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Abstract  

The most widely spread and neglected zoonotic disease – Leptospirosis, with an estimated 1.03 

million cases and 58,900 deaths occurring annually, is a concern and can be prevented only by 

effective immunization. Due to the urgent need for a novel vaccine, various research 

organizations have been evaluating the protective immune response elicited by recombinant 

vaccines. In this study amino-acid sequences of Outermembrane protein (OMPL) 1, LipL 32, 

41 and 46 from ten pathogenic serovars of Leptospira were selected to obtain epitopes that 

induce CD4+ and CD8+ T cell responses by binding to the MHC molecules. These B cell and 

T cell epitopes were used to design multi-epitope vaccine to which an adjuvant sequence was 

added at the N-terminal end and appropriate linkers were used to join the different epitopes to 

increase the efficiency of the vaccine constructs. Using an immuno-informatics approach, 

constructs were analyzed for the physiochemical properties, secondary and tertiary structure 
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and its validation, docking with different receptors and prediction of binding affinity for each 

docked complex, followed by molecular dynamics simulation. Taking in consideration all the 

results, multi-epitope constructs designed may prove to be promising vaccine candidates 

against Leptospirosis and warrants experimental validation. 

Keywords: Leptospirosis, Multi-epitope vaccine, immuno-informatics, T-cell epitope, B-cell 

epitope, docking, molecular dynamic simulation. 

 

1. Introduction 

     Leptospirosis is a zoonosis caused by infection with pathogenic Leptospira species, which 

has a worldwide distribution. Leptospirosis is endemic in developing countries such as 

Malaysia, India, Sri Lanka, and Brazil where thousands of cases are reported annually [1]. The 

illness range caused by Leptospira species in humans is highly broad, ranging from 

asymptomatic infection to a severe multiorgan infection with substantial mortality [2]. 

Leptospires are tightly coiled spirochetes that share a typical double membrane structure with 

other spirochetes, in which the cytoplasmic membrane and peptidoglycan cell wall are closely 

connected and are overlain by an outer membrane. Furthermore, leptospirosis has emerged as 

a health threat in new settings due to the influence of globalization and climate [3]. Humans 

are usually infected through direct or indirect contact with the urine of an infected animal. 

Warm-climate countries have a much higher prevalence than temperate countries, owing to 

leptospires prolonged survival in the environment under warm, humid circumstances. 

        Recent advances in immunology, structural biology, and computational biology have 

revolutionized vaccine design and engineering. These methods are collectively known as 

reverse vaccinology [4]. More than 250 putative outer-membrane proteins have been identified 

using genomic research [5]–[8] which are expected to be involved in host-pathogen interaction 

due to their location. Inactivated whole cell or membrane preparations of pathogenic 
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leptospires are used in veterinary and human vaccines; however, these vaccines fail to 

provide cross-protective immunity against other serovars not included in the vaccine 

preparation, and thus do not provide long-term protection against infection [8] – [11]. In-

activated whole cell vaccines, commonly known as bacterins, are currently accessible licensed 

vaccinations for humans and animals. The use of these vaccines (bacterins) is limited due to a 

number of drawbacks, including a lack of cross-reactivity or protection against only closely 

related serovars [12], a lack of long-term immunological memory, the need for regular boosters 

due to short duration of immunity, and sometimes high reactogenicity [13] – [16]. High 

production costs and a lack of consistency or repeatability are further issues that limit the usage 

of bacterins [15], [16]. These needs could be met by proteins that are conserved across species 

and serovars. Immunogenic proteins from pathogenic Leptospira, particularly the outer 

membrane surface proteins, may be effective vaccines.  

          Leptospiral OMPs have been found as a key way to discover vaccine candidates in 

studies. They are potentially relevant in pathogenesis due to their exposed location at the 

interface between leptospires and the mammalian host. So far, three types of leptospiral OMPs 

have been identified: 1) lipoproteins, which include LipL32, LipL41, LipL48, LipL36, and 

LipL21 as well as the temperature-regulated Qlp42 ;2) transmembrane protein OMPL1 (12); 

and 3) peripheral membrane proteins such LipL45 [17]–[20].  

            LipL32, also known as Hap-1 (haemolysis associated protein-1), is a potential vaccine      

candidate. It is the principal outer membrane protein that is exposed to the environment [21], 

[22]. During human leptospirosis, LipL32 is the most significant protein in the leptospiral 

protein profile and is an immunodominant antigen [23]– [25]. LipL41 is a surface-exposed 

lipoprotein that works in tandem with OMPL1 to give immunoprotection. OMPL1 is 320-

amino-acid long transmembrane outermembrane protein initially identified by Haake and 

colleagues in 1993, is a porin expressed by all pathogenic Leptospira species investigated [26]–
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[30]. OMPL1 and LipL41 are exposed on the surface, according to surface 

immunoprecipitation studies [18], [20]. Both are expressed in the mammalian host after 

infection and are conserved among pathogenic Leptospira species. In a hamster model of 

leptospirosis, studies have shown that when OMPL1 and LipL41 are produced as membrane 

proteins, they provide considerable protection against homologous challenge [28]. 

         The presence of epitopes that are recognized by immune system cells, particularly B cells, 

T cells (TCs), and T helpers (THs), is one of the most critical concerns in vaccination [31]. 

Epitopes are a type of small protein component that comes in two types: continuous or linear 

epitopes and discontinuous or conformational epitopes. Since epitopes can prevent allergic 

reactions, cross-reactions, pathological immune responses, and undesirable consequences, they 

are superior immunogens than complete proteins [32], [33]. As a result, discovering 

immunogenic epitopes can aid in the development of more effective and safe vaccinations [34]. 

         In this study, using various immuno-informatics approaches, epitopes were predicted 

from LipL 32, 41, 46 and OMPL 1 protein sequences retrieved from all common pathogenic 

Leptospira species.  In the first stage of vaccine designing, appropriate B and T cell epitopes 

were predicted followed by the formation of multi-epitope vaccine constructs using TLR 4 

adjuvant [APPHALS] and different linkers. Later these vaccine constructs were assessed for 

their physio-chemical properties, secondary structure, tertiary structure and its validation. In 

the last stage, docking and simulation studies were carried out for the vaccine constructs to get 

a firm idea about the interaction of the vaccine constructs with different receptors. Simulation 

studies were performed to check the overall stability of these multi-epitope vaccine constructs. 

