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A R T I C L E I N F O                       A B S T R A C T 

Introduction: To prevent pneumococcal infections, especially meningitis and 

bacteremia, and to overcome the serotype-dependent limitation of polysaccharide-based 

vaccines, the development of conserved protein-based vaccines is essential. This study 

aimed at investigate the in-silico analysis and epitope mapping of pneumococcal DnaJ 

for the first time, and to design the multi-epitope based vaccines with different 

categories by focusing on induction of both humoral and cellular immunities. Methods: 

We predicted B- and T-cell epitopes, IL-4, IL-17, IL-10, and IFN-γ inducer epitopes of 

DnaJ using Immunoinformatics tools. The immunogenicity and conservation score of 

the predicted epitopes among pneumococcal prevalent clinical serotypes, the immune 

simulation of DnaJ administration in mammals and potential regions involved in DnaJ-

TLRs interactions were analyzed. Finally, we proposed three classes of multi-epitope 

DnaJ-based vaccine candidates. Results: This protein had 24 and 15 predicted linear B-

cell and helper T-cell epitopes, respectively, with a conservation score of 86-100% 

among prevalent clinical pneumococcal serotypes. DnaJ also had many IL-4 and IFN-γ 

inducing epitopes and was considered an IL-10 and IL-17 inducer protein. The immune 

simulation showed induction of both humoral and cellular immunity against DnaJ. The 

residues at positions 274, 280, 292, 297, 300, 316-319, 333, 336-340, 358,  363-366,  

and 372 were predicted to be involved in DnaJ-TLR2 and DnaJ-TLR4 interactions. 

Three classes of proposed DnaJ-based constructs were based on only B-cell epitopes, 

only helper T-cell epitopes, and multi-epitopes of B- and T-cell and IL-17 epitopes. 

Conclusion: The results showed that although DnaJ has been reported to play an 

important role in cellular immunity, our results indicated the high potential of DnaJ to 

stimulate mucosal, humoral, and cellular immunity. 

 

 

 

 
 

 

INTRODUCTION 

Streptococcus pneumoniae (pneumococcus) is a Gram-

positive pathogen of the respiratory system that causes a variety 

of non-invasive and invasive diseases with a high annual 

mortality rate in children under 5 years of age and the elderly or 

with compromised immune systems [1, 2].  The prevalence of 

pneumococcal infections has been reported differently around 

the world, and all deaths caused by pneumococci in children 

have been estimated at approximately 11% (8-12%) annually in 

developing countries [3]. In Iran, the prevalence of 

pneumococcus in carriers and patients are varied and has been 

reported as 20% and 1.5%, respectively [4]. In addition, since 

bacterial co- or secondary respiratory infections, especially 

pneumonia,  have   been   regularly   observed   in    influenza  

 

 
 

pandemics [5], pneumococcal respiratory co- or super-

infections are gaining importance in the global pandemic of 

COVID-19 from 2020 [6]. Many studies have reported that      

S. aureus and S. pneumoniae were the most common pathogens 

with higher early co-infection in the first 48 hours from 

admission to the unit [6, 7]. 

Licensed vaccines have many limitations for the 

prevention of pneumococcal diseases, such as poor 

immunogenicity and low coverage of 98 pneumococcal 

serotypes, replacement of non-vaccine serotypes and the 

prevalence of non-encapsulated pneumococci in patients [8-11]. 

Many surface proteins have been studied as protein-based 

pneumococcal vaccine candidates. However, few of them have 
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been analyzed in clinical trials and their protective effects are 

still limited to a subset of pneumococcal strains [12, 13]. The 

candidate protein should mostly be well-conserved among 

pneumococcal serotypes and be able to stimulate T-helper cells, 

resulting in a strong memory response [13].  

Prokaryotic heat-shock proteins (HSPs) are highly 

conserved molecular chaperones that are a virulence factor 

necessary for maintaining protein homeostasis during various 

stress processes. They contribute to bacterial attachment and 

invasion during the infections [14-16]. Pneumococcal DnaJ is a 

virulence factor belonging to a member of the HSP40 family 

[15]. The main feature of this protein is the presence of a highly 

conserved J-domain, containing 70 amino acids in its N-

terminus with four helical structures [17]. Several studies have 

shown that immunization with DnaJ can stimulate cellular and 

mucosal immune responses in mice [18-21] and elevate 

protection against nasopharyngeal colonization in nasal or lung 

and invasive infections, caused by various pneumococcal 

serotypes [13]. Pneumococci are an extracellular pathogen and 

humoral immunity plays a major role in the clearing of 

pneumococci from invasive infections, especially bacteremia or 

meningitis. Therefore, Immunoinformatics-based analysis of 

DnaJ can help to understand its immunogenic profile, with a 

focus on regions that can stimulate the B- and T-helper2 cell-

based immunity. Here, we used Immunoinformatics tools to 

characterize B- and T-cell epitopes, antigenicity, allergenicity, 

toxicity, as well as conservation of epitopes among clinical 

predominant serotypes of pneumococci (serotypes 1, 3, 4, 6A, 

6B, 7F, 9V,10A, 11A, 12F, 14, 15B, 18C, 19F, 19A, 22A/F, 

23F and 33F) DnaJs. We also analyzed the homology of DnaJ 

within the human proteome, cytokine inducer epitopes (IL-4, 

IL-10, IL-17, and IFN-γ), the mammalian immune system 

simulation using DnaJ administration, and potential regions of 

DnaJ involved in interacting with MHC-II, TLR-2, and TLR-4. 

Finally, we introduced the proposed DnaJ-based constructs to 

induce mucosal and humoral immunities against pneumococcal 

invasive infections. 

MATERIALS AND METHODS 

Sequence Retrieval and Initial Analysis 

Reference sequence of S. pneumoniae DnaJ 

(WP_001066302.1) was retrieved from the National Center for 

Biotechnology Information (NCBI) 

https://www.ncbi.nlm.nih.gov. We used online server CELLO 

v.2.5 (http://cello.life.nctu.edu.tw/) [22], signalP-5.0 

(https://services.healthtech.dtu.dk/service.php?SignalP-5.0) 

[23], and TMHMM 

(https://services.healthtech.dtu.dk/service.php?TMHMM-2.0) 

[24], to predict subcellular localization, signal peptide, and 

transmembrane helices of DnaJ, respectively. For achieving the 

conserved regions of the DnaJ sequence among the clinical 

prevalent serotypes of S. pneumoniae DnaJ (serotypes 1, 3, 4, 

6A, 6B, 7F, 9V,10A, 11A, 12F, 14, 15B, 18C, 19F, 19A, 

22A/F, 23F and 33F), the alignment of the DnaJ amino acid 

sequences was performed using Clustal Omega server 

(https://www.ebi.ac.uk/Tools/msa/clustalo/)  [25]. 

 

Physicochemical Properties and Solubility Prediction 

Using the Protparam online server 

(https://web.expasy.org/protparam/) and SOLpro server 

(http://scratch.proteomics.ics.uci.edu/ ), the physicochemical 

properties and the solubility upon overexpression of proteins in 

E. coli were evaluated, respectively [26, 27].  

 

Secondary Structure Prediction, Tertiary Structure 

Homology Modeling, Refinement, and Validation 

The secondary structure of DnaJ was predicted by GORV 

(https://npsa-prabi.ibcp.fr/cgi-

bin/npsa_automat.pl?page=/NPSA/npsa_gor4.html) and 

PSIPRED 4.0 (http://bioinf.cs.ucl.ac.uk/psipred/)[28]. Since the 

3D structure of DnaJ was partially modeled in the RCSB server 

(www.rcsb.org) with the PDB ID 6Jzb, we used the I-TASSER 

server (https://zhanggroup.org/I-TASSER/)[29] to model the 

entire DnaJ 3D structure. The best predicted model was 

selected and refined using the Galaxy Refine server 

(http://galaxy.seoklab.org/cgi-

bin/submit.cgi?type=REFINE/)[30]. The final model was 

validated with ProSA 

(https://prosa.services.came.sbg.ac.at/prosa.php/) [31], 

PROCHECK, and ERRAT tools from the Saves server 

(https://saves.mbi.ucla.edu/)[32], to recognize the errors in the 

generated 3D model. PyMol software v.2.5 was used to exhibit 

a high-quality image of the predicted model. 

