rotavirus [95]. 

Intriguingly, we predicted a 13-mer peptide (aa284-296) as potential HTL epitope of 

VP6 with a high conservancy (92%) among different rotavirus strains (Table 6.4). 

VP4 and VP7 proteins are the primary targets of vaccine development and neutralizing 

antibodies against VP4 and VP7 proteins do not prevent rotavirus reinfection suggesting 

the possible role of other structural and nonstructural proteins. Previous literature has 

observed the presence of NSP2-specific IgA and IgG antibodies in more than 75% of 

naturally rotavirus infected children [96]. The region of NSP2 that interacts with NSP5 

protein include the C-terminal α-helix, the loop between aa 291 and 302, the loops 

between aa 64 to 68 and aa 179 to 183 and the helix between residues 232 and 251 [97]. 

Using phage display, antibody-binding epitope aa244-252 has been mapped to the region 

on NSP2 protein known to interact with NSP5 during viroplasm formation in virus-

infected cells [98]. NSP2 aa298–312 (linear epitope) and aa298-313 (conformational B- 

cell epitope) predicted as B-cell epitope with a conservancy of around 89% (Table 6.2, 

Table 6.3a and 6.3b) might be useful for further experimental validations. The highly 

conserved C-terminal domain of rotavirus phosphoprotein NSP5 is required for 

viroplasm-like structure formation and is important for insolubility and 

hyperphosphorylation during rotavirus replication [99]. The findings of present in silico 

analysis revealed the presence of four overlapping HTL epitopes corresponding to NSP5 

amino acid positions, aa175-193 using three independent prediction tools (Table 6.6b). 

NSP5 aa170-183 and aa173-184 that have been found to contain predicted linear and 

conformational B-cell epitope, respectively, this region of NSP5 is also predicted as HTL 

epitopes (Table 6.3a and 6.3b). Similarly, NSP5 aa2-10 (9-mer peptide) was predicted as 
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CTL epitope, while the aa19-36 and aa66-85 of N-terminal region of NSP5 protein was 

predicted as conformational B-cell epitopes (Table 6.3b). Interestingly, N- (aa1–33) and 

C-terminal region (aa 131–198) of NSP5 was previously shown to involved in 

interaction with NSP2 during rotavirus infection [100]. Rotavirus NSP2 and NSP5 are 

required for viroplasm formation and targeting both proteins may provide therapeutic 

implications during rotavirus-infected cells. 

6.3.12. Codon optimization, synthesis, expression, and affinity purification of 

chimeric constructs in E. coli 

The vaccine construct was codon optimized as per E. coli (Strain ATCC 27325/DSM 

5911/W3110/K12K12) strain using JCAT server and we found GC content of vaccine 

constructs 1 to 10 as 45.87%, 48.93%, 48.38%, 45.98%, 47.57%, 52.24%, 51.45, 47.67, 

50.49 and 46.19%, respectively. GC content observed was in the range of 30–70% 

suggesting a minimal impact on transcriptional and translational efficiency. The value of 

codon adaptive index (CAI) for all vaccine constructs was 1 which is considered as good 

and satisfactory. 

Of the 10 multi-subunit vaccines chimeric antigens designed, four constructs namely, 

construct 1, construct 2, construct 6 and construct 7 (Table 6.9) have been synthesized 

and cloned into champion pET directional TOPO expression system (pET100/D-TOPO) 

(Figure 6.13B) using manufacturer instructions (Thermofischer Scientific). The 

recombinant clones were verified by PCR using gene specific primers (Figure 6.13A). 

We found optimum expression and solubility of N-terminal 6xHis-tagged multisubunit 

chimeric antigens induced with 200 μM concentration of IPTG at 25°C temperature for 

16 h (Figure 6.13C). Silver stained-SDS-PAGE gel electrophoresis confirmed the 

homogeneity of affinity purified chimeric proteins (Figure 6.14A-C) and different 

concentrations of BSA was loaded to determine the approximate concentration of 

purified proteins estimated using Bradford assay (Figure 6.15). The yield for 100 ml 

culture of construct 1, 2, 6 and 7 were 2.59 mg, 5.93 mg, 2.75 mg and 3.1 mg, 

respectively. 
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Figure 6.13. Cloning, expression, and affinity purification of four chimeric 

constructs in E. coli. A) Confirmation of recombinant clones using PCR. Construct 1 

(expected gene size 693 bp); Construct 2 (expected gene size 837 bp with 201 bp from 

vector sequence due to use of T7 forward primer), Construct 6 (expected gene size 603 

bp) and Construct 7 (expected gene size 690 bp) were synthesized and cloned into 

champion pET directional TOPO expression vector (pET100/D-TOPO). C: Negative 

control without template DNA; M: GeneRuler 1 kb DNA ladder (SM0311, Thermo 

Scientific). B) pET100/D-TOPO  vector map, C) SDS-PAGE analysis showing the 

expression of recombinant chimeric proteins induced with IPTG (200 μM) at 18ºC, 25ºC 

and 37ºC induction temperature. Construct 1 (expected size 28.9 kDa including tag); 

Construct 2 (expected size 34 kDa including tag); Construct 6 (expected size 28.9 kDa 

including tag); Construct 7 (expected size 34 kDa including tag); UI: uninduced E. coli 

whole cell lysates. 