Figure 1 represents the overview of the workflow followed for this research study. 
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Figure 1. Over-view of the workflow followed for the designing of multi-epitope-based 

vaccine against Leptospirosis. 

 

2. Materials and methods 

2.1. Protein sequence retrieval 

      The amino-acid sequences of OMPL 1, LipL 32, 41, and 46 for 10 pathogenic different 

serovars and species of Leptospira - L.interrogans, L.kischneri, L.noguchii, L.borgerpeterseni, 

L.alexanderi L.santarosai , L.weilli, L.kmetyi, L.mayottensis , L.alstonii,  were retrieved from 

the Uniprot database1  in the standard FASTA format. The accession numbers for all the 

sequences retrieved are given in (Supplementary Table S1). These sequences are used for B 

Cell and T cell epitope prediction.  

 

 
1 http://www.uniprot.org/proteomes/ 
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2.2. Linear B cell epitope prediction 

      IEDB server2 was used for predicting linear B cell epitopes. It predicts antigenic 

determinants on proteins based on the physicochemical qualities of amino acid residues as well 

as their frequency of occurrence in empirically known segmental epitopes. B cell epitopes were 

predicted using Kolaskar and Tongaonkar method [35].  

 

2.3. Cytotoxic T Cell (CTL) Epitope prediction 

     The NetCTL 1.2 server was used to identify potential T-cell epitopes that are recognized by 

CD8+ T cells and triggers a long-lasting and exclusive cytotoxic immune response.  NetCTL 

1.2 server3   predicts the epitope using artificial neural network algorithm with threshold value 

of 0.75, indicating 0.80 sensitivity and 0.97 specificity [36]. Three factors determining the 

prediction efficiency of NetCTL 1.2 are (i) TAP transport efficiency (ii) peptides binding to 

MHC class I and (iii) proteasomal C-terminus cleavage.  

 

2.4. Helper T Cell (HTL) Epitope prediction 

     HTL is important for triggering and creating an efficient humoral or cytotoxic T-cell 

response. The NetMHCIIpan 4.0 server4 was used to find the epitopes that may trigger the 

MHC-II restricted T-cell response. The threshold value was set as 1% and 5% for strong 

binding epitopes/peptides and weaker binding epitopes/peptides respectively.  

 

2.5. Conservancy of predicted epitopes 

      IEDB Epitope Conservancy Analysis tool was used to determine the conservancy of the 

predicted B-Cell, CTL and HTL epitopes. For all the predicted epitopes, conservancy was 

 
2 http://tools.iedb.org/main/bcell/ 
3 http://www.cbs.dtu.dk/services/NetCTL 
4 https://services.healthtech.dtu.dk/service.php?NetMHCIIpan-4.0 
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evaluated among ten pathogenic species- L.interrogans , L.kischneri, L.noguchii, 

L.borgerpeterseni, L.alexanderi,  L.santarosai , L.weilli, L. kmetyi, L.mayottensis and 

L.alstonii. The degree of conservancy is defined as the portion of protein sequences that contain 

the epitope at a specified identity level [37]. 

 

2.6. Population coverage analysis  

      Prediction of the world-wide population coverage along with the South America, South 

Asia and South Africa of the selected epitopes for MHC -I and MHC- II alleles was carried out 

using IEDB Population coverage tool5 [38]. The MHC-I alleles assessed included HLA-

A*01:01, HLA-A*03:01, HLA-A*30:02, HLA-A*33:01, HLA-A*68:02, HLA-A*30:01, 

HLA-A*31:01, HLA-A*68:01, HLA-A*11:01, HLA-A*02:03, HLA-A*23:01, HLA-

A*24:02, HLA-A*26:01, HLA-A*02:01, HLA-A*02:06, HLA-A*32:01, HLA-B*15:01, 

HLA-B*40:01, HLA-B*07:02, HLA-B*51:01, HLA-B*08:01, HLA-B*44:03, HLA-B*44:02, 

HLA-B*53:01, HLA-B*57:01, HLA-B*58:01, HLA-B*35:0. For MHC-II alleles assessed 

included: HLA-DRB1*07:01, HLA-DRB1*15:01, HLA-DRB1*03:01.  

 

2.7. Construction of multi-epitope vaccine sequence 

      All the predicted conserved B cell epitopes, CTL & HTL epitopes from OMPL 1, LipL 32, 

41, and 46 using various immuno-informatics tools were joined together to form a multi-

epitope vaccine sequence. All epitopes were linked together with different linkers and 

adjuvants to form a multi epitope vaccine sequence. Linkers were added to ensure the proper 

separation of different epitopes required for effective functioning of each epitope. Adjuvant 

selected to construct the multi-epitope vaccine sequence was TLR 4 with sequence APPHALS. 

The adjuvant was linked with the EAAAK linker to the N-terminal of vaccine construct. All 

 
5 http://tools.iedb.org/population/ 
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CTL, HTL and B cell epitopes were linked by AAY, GPGPG and KK linkers respectively. All 

vaccine constructs designed were subjected to further analysis to assess the antigenicity, 

allergenicity, toxicity and immunogenicity. 

 

2.8. Allergenicity, Antigenicity, Toxicity and Immunogenicity prediction  

     In order to predict the allergenicity of the vaccine construct, AllerTOP server6 was used. 

The method is based on the translation of protein sequences into uniform equal-length vectors 

using auto cross covariance [39]. The antigenicity of the vaccine constructs was determined 

using VaxiJen v2.0 server7  with default parameters [40]. The toxicity of the multi-epitope 

vaccine constructs was predicted using ToxIBTL server [41]. The immunogenic nature of the 

vaccine was predicted using IEDB Resource Analysis Tool8 [42].  

 

2.9. Physio-chemical parameters analysis & Secondary structure prediction 

    The ProtParam tool of ExPASy database server9 was used to determine the physio-chemical 

parameters of all designed vaccine constructs such as amino acid composition, theoretical 

isoelectric point, molecular weight, aliphatic index, instability index, extinction coefficient, 

grand average of hydropathicity, and total number of positive and negative residues.  

The secondary structure of the vaccine constructs was predicted using SOPMA server10 [43].  