 

Antigenicity, Toxicity, and Allergenisity Predictions 

The antigenicity, toxicity, and allergenisity of DnaJ were 

predicted using the Vaxijen-v2 (http://www.ddg-

pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) [25] with cut-off 

≥0.6, ToxinPred 

(https://webs.iiitd.edu.in/raghava/toxinpred/index.html) [33], 

and AlgPred 2.0 web tool 

(https://webs.iiitd.edu.in/raghava/algpred2/batch.html) [34], 

respectively.  

 

Homology Analysis of Proteins with the Human 

Proteome  

We used the PIR peptide matching program 

(https://research.bioinformatics.udel.edu/peptidematch/index.js

p) [35] to evaluate similarity of the DnaJ amino acid sequence 

with the human proteome. 

 

Immunoinformatics Analyses 

Determination of Potential B-cell epitopes  

The BCpred (http://ailab.ist.psu.edu/bcpred/predict.html) 

[36] and IEDB servers (https://www.iedb.org/) [37] were 

applied to predict linear B-cell epitopes, surface accessibility, 

and antigenicity of DnaJ. The 3D structural of a validated 3D 

model of DnaJ was used for conformational B-cell epitope 

prediction using Ellipro sever 

(http://tools.iedb.org/ellipro/)[38].  

 

Determination of Helper T-cell (HTL) Epitopes 

IEDB server (http://tools.iedb.org/mhcii/)[39] was used for 

predicting MHC-II binding epitopes. We predicted 15 mer 

peptide binding affinities to eight Iranian HLA-II alleles [HLA-

DRB* (01:01- 03:01- 04:01- 07:01- 08:01- 11:01-13:01- 

15:01)], as well as mouse MHC-II H2 alleles (I-Ad, I-Ab, and 

I-Ed) [40, 41, 28, 42]. 

 

Evaluation of Conservation of Predicted B- and T-

Cell Epitope among Prevalent Clinical Serotypes of 

Streptococcus pneumonia 

The IEDB Epitope Conservancy database 

(http://tools.iedb.org/conservancy/) [43] was used to predict 
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conservancy of predicted B- cell and HTL epitopes of DnaJ 

among clinical prevalent serotypes of S. pneumoniae (serotypes 

1, 3, 4, 6A, 6B, 7F, 9V,10A, 11A, 12F, 14, 15B, 18C, 19F, 

19A, 22A/F, 23F, and 33F) DnaJs. 

 

Prediction of Cytokine Inducer Epitopes 

For evaluating the effective mucosal and humoral immune 

responses against pneumococcal DnaJ, prediction of IL-4, IL-

10, IL-17, and IFN-γ inducer epitopes were performed using 

IL4pred server 

(https://webs.iiitd.edu.in/raghava/il4pred/scan.php), IL-10Pred 

server (https://webs.iiitd.edu.in/raghava/il10pred/predict3.php), 

IL17eScan 

(http://metagenomics.iiserb.ac.in/IL17eScan/index.html), and 

IFNepitope server 

(https://webs.iiitd.edu.in/raghava/ifnepitope/predict.php), 

respectively [44, 45] .  

 

In-silico Immune Response Simulation  

C-ImmSim server (http://150.146.2.1/C-

IMMSIM/index.php) was used to In-silico immune simulation 

against DnaJ. Three injections of the DnaJ at intervals of 4 

weeks, on days 1, 30, and day 60 was administered with entire 

simulation ran 1400 time steps (about 15 months) and the 

simulation volume of 10. HLA alleles of parameters were also 

set based on predominant human HLA alleles (HLA-A*1101, 

HLA-B*3501, and HLA-DRB1*0101) [46, 47, 42, 28]. 

 

 Determination of the Potential Regions involved in 

DnaJ-TLRs and DnaJ-MHC Interactions using Molecular 

Docking  

It was reported that DnaJ contributes to the activation of 

bone marrow-derived dendritic cells (BMDCs) and 

phagocytosis of macrophage, leading to the development of 

innate, humoral and cellular immunities through Toll-like 

receptors 4 and 2 (TLR4 and TLR2) [20, 21, 48]. For a more 

detailed understanding of the amino acid residues of DnaJ 

involved in the interacting interface with TLRs and MHC 

molecules, molecular docking was performed. For this purpose, 

the PDB structure of HLA-DR1 (DRB1*0101), TLR2, and 

TLR4 were retrieved from RCSB server (www.rcsb.org) with 

PDB ID 1AQD, 6NIG, and 3FXI, respectively [49]. Then PDB 

structures were refined by eliminating the ligand and H2O from 

the structure using UCSF Chimera v.1.14 software. Docking 

simulations of DnaJ with above PDB structures were performed 

using ClusPro 2.0 server (http://nrc.bu.edu/cluster/). The model 

of ClusPro with the largest cluster size and the lowest binding 

free energy were checked for the interaction of amino acids 

using the DimPlot tool in LigPlot+ v.2.2.4 software and 

PyMolv. 2.5 software.  

 

Designing of the DnaJ-based Constructs 

We designed several multi-epitope constructs based on 

predicted B- and T-cell epitopes of DnaJ. The percentage of 

immunogenicity according to the VaxiJen score and its 

percentage of epitope conservation among DnaJ of clinical 

prevalent serotypes of pneumococci were considered as 

selection criteria. We also used IL-17 inducer epitope to design 

multi-epitope construct to induce and promote both mucosal 

and humoral immune responses against pneumococci.  

  

  

Evaluation of Physicochemical Properties, Antigenicity, 

and other characteristics of proposed DnaJ-based 

constructs 

We analyzed the five proposed DnaJ-based constructs for 

physicochemical properties, antigenicity, toxicity, solubility, 

transmembrain helix using ProtParam server 

(https://web.expasy.org/protparam/), Vaxijen-v2 

(http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) 

with cut-off ≥0.6, ToxinPred 

(https://webs.iiitd.edu.in/raghava/toxinpred/index.html), 

SOLpro server (http://scratch.proteomics.ics.uci.edu/), and 

TMHMM server 

(https://services.healthtech.dtu.dk/service.php?TMHMM-2.0), 

respectively.  

 

Secondary and Tertiary Structure Prediction of 

the Constructs 

The secondary structure of five proposed DnaJ-based 

constructs were predicted by GORV (https://npsa-

prabi.ibcp.fr/cgi-

bin/npsa_automat.pl?page=/NPSA/npsa_gor4.html) and 

PSIPRED 4.0 (http://bioinf.cs.ucl.ac.uk/psipred/). Then 3D 

structures of constructs were modeled using the I-TASSER 

server (https://zhanggroup.org/I-TASSER/). 

 

Refinement and Validation of Tertiary Structure 

of the Constructs 

The best predicted I-TASSER model for five proposed 

DnaJ-based constructs was selected and refined using the 

Galaxy Refine server (http://galaxy.seoklab.org/cgi-

bin/submit.cgi?type=REFINE/)[30]. The final models were 

validated with ProSA 

(https://prosa.services.came.sbg.ac.at/prosa.php/) [31], 

PROCHECK, and ERRAT tools from the Saves server 

(https://saves.mbi.ucla.edu/)[32]. PyMol software v.2.5 was 

used to exhibit a high-quality image of the predicted model.  

RESULTS 

Sequence Retrieval and Initial Analysis 

The DnaJ sequence was retrieved from the NCBI server. 

The results of the DnaJ subcellular localization, transmembrane 

topology, and signal peptide are shown in Table 1.  

The result of the Clustal Omega alignment showed that the 

DnaJ amino acid sequence was highly conserved among 

clinical prevalent serotypes of S. pneumoniae (serotypes 1, 3, 4, 

6A, 6B, 7F, 9V,10A, 11A, 12F, 14, 15B, 18C, 19F, 19A, 

22A/F, 23F, and 33F). Among the 23 DnaJ sequences 

examined, only 11 of the 387 amino acids had a variable 

sequence. The position of variable amino acids in DnaJ 

includes amino acids 70, 73, 197, 201, 224, 297, 315, 355, 358 

and 368. 
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Fig. 1. Graphical representation of features of secondary structure of DnaJ sequence using PSIPRED server. The protein is predicted to comprise 

alpha helices (26.34%), beta strands (20.43%) and coils (53.23%). The alpha helix residues are pink, the beta strand residues are yellow and the 

coil residues are gray. 