 

 

250
150

100

70

50

40

30

20

15

1 2 6 7 UI 1 2 6 7 UI 1 2 6 7 UIM

18°C

(kDa)

25°C 37°CC.

A.

1500

1000

750

500

250

2000

690
603

(bp)

693

1038

(bp)

7621CM B



  Molecular epidemiology of group A rotaviruses (RVA) in children of Imphal, Manipur, India 
 

YD Devi 2022 227 

 

 

 

25⁰C for overnight

Con 1 Con 2 Con 6 Con 7

250
150
100
70
50
40

30

20
15

kDa UI SO IN/S IN/P SO IN/S IN/P SOIN/S IN/P SO IN/SIN/PM

SO : Soluble Fraction

IN/S : Insoluble Supernatant

IN/P : Insoluble Pellet

UI : Uninduced
M : Protein Marker

A.

Recombinant 

antigens

Size 

(kDa)

Size of extra 

length (kDa)

Total size 

(kDa)

Conc. of protein estimated (ng/µl) for 100 µl 

elution

Elute 1 Elute 2 Elute 3

Construct 1 24.77
4.143

28.913 70.08 64.60 60.00

Construct 2 30.10 34.243 60.00 95.6 36.6

250
150

100

70

50

40

30

20
15

10

FT W1 W2 1B E1 E2 E3 FT W1 W2 1B E1 E2 E3

Construct 1 Construct 2

Con 1 (28.913 KDa) Con 2 (34.243 KDa)

kDa
M

B.



  Molecular epidemiology of group A rotaviruses (RVA) in children of Imphal, Manipur, India 
 

YD Devi 2022 228 

 

Figure 6.14. A. Analysis of recombinant protein in soluble and insoluble fractions of 

bacterial whole cell lysate. SDS-PAGE analysis showing the expressed recombinant 

chimeric proteins induced with IPTG (200 μM) at 25ºC  in soluble fraction. Construct 1 

(expected size 28.9 kDa including tag); Construct 2 (expected size 34 kDa including 

tag); Construct 6 (expected size 28.9 kDa including tag); Construct 7 (expected size 34 

kDa including tag); M: Protein Marker, UI: uninduced E. coli whole cell lysates, SO: 

Soluble fraction, IN/S: Insoluble Supernatant, IN/P: Insoluble Pellet, B. Purification of 

soluble protein by Ni-NTA affinity chromatography and confirmation by SDS-

PAGE followed by silver staining. Construct 1 (expected size 28.9 kDa including tag); 

Construct 2 (expected size 34 kDa including tag); Construct 6 (expected size 28.9 kDa 

including tag); Construct 7 (expected size 34 kDa including tag); M: Protein Marker, FT: 

Flow Through, W1: First Wash, W2: Second Wash, E1, E2 and E3: First, second and 

third elute. Inset table: Expected size of construct 1 & 2 and concentration of protein 

estimated (ng/µl) for 100 µl elution, C. Purification of soluble protein by Ni-NTA 

affinity chromatography and confirmation by SDS-PAGE followed by silver 

staining. Construct 1 (expected size 28.9 kDa including tag); Construct 2 (expected size 

34 kDa including tag); Construct 6 (expected size 28.9 kDa including tag); Construct 7 

(expected size 34 kDa including tag); M: Protein Marker, FT: Flow Through, W1: First 

Wash, W2: Second Wash, E1, E2 and E3: First, second and third elute. Inset table: 

Expected size of construct 6 & 7 and concentration of protein estimated (ng/µl) for 100 

µl elution. 
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Figure 6.15. Silver stained-SDS-PAGE gel electrophoresis showing the purity of multi-

epitope antigens. Different concentrations of BSA were loaded to determine the 

approximate concentration of purified proteins estimated using Bradford assay. M: 

Prestained protein ladder (Cat. 26616, ThermoScientific).  

6.4. Conclusions 

In this study, we have predicted and identified immuno-dominant antigenic fragments 

derived from 9 protein sequences of rotavirus structural (VP2, VP3, VP4, VP6 and VP7) 

and non-structural proteins (NSP2, NSP3, NSP4 and NSP5) that might have the abilities 

to induce immunity against rotavirus infection. As a part of our thesis work we have 

cloned and expressed the multi-epitope vaccine prototype constructs in E. coli and need 

to be experimentally validated for further use. Although the findings of present study are 

mainly based on computational prediction algorithms, but the immune epitopes presented 

herein will provide a platform for future experimental validations that may help to design 

peptide-based vaccine and diagnostic assay against rotavirus. 
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