  

2.10. Generation of Tertiary Structure 

 
6 https://www.ddg-pharmfac.net/AllerTOP/  
7 http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html 
8 http://tools.iedb.org/immunogenicity/ 
9 http://us.expasy.org/tools/protparam 
10 https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html 
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      The tertiary structure of the vaccine sequence was predicted using Robetta ab initio 

method11 [44]. Ab initio is a method to determine the tertiary structure of protein in the absence 

of experimentally solved structure of a similar/homologous protein. The structure obtained has 

5 models based on their confidence score. The structure with the best confidence score is 

selected for refinement. 

 

2.11. Tertiary structure refinement 

       Refinement of the tertiary structure is done to improve the quality of the tertiary structure.  

The Galaxy-Web Refine server12,  a publicly available server, is used to refine the tertiary 

structure of the vaccine constructs [45]. 

 

2.12. Tertiary structure validation 

       Since the tertiary structure is generated using ab initio method, it needs to be validated 

using Prosa-Web13, PROCHECK and ERRAT14. Prosa-Web computes the quality score of the 

input structure [46]. PROCHECK provides the Ramachandran plot, a visualization technique 

that predicts energetically acceptable and prohibited dihedral angles psi (Ψ) and phi (φ) of an 

amino acid based on the side chains van der Waal radius [47]. ERRAT generates the overall 

quality score of the refined tertiary structure of vaccine constructs. It is a programme that 

verifies crystallographically determined protein structures [48].  

 

2.13. Molecular docking of vaccine construct with different immune receptors 

 
11 https://robetta.bakerlab.org/ 
12 https://galaxy.seoklab.org/ 
13 https://prosa.services.came.sbg.ac.at/prosa.php/ 
14 https://saves.mbi.ucla.edu/ 
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          The antigenic molecule must engage with the immune receptor molecule in order to 

generate the optimal immune response. The interaction between the immunological receptor - 

TLR 4 [PDB ID: 4G8A], TLR 2 [PDB ID: 2Z7X], MHC II [PDB ID: 4U6Y], MHC I [PDB 

ID: 1I1Y] and the ligand (multi-epitope vaccine) was explored using molecular docking. 

PatchDock 15 server was used to evaluate the immunological responses. PatchDock algorithm 

is categorised into 3 stages: the first is molecular shape representation, then surface patch 

matching, filtering, and scoring. It gives the result in the form of 10 best solutions for final 

refinement on the basis of binding score. Atomic contact energy, Van der Waals interaction, 

partial electrostatics, and binding energy calculations are all included in this score. The 

patchdock results are further refined using FireDock. The hydrogen bonding interactions of the 

docked structures were also analyzed using chimera. 

 

2.14. Prediction of binding affinity  

        The docked structures were checked for their binding affinity using PRODIGY web server 

[49]. This server is used to predict binding affinity based solely on a protein-protein complex's 

structural properties. 

 

2.15. Molecular Dynamics simulation 

       Molecular Dynamic simulation is done to minimize and evaluate the stability of the docked 

complex. The Desmond tool of Schrodinger was used to perform simulation. After carrying 

out stepwise energy minimization and equilibration protocol of the solvated systems using 

TIP3P water model, a production simulation of 5ns at 300K temperature and 1 bar pressure 

was obtained for each of the docked complexes. The force field used for the simulation was 

OPLS4 [50]. In addition, a trajectory analysis was carried out to look at the Root Mean Square 

 
15 http://bioinfo3d.cs.tau.ac.il/PatchDock/ 
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Deviation (RMSD). Further, simulation was carried out at 50ns to achieve the final RMSD 

value for the best docked complex. 

 

2.16. Prediction of immune response for the mice model 

      Considering the importance of pre-clinical trials, epitope screening for different mice 

alleles was performed using NetMHCIIpan 4.0 server using default parameters 1% and 5% for 

strong and weak binding epitopes, respectively. 

 

3. Results 

      The study aims to identify the effective and conserved epitopes from LipL32, 41, 46 and 

OMPL 1 sequences of pathogenic Leptospira sp. and to construct multiepitope vaccine 

candidate against Leptospirosis using extensive immuno-informatics approach. The in-silico 

approach has been widely used for the development of epitope-based vaccine candidates 

against various pathogens as it has been proven rapid, cost-effective and more efficient as 

compared to conventional approaches [51]. In the present study, OMPL and LipL protein 

sequences from ten pathogenic Leptospira sp. have been identified, of which B-cell and T-cell 

epitopes have been predicted for designing the multiepitope vaccine constructs using 

appropriate linkers and adjuvant against Leptospirosis. 

 

3.1. Retrieval of Leptospira surface protein sequences for epitope prediction      

    The first step of the designed workflow was to retrieve protein sequences in FASTA format. 

A total of forty-three sequences comprising two OMPL1, twenty-two LipL32, eighteen 41 and 

one LipL46 sequences from major ten pathogenic Leptospira sp. were obtained from the 

UniprotKB database. 
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        Further B cell, HTL and CTL epitopes were predicted for making multi-epitope vaccine 

constructs. List of Leptospira species sequences along with their accession number is given in 

Supplementary Table 1. Further B cell, HTL and CTL epitopes were predicted for making 

multi-epitope vaccine constructs.  

Table 1. B cell epitopes predicted using IEDB B-cell epitope prediction tool. 

S.no LIPL/OMP predicted epitopes length  total no. 

1 LipL32 KKLLVRGLYRI 11 4 

GLPSLKSSFVLSE 13 

KTLLPYGSVINYYGYVKPG 19 

AYYLYVWIPAVIAE 14 

2 LipL41 AEAILYIGYQ 10 3 

DAVAAG 6 

MLIPLDATLIKV 12 

3 LipL46 TTRLISALAVISFAVNCG 18 3 

NPRVAVLVLGKV 12 

LIKILAEALQAEVLVLG 17 

4 OMPL1 TCTVGPSDPACFQN 14 4 

SSIVIPATVGIKLN 14 

FWRVAAE 7 

IGVAPRKA 8 

 

 

 

 

3.2. Linear B-cell epitope prediction 
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     The IEDB B-cell epitope prediction tool was used to determine B-cell epitopes from the 

specified lipoproteins. Recognizing and characterizing B-cell epitopes in target antigens is a 

crucial step in developing epitope-based vaccinations. The recognition of these epitopes by B 

lymphocytes elicit antibody production, which is very important for the adaptive immunity 

[52]. The Kolaskar and Tongaonkar approach was used to predict antigenic peptides by 

analyzing the physicochemical properties of amino acid residues and their abundance in 

experimentally determined antigenic epitopes [35]. The authors demonstrated that by applying 

this method to a large number of proteins, the system can predict antigenic determinants with 

approximately 75% accuracy, which is better than most other known methods (35). The 

analysis generated a total of 342 peptides. The analysis identified that a total of 14 B cell 

epitopes predicted were found to be conserved in all selected pathogenic species of Leptospira. 