 

 

 

 

 

 

 

 

Physicochemical Properties  

The results of physicochemical properties are shown in 

Table 1. Using the ProtParam server, the molecular weight 

(Mw) of DnaJ was predicted to be 40 kDa. According to the 

theoretical isoelectric point (pI) value, DnaJ was expected to be 

neutral in nature. Using the Solpro server, DnaJ was predicted 

to be soluble when overexpressed in E. coli. According to the 

instability index, DnaJ was classified as a stable protein  

 

 

 

 

(II of <40 indicates stability). The estimated negative GRAVY 

value of DnaJ means that the protein has hydrophilic nature and 

is able to interact with water molecules.  

  

Secondary Structure Prediction  

Using GOR V prediction server, we found that the DnaJ 

secondary structure contains 26.34% alpha-helix, 20.43% 

extended strand, and 53.23% random coil. The secondary 

structure of DnaJ using PSIPRED prediction is shown in Fig. 1.

 

 

 

 

 

Tertiary Structure Homology Modeling, Refinement 

and Validation 

I-TASSER server predicted five models for tertiary 

structure of DnaJ based on 10 threading templates. Model 1, 

with the highest C-score of -1.16 was selected for further 

refinement (Fig. 2a). This model had an estimated TM-score 

and RMSD of 0.52 ± 0.15 and 10.4 ± 4.6 Å, respectively. After 

refinement of predicted model using Galaxy Refine server, 

model one showed that the GDT-HA score was 0.928, which is 

usually between [0, 1] values, and a higher score indicates 

conservative refinement. RMSD score (0.475) and MolProbity  

 

score (2.308) indicate aggressive refinement and a more 

physically realistic model,  respectively. The  clash  score  and  

poor rotamers were 21 and 1, respectively. Ramachandran plot 

analysis of DnaJ model in procheck server revealed that among 

the 372 residues, 263 (86.8%) and 37 (12.3%) in the protein 

were in the most favored and in allowed regions, respectively. 

Only three residues (1%) were in the disallowed region, 

indicating that the predicted model is acceptable (Fig. 2b). The 

quality and potential errors in the 3D model were verified by 

ProSA-web and ERRAT. The overall quality factor of the 

chosen model after the refinement was 83.85% and ProSA-web 

Structural and Physicochemical Characters 

 

 
 

Amino Acid Sequence 

 

MNNTEFYDRLGVSKNASADEIKKAYRKLSKKYHPDINKEPGAEDKYKEVQEAYETLSDDQKRAAYDQYGAAGANGG
FGGFNGAGGFGGFEDIFSSFFGGGGSSRNPNAPRQGDDLQYRVNLTFEEAIFGTEKEVKYHREAGCRTCNGSGAKPGTS

PVTCGRCHGAGVINVDTQTPLGMMRRQVTCDVCHGRGKEIKYPCTTCHGTGHEKQAHSVHVKIPAGVETGQQIRLAG

QGEAGFNGGPYGDLYVVVSVEASDKFEREGTTIFYNLNLNFVQAALGDTVDIPTVHGDVELVIPEGTQTGKKFRLRSKG
APSLRGGAVGDQYVTVNVVTPTGLNDRQKVALKEFAAAGDLKVNPKKKGFFDHIKDAFDGE 

Trans-Membrane 

Helices 

 

0 
VaxiJen 

Score 

0.7953 (Probable

 : ANTIGEN) 
Theoretical 

pI 

6.80 (Asp + Glu) 
 

47 

Sub-cellular 

Localization 

Outer 
Membrane 

 

Toxicity 
 

Non Toxic 
Solubility 

Index 

0.92 
 (soluble) 

 

(Arg + Lys) 
 

46 

Signal Peptide 
 

0 
 

Allergenicity 
 

Non Allergic 
Instability 

index 

23.53 

(stable) 

 

GRAVY 
 

-0.603 

 
 

Molecular Weight 

(KDa) 

 

 

40 

 

Similarity to 

Human 

Proteome 

 

 

No 

 

Aliphatic 

Index 

 

 

60.3 

 
 

Estimated 

Half-life 

30 hours (mammalian 

reticulocytes, in vitro). 

>20 hours (yeast, in vivo). 

>10 hours (E.  coli, in vivo). 

Table 1. Structural and Physicochemical Characters of DnaJ 
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Table 2. The results of validation of DnaJ structure before and after refinement using Ramachandran plot statistics from PROCHECK and Z-

score from ProSA web servers. 

 

Z-score was −6.88 (Fig. 2b). The DnaJ fell close in the score 

range commonly found in native proteins of comparable size. 

The details of quality of DnaJ structure before and after 

refinement are shown in Table 2.

 

 

 

 

 

 

  

ITASSER 

 

C-score 

Before Refinement After Refinement 

ERRAT  

quality 

factor 

Z-score 

Ramachandran plot 

ERRAT 

quality factor 
Z-score 

Ramachandran plot 

Most 

favored 

zones 

(%) 

Allowed 

zones 

(%) 

Disallowed 

zones (%) 

Most favored 

zones (%) 

Allowed 

zones (%) 

Disallowed 

zones (%) 

-1.16 87.87 -6.54 68.3 29.4 2.3 83.85 -6.88 86.8 12.3 1 

Fig. 2. 3D homology modeling and validation of DnaJ. (a) The I-Tasser 3D homology modeling of the DnaJ was displayed by 

PyMol v.2.5 software. (b) Validation of the model after refinement with Ramachandran plot and ProSA web plot.  ProSA-web 

analysis shows the Z-score of -6.88, and the plot of residue scores that shows local model quality by plotting energies as a function 

of amino acid sequence position are also shown. 
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Antigenicity, Toxicity, Allergenisity Predictions of 

DnaJ 

The results in Table 1 shows that DnaJ is immunogen, 

nontoxic and non-allergic. The results of the PIR peptide-

matching program showed that the DnaJ had no similarity with 

the human proteome. 

 

B-cell Epitope Prediction 

The linear B-cell epitopes with high antigenicity, surface 

accessibility, and flexibility of DnaJ were predicted using 

BCPred and IEDB servers and provided in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bepipred Linear B-cell Epitope Prediction for DnaJ 

Peptide Sequence                                                                              Position                     VaxiJen Score Conservation% 

*EFYDRLGVSKNASADEIKKA 5-24 0.7149 100 

RKLSKKYHPDINKEPGAEDKYKEVQEAYETLSDDQKRA
AYDQYGAAGANGGFGGFNG 

26-82 0.7540 8.7 

*RNPNAPRQGDDLQYR  104-118 1.3442 100 

FGTEKEVKYHREAGCRTCNGSGAKPGTSPVTCGRCHGA
GVINVDTQTPLGMMRRQVTCDVCHGRGKE 

128-194 0.8029 82.61 

*GTGHEK 204-209 3.8809 100 

*QGEAGFNGGP 233-242 0.6673 100 

GTQTGKKFRLRSKGAPSLRGGAV 298-320 1.4225 86.96 

*GLNDRQKV 334-341 0.4303 100 

DLKVNPKKKGFF 351-362 0.5124 82.61 

Ellipro Linear B-cell Epitope Prediction for DnaJ 

Peptide Sequence                                                                         Position              Score            Conservation% 

VVTPTGLNDRQKVALKEFAAAGDLKVNPKKKGFFDHIKDAFDGE 329-372  0.873     65.22 

YDRLGVSKNASADEIKKAYRKLSKKYHPDINKEPGAEDKY 7-46   0.768     91.3 

*SGAKPGTSPVTCGRCHGAGVINVDTQTPLGMMRRQVTCDVCHG 148-190   0.724       100 

GKEIKYPCTTCHGT 192-205   0.684       91.3 

*NFVQAALGDTVD 272-283   0.625       100 

HGDVELVIPEGTQTGK                           288-303  0.569     91.3 

DQYGAAGAN                            66-74     0.56 86.96 

*GCRTCN                            141-146   0.522     100 

BCpred B-cell Epitope Prediction for DnaJ 

Peptide Sequence                                                          Position                                       Score         Conservation% 
GAAGANGGFGGFNGAGGFGG   69-89      1 8.7 