Moreover, within predicted epitopes KKLLVRGLYRI, KTLLPYGSVINYYGYVKPG and 

AEAILYIGYQ, some short stretches of sequences were also predicted as CTL epitopes and 

hence can be considered as more effective epitopes. The total length of predicted epitopes was 

in the range of 6 to 19 amino-acids (Table 1).  

 

3.3. T cell epitopes prediction 

      Prediction of conserved CTL epitopes is necessary for an effective vaccine design.  The 

NetCTL 1.2 server predicts CTL epitopes by integrating predictions of proteasomal cleavage, 

TAP transport efficiency, and MHC class I binding. The alleles used for CTL and HTL epitope 

predictions were HLA *-DRB1_0101, DRB1_0102, DRB1_0103, DRB1_0301, DRB1_0305, 

DRB1_0401, DRB1_0402, DRB1_0403, DRB1_0404, DRB1_0405, DRB1_0408, 

DRB1_0701, DRB1_0801, DRB1_0803, DRB1_0901, DRB1_1001, DRB1_1101, 

DRB1_1104, DRB1_1201, DRB1_1301, DRB1_1302, DRB1_1303, DRB1_1401, 

DRB1_1402, DRB1_1454, DRB1_1501, DRB1_1503, DRB1_1601, DRB3_0101, 
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DRB3_0202, DRB4_0101, DRB4_0103, DRB5_0101, DRB5_0202. Total 244 CTL and 389 

HTL epitopes were predicted using the online tools. A total of 14 epitopes of 9 amino-acids 

length were found to be conserved in all selected pathogenic strains of Leptospira as shown in 

Table 2.  

Table 2.CTL epitopes predicted from NetCTL 1.2 server. 

S.no LIPL/OMP Predicted epitopes Length Total no. 

1 LipL32 FTTYKPGEV 9 4 

GSVINYYGY 9 

LVDGNKKAY 9 

NIDTKKLLV 9 

2 LipL41 LIGAEAILY 9 4 

YTECSTENK 9 

STENKIDAV 9 

AKANLATYY 9 

3 LipL46 TSDTNGSEW 9 2 

STAVDNLLA 9 

4 OMPL1 LTAAGAGAV 9 4 

VTKADIAGY 9 

YTQKISGGV 9 

ESDFGKYFF 9 

 

 

 

    The NetMHCIIpan 4.0 server was used to determine the Helper T lymphocyte (HTL) 

epitopes. Multiple epitopes were predicted against the selected alleles for each protein sequence     
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in which a total of 12 epitopes of 15 amino-acids length were found to be conserved in all 

selected pathogenic species of Leptospira. The predicted HTL epitopes are listed in Table 3. 

From results of predicted B cell and HTL Epitopes, YYLYVWIPAVIAEMG, 

SSFVLSEDTIPGTNE, INYYGYVKPGQAPDG, KPTGVRMMLIPLDAT, and 

EGNYIGVAPRKAIPA were found to be common. Whereas within T cell epitopes, 

INYYGYVKPGQAPDG and KGGYDILTAAGAGAV sequences were similar which suggest 

them as promising protein vaccine candidates. 

Table 3. HTL epitopes predicted from NetMHCIIpan 3.1 server. 

S.no LIPL/OM 

P 

Predicted epitopes Length Total no. 

1 LipL32 YYLYVWIPAVIAEMG 15 4 

MSAIMPDQIAKAAKA 15 

SSFVLSEDTIPGTNE 15 

INYYGYVKPGQAPDG 15 

2 LipL41 RMMLIPLDATLIKVE 15 4 

RIKVFVKDEDEEVKE 15 

KPTGVRMMLIPLDAT 15 

VKKAVVSSPAKIFNS 15 

3 LipL46 DRGFSFLATKSLEVK 15 2 

GFSFLATKSLEVKSA 15 

4 OMPL1 KGGYDILTAAGAGAV 15 2 

EGNYIGVAPRKAIPA 15 

 

 

    

3.4. Conservancy of predicted epitopes 
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     Conservancy of all the predicted epitopes was found in the range of 26.67 to 100% for ten 

selected pathogenic Leptospira species. After the similarity search, epitopes 

GLPSLKSSFVLSE, AEAILYIGYQ, LIGAEAILY, NPRVAVLVLGKV, TSDTNGSEW, 

STAVDNLLA, AEAILYIGYQ and LIGAEAILY show 100% conservancy amongst selected 

pathogenic Leptospira species for the study. The conservancy results and exact length for each 

predicted epitope is summarized in Supplementary Table 2. 

  

3.5. Population coverage of selected epitopes 

     All the selected epitopes were then analyzed to determine the percentage of the population 

coverage for the following regions – South Asia, South America, South Africa and World for 

selected MHC-I and MHC-II alleles. The coverage for these alleles was found to be 93.03% 

for South Africa, 88.3% for South America, 94.73% for South Asia and 98.55% for World, 

thus indicating high population coverage for all selected epitopes. Results for population 

coverage for the world are presented in graphical form in Figure 2.  

 
 

Figure 2. Population coverage for the MHC-I and MHC-II alleles for all selected epitopes. 

 

3.6.Construction of Multi-epitope sub-unit vaccine 
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     Multi-epitope or sub-unit vaccines were constructed by joining all the best predicted B cell, 

HTL and CTL epitopes with the suitable linkers. The N terminal portion of the vaccine 

construct starts with a TLR 4 sequence– APPHALS, added as an adjuvant to increase the 

immunogenicity of the vaccine construct and joined with the help of the linker EAAAK.  B 

cell epitopes were fused together by KK linker, CTL epitopes were joined by AAY linkers and 

the HTL epitopes were linked by GPGPG linkers.  A total of 6 constructs were made by 

shuffling the B cell, CTL and HTL epitopes. The total length of the designed vaccine constructs 

was found out to be 618 to 620 amino-acids. All these 6 constructs were further assessed as per 

the workflow of the study. The arrangement of one such construct and basic design of the multi-

epitope vaccine construct is shown in Figure 3. 

 
A) 

 

APPHALSEAAAKFTTYKPGEVAAYGSVINYYGYAAYLVDGNKKAYAAYNIDTKKLLVAAYLIGAEAILYAAYYT

ECSTENKAAYSTENKIDAVAAYAKANLATYYAAYTSDTNGSEWAAYSTAVDNLLAAAYLTAAGAGAVAAYE

SDFGKYFFAAYYTQKISGGVAAYVTKADIAGGPGPGYYLYVWIPAVIAEMGGPGPGMSAIMPDQIAKAAK

AGPGPGSSFVLSEDTIPGTNEGPGPGINYYGYVKPGQAPDGGPGPGRMMLIPLDATLIKVEGPGPGRIKVF

VKDEDEEVKEGPGPGKPTGVRMMLIPLDATGPGPGVKKAVVSSPAKIFNSGPGPGDRGFSFLATKSLEVK

GPGPGGFSFLATKSLEVKSAGPGPGKGGYDILTAAGAGAVGPGPGEGNYIGVAPRKAIPAKKKKLLVRGLY

RIKKGLPSLKSSFVLSEKKKTLLPYGSVINYYGYVKPGKKAYYLYVWIPAVIAEKKAEAILYIGYQKKDAVAAGK

KMLIPLDATLIKVKKTTRLISALAVISFAVNCGKKNPRVAVLVLGKVKKLIKILAEALQAEVLVLGKKTCTVGPS

DPACFQNKKIGVAPRKAKKFWRVAAEKKSSIVIPATVGIKLN 
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B) 

 

Figure 3. A) sequence of the vaccine construct (red – adjuvant; blue – linker for adjuvant; 

pink – B cell epitopes; green – CTL epitopes; purple – HTL epitopes); B) schematic 

presentation of multi-epitope vaccine construct. 

 

 

3.7. Prediction of allergenicity, antigenicity, toxicity & immunogenicity of the vaccine 

construct 

]All designed vaccine constructs were subjected to the prediction of allergenicity, 

antigenicity, toxicity and immunogenicity. Construct 6 exhibited the highest antigenicity 

score with the value of 0.6021, whereas construct 3 exhibited highest immunogenicity of -

3.043All the constructs were found to be non-allergenic, probable antigenic, non-toxic and 

immunogenic in nature. The result for allergenicity, antigenicity, toxicity and 

immunogenicity of all 6 constructs are summarized in Table 4.  
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Table 4. Results for allergenicity, antigenicity, toxicity and immunogenicity prediction for 

vaccine constructs. 

Construct no Allergenicity Antigenicity Toxicity Immunogenicity 

1 Non-allergenic 0.5825 Non-toxic -3.014 

2 Non-allergenic 0.5846 Non-toxic -2.961 

3 Non-allergenic 0.5988 Non-toxic -3.043 

4 Non-allergenic 0.6021 Non-toxic -2.952 

5 Non-allergenic 0.6014 Non-toxic -2.560 

6 Non-allergenic 0.6069 Non-toxic -2.546 

 

 

3.8. Physio-chemical analysis of vaccine constructs 

       The various physio-chemical properties such as number of amino acids, molecular weight, 

isoelectric point, aliphatic index, stability index, grand average of hydropathy of the vaccine 

constructs were assessed using the Protparam server.  The length of the constructs formed was 

found to be 618 to 620 amino-acids with average molecular weight of 64637.015 Daltons. The 

instability index was computed to be in the range of 18.22 to 18.81, implying that all the 

constructs formed are stable in nature. The aliphatic index was calculated in the range of 87.61 

to 88.22 for all the constructs. A protein that has a high aliphatic index is thermostable across 

a wide temperature range. All the constructs made were thus found to be thermostable in nature. 

The Grand average of hydropathicity (GRAVY) was calculated to be positive, implying that 

all constructs formedare hydrophobic.  The results for physio-chemical properties of all 6 

multi-epitope vaccine constructs are summarized in Table 5. 

Table 5. Physio-chemical properties for the vaccine constructs. 
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Construct no No of 

amino 

acids 

Molecular 

weight 

(daltons) 

Isoelectric 

point 

Aliphatic 

index 

Instability 

index 

Gravy 

1 618 64662.24 9.57 88.22 18.63 

STABLE 

0.012 

2 618 64662.24 9.57 88.22 18.63 

STABLE 

0.012 

3 620 64722.29 9.57 87.61 18.22 

STABLE 

0.001 

4 619 64559.12 9.58 87.75 18.81 

STABLE 

0.003 

5 620 64608.10 9.54 87.94 18.36 

STABLE 

0.020 

6 620 64608.10 9.54 87.94 18.80 

STABLE 

0.020 

 

 

3.9. Secondary structure prediction 

      The secondary structure of the vaccine constructs was predicted using the SOPMA server. 

This server predicts the percentage of alpha helix, extended strand, beta turn and random coil 

of the submitted vaccine construct sequence. Figure 4 depicts the result obtained for secondary 

structure prediction of 4th construct. The calculated percentage of alpha helix (28.76 to 29.52), 

extended strand (27.74 to 28.64), beta turn (7.10 to 8.25) and random coils (28.76 to 35.65) in 

all 6 constructs is presented in Table 6. Since all constructs have more percentage of alpha 

helix than beta sheets, it can be concluded that all are stable in nature as stability of the 
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secondary structure of the protein is associated with the alpha helix formation. Constructs 4 

and 5 show equal and highest percentage of alpha helix. 

Table 6. Secondary structure indicating percentage of alpha helix, extended strand, beta turn 

and random coil for all 6 constructs. 

 

Construct 

no. 

Alpha helix Extended 

strand 

Beta turn Random coil 

1 29.45 27.83 8.25 34.07 

2 29.13 28.64 7.44 28.76 

3 29.03 28.06 7.58 35.32 

4 28.76 27.95 7.75 35.54 

5 28.76 27.95 7.75 35.54 

6 29.52 27.74 7.10 35.65 
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Figure 4. Secondary structure prediction using SOPMA server for 4th construct, stating the 

percentage of alpha helix, extended strand, beta turn and random coils. (Blue - alpha helix; 

red – extended strand; green – beta turn; yellow- random coil) 

 

3.10. Tertiary structure modeling 

        For tertiary structure, Robetta server (ab-initio method) was used. Sequence of the vaccine 

construct was given as input with ab-initio method (AB) used as optional parameters and 5 

models of 3d structure were generated in output along with the confidence score. The 

confidence score lies in the range of -5 to 2, where high value denotes a model with higher 

confidence and correct topology [37]. Figure 5 represents tertiary structure generated for 4th 

vaccine construct. Later the top ranked model given by the robetta server is refined using 

Galaxy- Refine server. 