*AGQGEAGFNGGPYGDLYVVV 231-251      1 100 

*FFGGGGSSRNPNAPRQGDDL  96-116       1 100 

*GCRTCNGSGAKPGTSPVTCG 141-161       1 100 

DINKEPGAEDKYKEVQEAYE   35-55   0.996 91.3 

*GGAVGDQYVTVNVVTPTGLN 317-337   0.965 100 

IPEGTQTGKKFRLRSKGAPS 295-315   0.959 86.96 

GKEIKYPCTTCHGTGHEKQA 192-212   0.85 91.3 

*VINVDTQTPLGMMRRQVTCD 167-187   0.793 100 

Kolaskar & Tongaonkar Antigenicity for DnaJ (Threshold: 1.014) 

Peptide Sequence                  Position                                Peptide Sequence                              Position 
             KEVQEAYET                                   47-55                      GDLYVVVSVEAS                                      244-255 

QYRVNLT                                    116-122             LNFVQAA                                             271-277 

             TSPVTCGRC                                  154-162               GDTVDIPTVHGDVELVIPE                              279-297 

GAGVINV                                    164-170      GDQYVTVNVVTPT                                   321-333 

             QVTCDVCHG                                182-190    KVALKEF                                           340-346 

 KYPCTTC                                   196-202   AGDLKVN                                          349-355 

           AHSVHVKIPAG                               211-221  

Emini Surface Accessibility Prediction for DnaJ (Threshold: 1.00) 

               Peptide Sequence                                      Position            Peptide Sequence            Position 

DEIKKAYRKLSKKYHPDINKEPGAEDKYKEVQEAY 19-53         ASDKFERE                     254-261 

TLSDDQKRAAYDQ 55-67     GTQTGKKFRLR                298-308 

SSRNPNAPRQGDDLQYR 102-118          KVNPKKK                     353-359 

TEKEVKYHR 130-138  

Table 3. Prediction of linear and discontinuous B-cell epitopes, antigenicity, surface accessibility, and epitope conservancy of DnaJ using 
BCpred and IEDB servers (Bepipred, Emini, kolaskar, Ellipro, and Epitope Conservancy tools of IEDB). 

*Epitopes with 100% conservation score.  
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According to B-cell epitope prediction servers, from 24 

predicted linear B-cell epitopes, thirteen epitopes (which 

highlight in Table 3) had 100% conservation score among 

clinical prevalent serotypes of S.pneumoniae (serotypes 1, 3, 4, 

6A, 6B, 7F, 9V, 10A, 11A, 12F, 14, 15B, 18C, 19F, 19A, 

22A/F, 23F, and 33F) DnaJs. The antigenicity of predicted B-

cell epitopes were analyzed using the Vaxijen-v2 server with 

cut-off ≥0.4. Some of the epitopes had VaxiJen antigenicity 

scores of 1 to 3.8. The predicted continuous B-cell epitopes 

(with score of >0.6) have been also shown in Fig. 3 and Table 

4.

 

 

 

 

  

Fig. 3. The schematic results of Table 4 for predicted continuous B-cell epitopes of DnaJ using the IEDB server. a) The 3D structure of 

DnaJ for epitope mapping analysis. b to f) Predicted continuous B-cell epitopes from high to low antigenicity score. The residues with a 

score higher than the threshold (default value is 0.5) are predicted to be continuous B-cell epitopes and are colored yellow on the graph. 
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No. Residues 
Number of 

residues 
Score 

1 

A:F346, A:A347, A:A348, A:A349, A:G350, A:D351, A:L352, A:K353, A:V354, A:N355, A:P356, A:K357, 

A:K358, A:K359, A:G360, A:F361, A:F362, A:D363, A:H364, A:I365, A:K366, A:D367, A:A368, A:F369, A:D370, 

A:G371, A:E372 
27 0.903 

2 A:V341, A:A342, A:L343, A:K344, A:E345 5 0.859 

3 

A:Y7, A:L10, A:G11, A:V12, A:S13, A:K14, A:N15, A:A16, A:S17, A:A18, A:D19, A:E20, A:I21, A:K22, A:K23, 

A:A24, A:Y25, A:R26, A:K27, A:L28, A:S29, A:K30, A:K31, A:Y32, A:H33, A:P34, A:D35, A:I36, A:N37, A:K38, 
A:E39, A:P40, A:G41, A:A42, A:E43, A:D44, A:K45, A:Y46, A:V49, A:Y53 

40 0.766 

4 

A:M1, A:N2, A:R62, A:A63, A:D66, A:Q67, A:Y68, A:G69, A:A70, A:A71, A:G72, A:A73, A:N74, A:G75, 

A:G141, A:C142, A:R143, A:T144, A:C145, A:N146, A:G147, A:S148, A:G149, A:A150, A:K151, A:P152, A:G153, 

A:T154, A:S155, A:P156, A:V157, A:T158, A:C159, A:G160, A:R161, A:C162, A:H163, A:G164, A:A165, A:G166, 
A:V167, A:I168, A:N169, A:V170, A:D171, A:T172, A:Q173, A:T174, A:P175, A:L176, A:G177, A:M178, A:M179, 

A:R180, A:R181, A:Q182, A:V183, A:T184, A:C185, A:D186, A:V187, A:C188, A:H189, A:G190, A:G192, 

A:K193, A:E194, A:I195, A:K196, A:Y197, A:P198, A:C199, A:T200, A:T201, A:C202, A:H203, A:G204, A:T205, 
A:G206, A:E208 

80 0.657 

5 

A:N272, A:F273, A:V274, A:Q275, A:A276, A:A277, A:L278, A:G279, A:D280, A:T281, A:V282, A:D283, A:P285, 

A:T286, A:H288, A:G289, A:D290, A:V291, A:E292, A:L293, A:V294, A:I295, A:P296, A:E297, A:G298, A:T299, 
A:Q300, A:T301, A:G302, A:K303, A:V329, A:V330, A:T331, A:P332, A:T333, A:G334, A:L335, A:N336, A:D337, 

A:R338, A:Q339, A:K340 

42 0.645 

 

Helper T-cell (HTL) Epitope Prediction 

The result of predicted helper T-cell epitopes of Dnaj using 

IEDB is shown in Table 5. According to rough guideline of 

server for MHCII binding prediction, using IEDB 

recommended 2.2 method, the lower number of percentile rank 

indicates higher affinity, so the predicted epitopes with a 

percentile rank < 5 were selected. From 76 predicted helper T-

cell epitopes, 55 epitopes had 100% conservancy among of 

clinical prevalent serotypes of S. pneumoniae (serotypes 1, 3, 4, 

6A, 6B, 7F, 9V, 10A, 11A, 12F, 14, 15B, 18C, 19F, 19A, 

22A/F, 23F, and 33F) DnaJs (Table 5). Also, some predicted B-

cell epitopes were also predicted as HTL epitopes.

 

 
Predicted MHCII Binding epitopes (Percentile Rank<5) 

       Peptide Sequence                        Allele               Perc.     Vaxi.   Conser.           Peptide Sequence                        Allele                 Perc.     Vaxi.    Conser.             