 

Figure 5. Tertiary structure modelling performed using Robetta server (ab-initio method) for 

4th vaccine construct. 

 

3.11. Tertiary structure refinement 

        Refinement of the tertiary structure is a crucial step as it improves the overall quality of 

the tertiary structure generated. Through conformational sampling, protein structure refinement 
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tries to get moderately accurate template-based protein models closer to the native state. For 

refining the tertiary structure of the vaccine constructs, Galaxy-Refine server was used. The 

server gives five refined models stating their GDT-HA, RMSD, MolProbity, Clash score and 

Poor rotamers and percentage of residues in Rama favored regions of Ramachandran Plot. 

 

3.12. Validation of refined tertiary structure 

       Procheck and ERRAT were used to validate the refined tertiary structure. Procheck gives 

the Ramachandran plot, which explains the statistical distribution of the combinations of the 

backbone dihedral angles ϕ and ψ. The Ramachandran plot can be used to assess the precision 

of the predicted protein structure. It describes the percentage of residues falling in the favored      

regions, allowed regions and disallowed regions (Figure 6A). For all the constructs the 

percentage of residues falling in allowed regions were 95.3 to 97.5 %, additionally allowed 

regions were 2.2 to 4.5 % and dis-allowed regions were up to 0.2%. It is expected that no 

residue should be found in the disallowed or outlier region, and no more than 2% of residues 

should be in the allowed region. All constructs met the requirements, hence were found to be 

stable and could be used for further analysis. Vaccine construct 4 showed 95.3% residues in 

most favored regions of Ramachandran plot. ERRAT predicts the overall model quality and 

attempts to determine any potential errors in the structure (Figure 6B). Regions of the ERRAT 

graph that are coloured red and yellow stand for the problematic parts of the structure, while 

white stands for the normal parts. The plot analysis quickly identifies residues with error values 

greater than 95% and 99%. The ERRAT value was found to be in the range of 90 to 95. The 

Prosa-Web (z-score) value indicates the model quality in terms of z score and value ranged 

from -6.34 to -4.14. Value of z score in the range of -6.0 represents good quality of the model. 

The Procheck, Prosa-Web and ERRAT result obtained for the validation of the refined 

structures of the vaccine constructs is summarized in Table 7 and 8; Figure 6A, B and C.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 December 2022                   doi:10.20944/preprints202212.0299.v1

https://doi.org/10.20944/preprints202212.0299.v1


24 
 

            

 

 

A.1)Ramachandran plot for unrefined tertiary structure of the 4th construct                                                                              

A.2) Ramachandran plot for refined tertiary structure of the 4th construct   

 

 
B) 
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C) 

Figure 6.A.) Ramachandran plot for 4th vaccine construct B) ERRAT graph showing the error 

value for the 4th vaccine construct C) Prosa-web (z-score) showing the overall quality of the 

4th construct. 

 

Table 7. Procheck validation results of the refined tertiary structures for all vaccine 

constructs 

S.NO 

 

residues in favoured 

regions 

residues in additionally 

allowed regions 

residues in dis-allowed 

regions 

 
Before 

refinement 

After 

refinement 

Before 

refinement 

After 

refinement 

Before 

refinement 

After 

refinement 

1 92.8 96% 7.8% 4.0% 0.0% 0.0% 

2 93.2% 97% 6.6% 3.0% 0.0% 0.0 % 

3 92.1% 97.6% 7.7% 2.2% 0.2%% 0.2% 

4 92.5% 95.3% 7.3% 4.5% 0.2% 0.0% 

5 94.1% 96.2% 5.5% 3.6% 0.2% 0.2% 

6 95.4% 96.8% 4.6% 3.2% 0.0% 0.0% 

 

Table 8. ERRAT validation results of the refined tertiary structures for all vaccine constructs. 

 

S.NO ERRAT 

1 90.047 
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2 91.927 

3 91.162 

4 91.150 

5 90.646 

6 95.165 

 

 

3.13. Molecular docking of subunit vaccine construct with different immune receptors 

       After the validation, docking studies were performed in which the vaccine constructs were 

docked with different receptors (mentioned in the methods section). Docking was performed 

using Patchdock server to check the interaction between the receptor and the constructs. The 

docked structures were further refined using Firedock server and the global energy for the 10 

top ranked refined docked structures was obtained for each construct. Further, the docked 

complex was visualized using Chimera software [53] in Figure 7. The construct 2 ranked top 

amongst docked structures with MHC I receptor based on global energy (-32.91), Attractive 

Van Der Waals interactions (-23.49), Atomic contact energy (-1.53) and Hydrogen bonding (-

3.51) (Table 9). 

 

Figure 7. Docked complex (vaccine construct 4 with receptor TLR 4) visualized in chimera 
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                                   8.A)                                                           8.B) 

Figure 8.A) RMSD graph obtained at 5 ns for construct 4 with receptor TLR 4;   B) RMSD 

graph obtained at 50 ns for construct 4 with receptor TLR 4 

 

Table 9. Results for docking of the vaccine constructs and the receptors. 