                                                      Rank     Score                                                                                                         Rank     Score  

IFYNLNLNFVQAALG HLA-DRB1*01:01 2.10 0.99 100 YRKLSKKYHPDINKE HLA-DRB1*11:01 0.65 0.77 91.3 

AGVINVDTQTPLGMM HLA-DRB1*03:01 2.50 -0.02 100 AYRKLSKKYHPDINK HLA-DRB1*08:01 0.85 0.62 100 

FYNLNLNFVQAALGD HLA-DRB1*01:01 2.60 0.96 100 DEIKKAYRKLSKKYH HLA-DRB1*08:01 0.85 0.41 100 

GAGVINVDTQTPLGM HLA-DRB1*03:01 2.70 0.14 100 EIKKAYRKLSKKYHP HLA-DRB1*08:01 0.85 0.53 100 

TIFYNLNLNFVQAAL HLA-DRB1*01:01 2.80 0.91 100 IKKAYRKLSKKYHPD HLA-DRB1*08:01 0.85 0.42 100 

GTTIFYNLNLNFVQA HLA-DRB1*04:01 2.90 0.82 100 KAYRKLSKKYHPDIN HLA-DRB1*08:01 0.85 0.87 100 

IFYNLNLNFVQAALG HLA-DRB1*04:01 2.90 0.99 100 KKAYRKLSKKYHPDI HLA-DRB1*08:01 0.85 0.91 100 

TIFYNLNLNFVQAAL HLA-DRB1*04:01 2.90 0.91 100 YRKLSKKYHPDINKE HLA-DRB1*08:01 0.85 0.77 91.3 

TTIFYNLNLNFVQAA HLA-DRB1*04:01 2.90 0.8 100 GMMRRQVTCDVCHGR HLA-DRB1*13:01 1.5 0.06 82.61 

GVINVDTQTPLGMMR HLA-DRB1*03:01 3 -0.32 100 LGMMRRQVTCDVCHG HLA-DRB1*13:01 1.5 -0.3 100 

NLNLNFVQAALGDTV HLA-DRB1*01:01 3.60 1 100 MMRRQVTCDVCHGRG HLA-DRB1*13:01 1.5 0.36 82.61 

YNLNLNFVQAALGDT HLA-DRB1*01:01 4.10 1.22 100 MRRQVTCDVCHGRGK HLA-DRB1*13:01 1.5 0.58 82.61 

LNLNFVQAALGDTVD HLA-DRB1*01:01 4.30 1.04 100 PLGMMRRQVTCDVCH HLA-DRB1*13:01 1.5 -0.4 100 

EGTTIFYNLNLNFVQ HLA-DRB1*04:01 4.40 0.76 100 QTPLGMMRRQVTCDV HLA-DRB1*13:01 1.5 -0.2 100 

NLNFVQAALGDTVDI HLA-DRB1*01:01 4.60 0.78 100 TPLGMMRRQVTCDVC HLA-DRB1*13:01 1.5 -0.3 100 

ASDKFEREGTTIFYN HLA-DRB1*04:01 4.70 0.26 100 DDLQYRVNLTFEEAI HLA-DRB1*08:01 2.5 0.92 100 

DKFEREGTTIFYNLN HLA-DRB1*04:01 4.70 0.3 100 DLQYRVNLTFEEAIF HLA-DRB1*08:01 2.5 0.91 100 

GDDLQYRVNLTFEEA HLA-DRB1*08:01 2.50 1.1 100 TGKKFRLRSKGAPSL H2-IEd 2.75 1.10 86.96 

LQYRVNLTFEEAIFG HLA-DRB1*08:01 2.50 0.82 100 AYDQYGAAGANGGFG H2-IAb 3.1 1.12 86.96 

QGDDLQYRVNLTFEE HLA-DRB1*08:01 2.50 1.25 100 ADEIKKAYRKLSKKY H2-IEd 3.69 0.35 100 

QYRVNLTFEEAIFGT HLA-DRB1*08:01 2.50 0.78 100 KAYRKLSKKYHPDIN H2-IEd 3.8 0.87 100 

YRVNLTFEEAIFGTE HLA-DRB1*08:01 2.50 0.76 100 AYRKLSKKYHPDINK H2-IEd 4.25 0.62 100 

ASADEIKKAYRKLSK HLA-DRB1*11:01 3.20 0.33 100 YDQYGAAGANGGFGG H2-IAb 4.55 1.18 86.96 

EGTTIFYNLNLNFVQ HLA-DRB1*15:01 4.50 0.76 100 FRLRSKGAPSLRGGA HLA-DRB1*08:01 0.25 1.29 86.96 

REGTTIFYNLNLNFV HLA-DRB1*15:01 4.60 0.91 100 GKKFRLRSKGAPSLR HLA-DRB1*08:01 0.25 1.32 86.96 

QTPLGMMRRQVTCDV HLA-DRB1*11:01 4.70 -0.24 100 KFRLRSKGAPSLRGG HLA-DRB1*03:01 0.25 1.32 86.96 

SDKFEREGTTIFYNL HLA-DRB1*04:01 4.70 0.53 100 KKFRLRSKGAPSLRG HLA-DRB1*08:01 0.25 1.01 86.96 

HGAGVINVDTQTPLG HLA-DRB1*03:01 3.70 0.11 100 QTGKKFRLRSKGAPS HLA-DRB1*08:01 0.25 1.19 86.96 

EIKKAYRKLSKKYHP HLA-DRB1*11:01 0.02 0.53 100 TGKKFRLRSKGAPSL HLA-DRB1*08:01 0.25 1.10 86.96 

IKKAYRKLSKKYHPD HLA-DRB1*11:01 0.04 0.42 100 TQTGKKFRLRSKGAP HLA-DRB1*08:01 0.25 1.18 86.96 

Table 4. Elipro Predicted Discontinuous B-cell Epitopes for DnaJ 

Table 5. Predicted Helper T-cell epitopes for DnaJ using IEDB server. 
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DEIKKAYRKLSKKYH HLA-DRB1*11:01 0.05 0.41 100 ADEIKKAYRKLSKKY HLA-DRB1*11:01 0.34 0.35 100 

KKAYRKLSKKYHPDI HLA-DRB1*11:01 0.15 0.91 100 SADEIKKAYRKLSKK HLA-DRB1*11:01 0.60 0.51 100 

KAYRKLSKKYHPDIN HLA-DRB1*11:01 0.23 0.87 100 AYRKLSKKYHPDINK HLA-DRB1*11:01 0.65 0.62 100 

FRLRSKGAPSLRGGA HLA-DRB1*08:01 0.25 1.29 86.96 EIKKAYRKLSKKYHP H2-IEd 0.98 0.53 100 

DEIKKAYRKLSKKYH H2-IEd 1.23 0.41 100 TQTGKKFRLRSKGAP H2-IEd 2.38 1.18 86.96 

IKKAYRKLSKKYHPD H2-IEd 1.25 0.42 100 RAAYDQYGAAGANGG H2-IAb 2.55 1.35 86.96 

KKAYRKLSKKYHPDI H2-IEd 1.65 0.91 100 AAYDQYGAAGANGGF H2-IAb 2.65 0.83 86.96 

QTGKKFRLRSKGAPS H2-IEd 2.08 1.19 86.96 GKKFRLRSKGAPSLR H2-IEd 2.75 1.32 86.96 

(Perc.: Percentile Rank, Vaxi.: VaxiJen Score, Conser.: Conservancy). 

Prediction of IL-4, IL-10, IL-17, and INF-γ Inducer 

Epitopes 

Approximately 100 antigenic regions (15mer) of DnaJ with 

the potential to induce IL-4 were predicted using the IL4pred 

server with a SVM score ranging from 0.3 to 0.7 and are shown 

in Table 6. Using the IFNepitope server, DnaJ was scanned and 

predicted to have many IFN-γ inducing MHC class II binder 

peptides throughout its sequence (Table 7). The result of the IL-

10 and IL-17inducer sequences of DnaJ is shown in Table 8. 

DnaJ was predicted to be an IL-10 and IL-17 inducer protein 

with scores of 0.6. 

 

 
DnaJ IL-4 Inducer 

Sequence 
Score 

DnaJ IL-4 Inducer 

Sequence 
Score 

DnaJ IL-4 Inducer 

Sequence 
Score 

DnaJ IL-4 Inducer 

Sequence 
Score 

KEFAAAGDLKVNPKK 

EFAAAGDLKVNPKKK 

EFYDRLGVSKNASAD 
TEFYDRLGVSKNASA 

DRLGVSKNASADEIK 

RLGVSKNASADEIKK 
LGVSKNASADEIKKA 

GVSKNASADEIKKAY 

NTEFYDRLGVSKNAS 
GVETGQQIRLAGQGE 

VETGQQIRLAGQGEA 

VNLTFEEAIFGTEKE 
QYVTVNVVTPTGLND 

PAGVETGQQIRLAGQ 
IPAGVETGQQIRLAG 

ETGQQIRLAGQGEAG 

RVNLTFEEAIFGTEK 
TGKKFRLRSKGAPSL 

VGDQYVTVNVVTPTG 

FAAAGDLKVNPKKKG 
AGVETGQQIRLAGQG 

IPEGTQTGKKFRLRS 

PEGTQTGKKFRLRSK 
QTGKKFRLRSKGAPS 

AVGDQYVTVNVVTPT 

0.69 

0.68 

0.59 
0.58 

0.58 

0.58 
0.58 

0.58 

0.57 
0.57 

0.57 

0.56 
0.56 

0.54 
0.50 

0.49 

0.48 
0.48 

0.48 

0.48 
0.47 

0.47 

0.47 
0.47 

0.47 

TGLNDRQKVALKEFA 

NNTEFYDRLGVSKNA 

LTFEEAIFGTEKEVK 
GAVGDQYVTVNVVTP 

GLNDRQKVALKEFAA 

LNDRQKVALKEFAAA 
NLTFEEAIFGTEKEV 

TQTGKKFRLRSKGAP 

GDQYVTVNVVTPTGL 
DLKVNPKKKGFFDHI 

YRVNLTFEEAIFGTE 

EGTQTGKKFRLRSKG 
DRQKVALKEFAAAGD 

GDLKVNPKKKGFFDH 
VSKNASADEIKKAYR 

SKNASADEIKKAYRK 

GDLYVVVSVEASDKF 
DLYVVVSVEASDKFE 

LYVVVSVEASDKFER 

GTQTGKKFRLRSKGA 
DQYVTVNVVTPTGLN 

TFEEAIFGTEKEVKY 

PTGLNDRQKVALKEF 
MNNTEFYDRLGVSKN 

ASADEIKKAYRKLSK 

0.47 

0.46 

0.46 
0.46 

0.46 

0.46 
0.45 

0.45 

0.45 
0.45 

0.44 

0.44 
0.44 

0.44 
0.43 

0.43 

0.43 
0.43 

0.43 

0.43 
0.43 

0.42 

0.42 
0.41 

0.41 

YVVVSVEASDKFERE 

VVVSVEASDKFEREG 

VIPEGTQTGKKFRLR 
NDRQKVALKEFAAAG 

RQKVALKEFAAAGDL 

SADEIKKAYRKLSKK 
DKYKEVQEAYETLSD 

VVSVEASDKFEREGT 

VSVEASDKFEREGTT 
VTVNVVTPTGLNDRQ 

LKEFAAAGDLKVNPK 

QTPLGMMRRQVTCDV 
YVTVNVVTPTGLNDR 

VNVVTPTGLNDRQKV 
KNASADEIKKAYRKL 

EAYETLSDDQKRAAY 

NPNAPRQGDDLQYRV 
PNAPRQGDDLQYRVN 

SVEASDKFEREGTTI 

VEASDKFEREGTTIF 
EASDKFEREGTTIFY 

KVNPKKKGFFDHIKD 

NASADEIKKAYRKLS 
QEAYETLSDDQKRAA 

NAPRQGDDLQYRVNL 

0.41 

0.41 

0.41 
0.41 

0.41 

0.40 
0.40 

0.40 

0.40 
0.40 

0.40 

0.39 
0.39 

0.39 
0.38 

0.38 

0.38 
0.38 

0.38 

0.38 
0.38 

0.38 

0.37 
0.37 

0.37 

LQYRVNLTFEEAIFG 

ASDKFEREGTTIFYN 

KFEREGTTIFYNLNL 
VQEAYETLSDDQKRA 

APRQGDDLQYRVNLT 

DLQYRVNLTFEEAIF 
QYRVNLTFEEAIFGT 

TQTPLGMMRRQVTCD 

SDKFEREGTTIFYNL 
DKFEREGTTIFYNLN 

ALKEFAAAGDLKVNP 

VNPKKKGFFDHIKDA 
QKRAAYDQYGAAGAN 

RGGAVGDQYVTVNVV 
VALKEFAAAGDLKVN 

LKVNPKKKGFFDHIK 

NPKKKGFFDHIKDAF 
YKEVQEAYETLSDDQ 

PRQGDDLQYRVNLTF 

EGTTIFYNLNLNFVQ 
GTTIFYNLNLNFVQA 

GGAVGDQYVTVNVVT 

PKKKGFFDHIKDAFD 
KEVQEAYETLSDDQK 

EVQEAYETLSDDQKR 

0.37 

0.37 

0.37 
0.36 

0.36 

0.36 
0.36 

0.36 

0.36 
0.36 

0.36 

0.36 
0.35 

0.35 
0.35 

0.35 

0.35 
0.34 

0.34 

0.34 
0.34 

0.34 

0.34 
0.33 

0.33 
 

 

 
DnaJ IFN-γ Inducer 

Sequence 
Score 

DnaJ IFN-γ Inducer 

Sequence 
Score 

DnaJ IFN-γ Inducer 

Sequence 
Score 

DnaJ IFN-γ Inducer 

Sequence 
Score 

SADEIKKAYRKLSKK 
DEIKKAYRKLSKKYH 

EIKKAYRKLSKKYHP 

IKKAYRKLSKKYHPD 
KKAYRKLSKKYHPDI 

KAYRKLSKKYHPDIN 

TLSDDQKRAAYDQYG 
LSDDQKRAAYDQYGA 

SDDQKRAAYDQYGAA 

DDQKRAAYDQYGAAG 
DQKRAAYDQYGAAGA 

QKRAAYDQYGAAGAN 

KRAAYDQYGAAGANG 
RAAYDQYGAAGANGG 

YDQYGAAGANGGFGG 

DQYGAAGANGGFGGF 
GAAGANGGFGGFNGA 

AAGANGGFGGFNGAG 

AGANGGFGGFNGAGG 
GANGGFGGFNGAGGF 

ANGGFGGFNGAGGFG 

NGGFGGFNGAGGFGG 

0.105 
0.184 

0.544 

0.421 
0.364 

0.049 

0.013 
0.081 

0.343 

0.244 
0.577 

0.526 

0.395 
0.400 

0.064 

0.081 
0.266 

0.004 

0.530 
0.586 

0.440 

0.831 

GGFNGAGGFGGFEDI 
GAGGFGGFEDIFSSF 

FGGFEDIFSSFFGGG 

GGFEDIFSSFFGGGG 
GFEDIFSSFFGGGGS 

FEDIFSSFFGGGGSS 

EDIFSSFFGGGGSSR 
DIFSSFFGGGGSSRN 

IFSSFFGGGGSSRNP 

FSSFFGGGGSSRNPN 
SSFFGGGGSSRNPNA 

SFFGGGGSSRNPNAP 

FFGGGGSSRNPNAPR 
FGGGGSSRNPNAPRQ 

GGGGSSRNPNAPRQG 

EEAIFGTEKEVKYHR 
EAIFGTEKEVKYHRE 

AIFGTEKEVKYHREA 

IFGTEKEVKYHREAG 
FGTEKEVKYHREAGC 

GTEKEVKYHREAGCR 

TEKEVKYHREAGCRT 

0.399 
0.046 

0.246 

0.739 
0.361 

0.603 

0.543 
0.654 

0.400 

0.449 
0.406 

0.206 

0.165 
0.085 

0.122 

0.051 
0.200 

0.200 

0.196 
0.322 

0.186 

0.395 

GRCHGAGVINVDTQT 
RCHGAGVINVDTQTP 

CHGAGVINVDTQTPL 

HGAGVINVDTQTPLG 
GAGVINVDTQTPLGM 

AGVINVDTQTPLGMM 

GVINVDTQTPLGMMR 
VINVDTQTPLGMMRR 

QVTCDVCHGRGKEIK 

VTCDVCHGRGKEIKY 
TCDVCHGRGKEIKYP 

CDVCHGRGKEIKYPC 

DVCHGRGKEIKYPCT 
PAGVETGQQIRLAGQ 

ETGQQIRLAGQGEAG 

TGQQIRLAGQGEAGF 
GQQIRLAGQGEAGFN 

FVQAALGDTVDIPTV 

VQAALGDTVDIPTVH 
QAALGDTVDIPTVHG 

AALGDTVDIPTVHGD 

ALGDTVDIPTVHGDV 

0.293 
0.308 

0.418 

0.444 
0.280 

0.370 

0.291 
0.109 

0.086 

0.069 
0.154 

0.029 

0.027 
0.100 

0.003 

0.243 
0.176 

0.166 

0.011 
0.206 

0.232 

0.113 

FRLRSKGAPSLRGGA 
RLRSKGAPSLRGGAV 

LRSKGAPSLRGGAVG 

SKGAPSLRGGAVGDQ 
KGAPSLRGGAVGDQY 

GAPSLRGGAVGDQYV 

PKKKGFFDHIKDAFD 
KKKGFFDHIKDAFDG 

KKGFFDHIKDAFDGE 

KGFFDHIKDAFDGE 
GFFDHIKDAFDGE 

FFDHIKDAFDGE 

FDHIKDAFDGE 
DHIKDAFDGE 

HIKDAFDGE 

0.370 
0.163 

0.343 

0.017 
0.144 

0.247 

0.120 
0.078 

0.057 

0.060 
0.133 

0.290 

0.363 
0.100 

0.290 

Table 6. The best IL-4 inducing peptide of DnaJ (SVM Score > 0.3) 