Construct no. Receptor 

Global 

energy 

Attractive 

vdw 

Repulsive 

vdw 

Ace Hb 

1 TLR 2 4.79 -0.01 0.00 0.10 0.00 

2 TLR2 -0.90 -20.43 11.56 13.75 -1.36 

3 TLR2 3.71 -10.79 1.19 5.92 -1.12 

4 TLR2 -10.25 -19.25 11.54 -0.38 -0.95 

5 TLR2 0.36 -14.18 20.73 1.94 -1.06 

6 TLR2 -5.43 -11.39 9.87 3.37 0.31 

1 TLR4 -14.56 -19.71 9.95 9.74 -2.82 
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2 TLR4 -11.94 -24.36 16.95 8.32 -3.84 

3 TLR4 -0.54 -31.49 19.31 13.23 -3.74 

4 TLR4 -12.07 -31.73 18.43 11.03 -2.58 

5 TLR4 1.05 -1.90 0.0 2.04 0.0 

6 TLR4 -30.29 -29.70 11.47 8.67 -1.47 

1 MHC1 -3.80 -2.02 0.00 1.10 -0.44 

2 MHC1 -32.91 -23.49 10.14 -1.53 -3.51 

3 MHC1 -19.08 -32.24 14.44 7.72 -2.67 

4 MHC1 -5.28 -15.21 1.53 1.82 -1.93 

5 MHC1 3.17 -4.79 1.31 3.72 -0.72 

6 MHC1 -1.0 -14.78 10.10 1.56 -1.32 

1 MHC2 -13.99 -21.67 12.43 7.91 0.00 

2 MHC2 -0.18 -5.38 3.87 3.43 -1.94 

3 MHC2 2.09 -2.95 0.41 1.12 -0.21 

4 MHC2 -8.89 -7.19 2.24 -1.01 -0.26 

5 MHC2 -3.04 -3.76 1.18 -3.60 0.00 

6 MHC 2 5.43 -2.10 0.00 0.76 0.00 
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(vdw – vanderwalls ; ACE – Atomic Contact Energy ; Hb – Hydrogen bonding) 

 

3.14. Binding affinity analysis 

         The Prodigy (PROtein binDIng enerGY prediction) server was used to predict binding 

affinity which is based solely on a protein-protein complex's structural properties. In summary, 

construct 1 showed best binding affinity with the receptors TLR 4, TLR 2, MHC-I and MHC- 

II. The predicted binding free energy ∆G in kcal mol-1 is included in the results; binding affinity 

was predicted for all docked complexes and is presented in supplementary Table 3. 

 

3.15. Molecular dynamic simulations 

On the basis of docking and binding affinity results obtained, construct 4 was further 

subjected to simulation studies. Vaccine construct no. 4 with receptor TLR 4 was simulated 

at 5 nanoseconds using the TIP3P water model; NPT ensemble; cubic geometry and Na+ 

Cl- ions for neutralizing the environment. RMSD obtained at 5ns was 7 Å. Later the same 

docked complex was simulated at 50 ns to check the stability at the similar conditions and 

RMSD was found to be 12 Å. The results for simulation studies are presented in Figure.8. 

 

3.16. Prediction of immune response for the mice model 

       Along with the epitope screening for human alleles, it is also necessary to screen the 

epitopes for mice alleles to predict their immune response for multi-epitope vaccine construct 

designed.  A total of 243 strong binding epitopes were predicted for all the selected mice alleles 

shown in supplementary table 4. On the basis of the screening it can be predicted that the 

designed multi-epitope vaccine construct is capable of generating effective immune response 

even in mice as a number of epitopes for the selected mice alleles were found to be overlapping 

with the vaccine construct. 
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4. Discussion 

     The global incidence of leptospirosis is growing year by year. Vaccination is one of the 

most effective ways to promote public health in a cost-effective, timely, and affordable manner, 

as well as the best strategy to control infectious disease in society.  The traditional vaccine 

development methodology is a time-consuming and ineffective method that costs a lot of 

money. Vaccine development using a revolutionary immuno-informatics approach, on the 

other hand, is more stable, safe, specific, efficacious, and time and money efficient [54]. Even 

with the availability of massive immuno-informatics tools, preventing the zoonotic disease 

Leptospirosis remains difficult. Targeting bacterial species soft-core or core genes could aid in 

the identification of improved vaccine candidates to combat infectious illness [55]. Hence, in 

the present study, outermembrane proteins were targeted for the vaccine construct using 

immuno-informatics approach. 

       Subunit vaccines, as opposed to whole organism vaccines, are the focus of current research 

because subunit vaccines contain specific immunogenic components of the pathogens      rather 

than the entire pathogenic entity. OMPs, lipoproteins, and transmembrane proteins are all 

identified vaccine targets as they are present on the surface of leptospires and are considered 

as key virulence factors that interact with host tissues and responsible for immune response 

[56].  

   In this study, we have tried to prepare multi-epitope vaccine constructs using outermembrane 

proteins and lipoproteins obtained from ten different common pathogenic strains of Leptopsira 

by screening B cell and T cell (HTL and CTL) epitopes. . This is the first study undertaken 

with multiple pathogenic species of Leptospira for designing vaccine constructs using four 

specific proteins. A total of 43 sequences comprising LipL 32, 41, 46 and OMPL 1 sequences 

from pathogenic species of Leptospira- viz. L. interrogans , L. kischneri, L. noguchii, L. 
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borgerpeterseni, L. alexanderi L. santarosai , L.weilli, L. kmetyi, L.mayottensis , L.alstonii  

were selected for the study.   

 In diverse preceding studies, a single epitope vaccine has been 

proposed towards leptospirosis. However, our research differs from theirs in terms of the 

prediction and choice of multiple epitopes and consequently the potential of the 

vaccine construct to cause a more impregnable immune reaction in-silico. When it comes 

to creating a prolonged, extensive immune reaction, the involvement of each T cells and B 

cells is vital to set off and concatenate each the cellular and humoral immunity respectively. 

Another factor of selecting kinds of epitopes is that often, antigens can get away memory B 

cells, wherein case, their detection stays covert. In such cases, the contingency plan could be 

to have the T cells understand the ones overlooked antigens or epitopes and neutralize them so 

that no remains of the pathogen are found.  

           To elicit a more distinct immunological response from T cells, we predicted both CD8+ 

(MHC-I) and CD4+ (MHC-II) epitopes to have a greater variety of possible epitopes. We 

exclusively predicted linear epitopes for B cell epitope prediction since they are more stable 

than conformational epitopes. A total of 14 B cell and 26 T cell (12 HTL and 14 CTL) epitopes 

were selected. We evaluated conservancy as a major factor in addition to antigenicity, 

allergenicity, and toxicity when choosing the epitopes from the anticipated results because 

conserved sequences can enhance innate immunity by triggering improved pattern recognition. 

           The predicted immunogenic epitopes against proteins, LipL32, LipL41, LipL46 and 

OmpL1, were found to be conserved amongst selected ten pathogenic species of Leptospira. 