 

Table 7. The best IFN-γ inducing peptide of DnaJ. 
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https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=KEFAAAGDLKVNPKK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=EFAAAGDLKVNPKKK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=EFYDRLGVSKNASAD&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=TEFYDRLGVSKNASA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=DRLGVSKNASADEIK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=RLGVSKNASADEIKK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=LGVSKNASADEIKKA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=GVSKNASADEIKKAY&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=NTEFYDRLGVSKNAS&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=GVETGQQIRLAGQGE&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VETGQQIRLAGQGEA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VNLTFEEAIFGTEKE&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=QYVTVNVVTPTGLND&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=PAGVETGQQIRLAGQ&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=IPAGVETGQQIRLAG&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=ETGQQIRLAGQGEAG&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=RVNLTFEEAIFGTEK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=TGKKFRLRSKGAPSL&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VGDQYVTVNVVTPTG&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=FAAAGDLKVNPKKKG&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=AGVETGQQIRLAGQG&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=IPEGTQTGKKFRLRS&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=PEGTQTGKKFRLRSK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=QTGKKFRLRSKGAPS&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=AVGDQYVTVNVVTPT&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=TGLNDRQKVALKEFA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=NNTEFYDRLGVSKNA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=LTFEEAIFGTEKEVK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=GAVGDQYVTVNVVTP&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=GLNDRQKVALKEFAA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=LNDRQKVALKEFAAA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=NLTFEEAIFGTEKEV&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=TQTGKKFRLRSKGAP&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=GDQYVTVNVVTPTGL&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=DLKVNPKKKGFFDHI&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=YRVNLTFEEAIFGTE&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=EGTQTGKKFRLRSKG&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=DRQKVALKEFAAAGD&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=GDLKVNPKKKGFFDH&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VSKNASADEIKKAYR&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=SKNASADEIKKAYRK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=GDLYVVVSVEASDKF&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=DLYVVVSVEASDKFE&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=LYVVVSVEASDKFER&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=GTQTGKKFRLRSKGA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=DQYVTVNVVTPTGLN&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=TFEEAIFGTEKEVKY&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=PTGLNDRQKVALKEF&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=MNNTEFYDRLGVSKN&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=ASADEIKKAYRKLSK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=YVVVSVEASDKFERE&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VVVSVEASDKFEREG&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VIPEGTQTGKKFRLR&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=NDRQKVALKEFAAAG&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=RQKVALKEFAAAGDL&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=SADEIKKAYRKLSKK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=DKYKEVQEAYETLSD&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VVSVEASDKFEREGT&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VSVEASDKFEREGTT&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VTVNVVTPTGLNDRQ&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=LKEFAAAGDLKVNPK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=QTPLGMMRRQVTCDV&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=YVTVNVVTPTGLNDR&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VNVVTPTGLNDRQKV&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=KNASADEIKKAYRKL&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=EAYETLSDDQKRAAY&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=NPNAPRQGDDLQYRV&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=PNAPRQGDDLQYRVN&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=SVEASDKFEREGTTI&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VEASDKFEREGTTIF&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=EASDKFEREGTTIFY&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=KVNPKKKGFFDHIKD&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=NASADEIKKAYRKLS&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=QEAYETLSDDQKRAA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=NAPRQGDDLQYRVNL&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=LQYRVNLTFEEAIFG&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=ASDKFEREGTTIFYN&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=KFEREGTTIFYNLNL&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VQEAYETLSDDQKRA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=APRQGDDLQYRVNLT&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=DLQYRVNLTFEEAIF&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=QYRVNLTFEEAIFGT&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=TQTPLGMMRRQVTCD&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=SDKFEREGTTIFYNL&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=DKFEREGTTIFYNLN&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=ALKEFAAAGDLKVNP&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VNPKKKGFFDHIKDA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=QKRAAYDQYGAAGAN&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=RGGAVGDQYVTVNVV&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=VALKEFAAAGDLKVN&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=LKVNPKKKGFFDHIK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=NPKKKGFFDHIKDAF&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=YKEVQEAYETLSDDQ&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=PRQGDDLQYRVNLTF&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=EGTTIFYNLNLNFVQ&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=GTTIFYNLNLNFVQA&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=GGAVGDQYVTVNVVT&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=PKKKGFFDHIKDAFD&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=KEVQEAYETLSDDQK&thval=0.3
https://webs.iiitd.edu.in/raghava/il4pred/pepsearch_S.php?seq=EVQEAYETLSDDQKR&thval=0.3
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=SADEIKKAYRKLSKK&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=DEIKKAYRKLSKKYH&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=EIKKAYRKLSKKYHP&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=IKKAYRKLSKKYHPD&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=KKAYRKLSKKYHPDI&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=KAYRKLSKKYHPDIN&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=TLSDDQKRAAYDQYG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=LSDDQKRAAYDQYGA&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=SDDQKRAAYDQYGAA&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=DDQKRAAYDQYGAAG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=DQKRAAYDQYGAAGA&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=QKRAAYDQYGAAGAN&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=KRAAYDQYGAAGANG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=RAAYDQYGAAGANGG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=YDQYGAAGANGGFGG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=DQYGAAGANGGFGGF&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GAAGANGGFGGFNGA&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=AAGANGGFGGFNGAG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=AGANGGFGGFNGAGG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GANGGFGGFNGAGGF&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=ANGGFGGFNGAGGFG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=NGGFGGFNGAGGFGG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GGFNGAGGFGGFEDI&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GAGGFGGFEDIFSSF&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=FGGFEDIFSSFFGGG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GGFEDIFSSFFGGGG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GFEDIFSSFFGGGGS&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=FEDIFSSFFGGGGSS&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=EDIFSSFFGGGGSSR&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=DIFSSFFGGGGSSRN&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=IFSSFFGGGGSSRNP&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=FSSFFGGGGSSRNPN&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=SSFFGGGGSSRNPNA&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=SFFGGGGSSRNPNAP&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=FFGGGGSSRNPNAPR&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=FGGGGSSRNPNAPRQ&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GGGGSSRNPNAPRQG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=EEAIFGTEKEVKYHR&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=EAIFGTEKEVKYHRE&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=AIFGTEKEVKYHREA&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=IFGTEKEVKYHREAG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=FGTEKEVKYHREAGC&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GTEKEVKYHREAGCR&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=TEKEVKYHREAGCRT&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GRCHGAGVINVDTQT&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=RCHGAGVINVDTQTP&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=CHGAGVINVDTQTPL&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=HGAGVINVDTQTPLG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GAGVINVDTQTPLGM&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=AGVINVDTQTPLGMM&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GVINVDTQTPLGMMR&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=VINVDTQTPLGMMRR&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=QVTCDVCHGRGKEIK&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=VTCDVCHGRGKEIKY&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=TCDVCHGRGKEIKYP&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=CDVCHGRGKEIKYPC&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=DVCHGRGKEIKYPCT&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=PAGVETGQQIRLAGQ&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=ETGQQIRLAGQGEAG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=TGQQIRLAGQGEAGF&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GQQIRLAGQGEAGFN&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=FVQAALGDTVDIPTV&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=VQAALGDTVDIPTVH&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=QAALGDTVDIPTVHG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=AALGDTVDIPTVHGD&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=ALGDTVDIPTVHGDV&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=FRLRSKGAPSLRGGA&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=RLRSKGAPSLRGGAV&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=LRSKGAPSLRGGAVG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=SKGAPSLRGGAVGDQ&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=KGAPSLRGGAVGDQY&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GAPSLRGGAVGDQYV&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=PKKKGFFDHIKDAFD&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=KKKGFFDHIKDAFDG&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=KKGFFDHIKDAFDGE&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=KGFFDHIKDAFDGE&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=GFFDHIKDAFDGE&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=FFDHIKDAFDGE&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=FDHIKDAFDGE&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=DHIKDAFDGE&method=hybrid&model=main
https://webs.iiitd.edu.in/raghava/ifnepitope/pep_design.php?sequence=HIKDAFDGE&method=hybrid&model=main
http://dx.doi.org/10.52547/vacres.8.2.65
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GGFGGFNGAGGFGGF 