Out of ten selected, seven of these species: L. interrogans, L. borgpetersenii, L. santarosai, L. 

noguchii, L. weilli, L. kirschneri and L. alexanderi are the main agents of leptospirosis [57] and 

the remaining three have also been found to be the causative agents of leptospirosis. Three 

major species (Leptospira borgpetersenii, L. interrogans and L. kirschneri) are predominant in 
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reports from Africa and isolates from a diverse range of serogroups have been reported in 

human and animal infections. [58]. Approximately half of the pathogenic serovars belong to L 

interrogans or L. borgpetersenii [59].  The interaction analysis of these epitopes with HLA 

alleles indicated that the multiple epitope vaccine constructs against leptospirosis will cover 

98.55% of the world population. The population coverage for the epitopes we chose was 

93.03% in South Africa, 88.3% in South America, and 94.73% in South Asia. A 98.55% 

coverage of the world's population was also attained. 

When used alone, epitope-based peptide vaccinations generate a relatively mild 

immune response (60). Appropriate adjuvants could be used to increase the immunoreactivity. 

Linkers in the vaccine construct play a vital role in antigen processing, effective separation by 

the host immune system and prevent junctional epitope formation (61). In this study, B cell, 

CTL and HTL epitopes were connected through linkers KK, AAY and GPGPG respectively. 

The multi epitope constructs purely cannot amplify superior immune response. Hence, it was 

coupled with an adjuvant APPHALS with EAAAK linker at the N-terminal of the construct. 

An adjuvant helps in protection against infections, enhance the stability, durability of the 

vaccine formulation, and also extends the vaccine ability to induce strong immune response 

without an allergic reaction towards humans.  Linkers will cause the efficient separation, 

stimulation of HTL response and prevention of vaccine interactions with its own sections (62).  

The obtained six multi-epitope vaccine constructs were 618 to 620 amino acids length 

with 64.63 kDa average molecular weight. All the constructs showed positive antigenicity 

score (vaxijen score), which indicates the vaccine constructs were highly antigenic in nature. 

All constructs were found to be non-allergenic, nontoxic and immunogenic in nature.      For 

all the constructs, physio-chemical properties were found to be satisfactory and stable.       The 

reliability of the vaccine model was high      as suggested by the Ramachandran plot wherein 
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majority of the residues fell in the most favorable region in the range of 95.3 % to 97.6 %      

with the overall model quality ranging from 90 to 91.9      indicated by ERRAT     . 

          Further, molecular docking studies      revealed stable interactions between multi-epitope 

vaccine constructs and different receptors using PatchDock server. Negative binding energy 

for all docked complexes indicates positive binding interactions between vaccine and receptor. 

Construct no. 4 with TLR 4 receptor had less energy (-12.07) which was needed for proficient 

binding. The binding of multi-epitope vaccine with Toll-Like Receptors 4 (TLR4) implies that 

it might play an important role in the innate immune response.  Later to substantiate the docking 

results, molecular dynamic simulation studies were performed. During the simulation analysis 

using Schrodinger,  300K temperature and 1 bar pressure was maintained in the system. Water 

molecules and salts addition was carried out to neutralize the system. To evaluate the stability 

of vaccine constructs interaction with immune receptors, RMSD was observed for 5 and 50 ns. 

The RMSD plot versus time displayed mild fluctuation after 2.5 ns for Construct no. 4 with 

TLR 4 receptor. The results are comparable with the docking of vaccine constructs with a 

receptor reported in previous study done on novel multi-epitope vaccine against SARS-COV-

2 using immunoinformatics approach in 2021. This was the best docked model as inferred from 

global energy score (-12.07) indicating the proficient binding with protein vaccine and 

presented high stability of vaccine construct and TLR4 interaction with RMSD value of 12 Å. 

Overall construct no.4 appears to elicit both innate and adaptive immune response against most 

common pathogenic species of Leptospira. The epitopes selected for the vaccine construct were 

found to be overlapping with the epitopes predicted for the selected mice alleles. Thus, it can 

be concluded that the designed vaccine construct is capable of eliciting effective immunization 

in mice. Many reports have applied a similar approach to design multi epitope vaccine 

candidates against cancer, SARS-CoV-2, dengue, malaria and other life-threatening infections 

(34,60,61,63–65).  Multi-epitope vaccines are extensively designed in cutting edge 
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immunoinformatics studies due to high immunogenicity, stability, specificity, least production 

cost and in vivo efficacy.          

       In the present study, potential epitopes against Leptospirosis were identified by using 

immunoinformatics approach. With promiscuous CTL, HTL, and B-cell epitopes and 

appropriate adjuvants, protein vaccines were designed. The computational analysis for 

physicochemical and antigenicity of vaccine constructs were performed. The molecular 

interactions and their stability between vaccine constructs and immune receptors were 

evaluated by molecular docking and dynamic simulation. The findings of the study suggest that 

the designed multi-epitope vaccine construct can induce an optimal protective immune 

response against most commonly prevailing pathogenic species of Leptospira infection to 

provide broad range protection taking a lead towards development of universal vaccine. 

Further, in vivo studies addressing safety and efficacy of the vaccine candidate would provide 

proof of concept for developing a vaccine candidate. 
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CAPTIONS 

Fig. 1- Overview of the workflow followed for the designing of multi-epitope-based vaccine 

against Leptospirosis. 

Fig.2 - Population coverage for the MHC-I and MHC-II alleles for all selected epitopes. 

Fig.3 A) – sequence of the vaccine construct; B) schematic presentation of multiple-epitope 

vaccine construct. 

Fig. 4 - Secondary structure prediction using SOPMA server for 4th construct, stating the 

percentage of alpha helix, extended strand, beta turn and random coils. (Blue - alpha helix; red 

– extended strand; green – beta turn; yellow- random coil) 

Fig. 5 – Tertiary structure modeling performed using Robetta server (ab-initio method) for 4th 

vaccine construct. 

Fig. 6.A.) - Ramachandran plot for 4th vaccine construct B) ERRAT graph showing the error 

value for the 4th vaccine construct C) Prosa-web (z-score) showing the overall quality of the 

4th construct. 

Fig. 7 - Docked complex (vaccine construct 4 with receptor TLR 4) visualized in chimera. 

Fig. 8.A) RMSD graph obtained at 5 ns for construct 4 with receptor TLR 4; 8.B) | RMSD 

graph obtained at 50 ns for construct 4 with receptor TLR 4. 
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