GFGGFNGAGGFGGFE 

FGGFNGAGGFGGFED 

0.990 

0.744 

0.461 

EKEVKYHREAGCRTC 

TCGRCHGAGVINVDT 

CGRCHGAGVINVDTQ 

0.260 

0.061 

0.028 

LGDTVDIPTVHGDVE 

GDTVDIPTVHGDVEL 

TVDIPTVHGDVELVI 

0.081 

0.006 

0.195 
 

 

 
Protein Peptide Sequence of IL-10 Inducer VaxiJen Score 

DnaJ MNNTEFYDRLGVSKNASADEIKKAYRKLSKKYHPDINKEPGAEDKYKEVQEAYETLSDDQKRAAYDQYGA 0.69 

Protein Peptide Sequence of IL-17 Inducer  

DnaJ QKRAA (epitope ID 138227) (as part of HLA-DRB1*04:01 chain) 0.62 
 

 

In-Silico Immune Response Simulation  

We used the C-ImmSim server to show the DnaJ 

administrations and the humoral and cellular response of the 

mammalian immune system against DnaJ. The result showed an 

increase in the primary response of the IgM titer. Secondary 

and tertiary responses observed after booster doses of DnaJ, an 

increase in proliferation of T- and B-cell populations with 

isotype switching (IgM to IgG and the formation of the IgG1 

and IgG2 subclasses), and formation of memory cells were 

observed. In addition, an increase in natural killer cells, 

dendritic cell responses and macrophage activity were also 

found. In parallel, the immune simulation also showed that 

IFN-γ, IL-2, IL-10 and IL-4 production was stimulated after 

immunization, resulting in humoral and cellular immune 

protection responses (Fig. 4). The results of the IL4pred, IL-

10pred, and IFNepitope predictions were consistent with the 

results of C ImmSim simulation.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table 8. The best IL-10 and IL-17 inducing peptides of DnaJ. 

 

a b 

c d e 

f 
g h 

Fig. 4. In-silico immune response simulation using DnaJ administration. (a) Variety of immunoglobulin production in response to DnaJ injections (DnaJ antigen, 
and IgM, IgG1, and IgG2 subclasses are shown as black and colored peaks, respectively). (b) Cytokines and interleukin levels. The insert plot indicates the IL-2 

level with the Simpson index, D shown by the dotted line, as a measure of diversity and danger signal together with leukocyte growth factor IL-2. (c) The B-cell 

cell population evolution after the three administrations. (d) and (e) The evolution of T-helper and T-cytotoxic cell populations after the DnaJ injections. (f) 
Dendritic cell population evolution. (g) Macrophage population evolution, (h) Natural killer cell population evolution. 
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Molecular Docking  

The ClusPro online server performed molecular protein-

protein docking between DnaJ and HLADRB1*01: 01 (the 

most common binding allele in the Iran population). Cluster 

No. 0.00 of DnaJ-HLADRB1 docked complex with 63 

members having the lowest energy of -809.9 Kcal/mol was 

selected for further analysis. The interaction surface residues of 

the docked complex were checked with Dimpolt tools in 

LigPlot+ software and visualized using PyMol software (Fig. 

5). A total of 7 DnaJ residues coupled with 4 and 4 residues of 

A and B chains from HLADRB1*01:01 molecule, [(Arg104-

Glu55, Thr174-Asn62, Arg181-Gln9, Thr184-Ser53) and (Arg161-

Asp76, Gln173-Gln70, Gln173-Arg71, Asp186-Ser88)], respectively. 

Altogether, a number of 11 hydrogen bonds were formed 

between the DnaJ residues and HLADRB1*01:01 molecule  

(Fig. 5a, 5b, 5c).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cluster No. 0.00 of DnaJ-TLR-2 docked complex with 42 

members having the lowest energy of -865.2 Kcal/mol was 

selected for further analysis. The interaction surface residues of 

the docked complex were checked with Dimpolt tools in 

LigPlot+ software and visualized using PyMol software (Fig. 

6). A total of 8 and 6 residues of DnaJ coupled with 9 and 8 

residues of B and D chains from the TLR-2 molecule, 

respectively. In total, a number of 20 hydrogen bonds, 2 salt 

bonds and many hydrophobic interactions were formed between 

the DnaJ residues and TLR-2 molecule (Fig. 6a, 6b, 6c). The 

details of the interactions are shown in Tables 9a and 9b.  

Cluster No. 0.00 of the ClusPro prediction result of DnaJ-TLR-

4 docked complex with 37 members having the lowest energy 

of -864.7 Kcal/mol was selected for further analysis. The 

interaction of the docked complex were checked with Dimpolt 

tools in LigPlot+ software and visualized by PyMol software 

(Fig. 7). A total of 12 and 3 residues of DnaJ coupled with 13 

and 5 residues of A and B chains from the TLR-4 molecule, 

Fig. 5. Molecular docking of the DnaJ with HLADRB1*01:01 (Chain A and B). a) The 3D structure of DnaJ-HLADRB1 docked complex. The 

cartoon depictions of the DnaJ - HLADRB1*01:01 complex illustrated using the PyMol software. The DnaJ, chain A and B of 

HLADRB1*01:01 have been shown in magenta, green, and cyan, respectively. The lowest energy score of this complex model was -809.9 

Kcal/mol, indicating good binding affinity. b) and c) Dimplot interaction plots between DnaJ residues and HLADRB1*01:01 A (b) and B (c) 

chains in docked complex.  DnaJ residues, HLADRB1*01:01 residues, hydrogen bonds, and non-bonded residues are exhibited in green, blue, 

blue dashed lines, and red/pink eyelashes, respectively. 

a b 

c d 
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respectively. In total, a number of 21 hydrogen bonds and 5 salt 

bonds, and many hydrophobic interactions were formed 

between the DnaJ residues and TLR-4 molecule (Fig. 7a, 7b, 

7c). The details of the interactions are shown in Tables 10a and 

10b. 

 

  

a 

b 

c 

Fig. 6. Molecular docking of the DnaJ with TLR-2 (Chain B and D). a) The 3D structure of DnaJ-TLR-2 docked complex. The cartoon depictions 

of the DnaJ - TLR-2 complex illustrated using the PyMol software. The DnaJ, chain B and D of TLR-2 have been shown in red, magenta, and 

cyan, respectively. The lowest energy score of this complex model was -865.2 Kcal/mol, indicating good binding affinity. b) and c) Dimplot 

interaction plots between DnaJ residues and TLR-2  B (b) and D (c) chains in docked complex.  DnaJ residues, TLR-2 residues, hydrogen bonds, 

residues with hydrophobic bonds are exhibited in green, blue, blue dashed lines, and red/pink eyelashes, respectively. 
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a 

b 

 

DnaJ – TLR-2 docked complex 

DnaJ TLR-2 (B chain) 

Atom 

Name 
Res. No. 

Res. 

Name 

Type of 

Bond 

Atom 

Name 
Res. No. 

Res. 

Name 

H-Bond 

Distance 

(A°) 

O 

O 

O 

OE1 

ND2 

ND2 

O 

NH2 

NE 

OD2 

OD1 

OD2 

334 

334 

333 

339 

336 

336 

274 

338 

338 

280 

363 

363 

Gly 

Gly 

Thr 

Gln 

Asn 

Asn 

Val 

Arg 

Arg 

Asp 

Asp 

Asp 

Hydrogen 

Bonds 

NH1 

NH2 

NH2 

OG1 

O 

O 

ND2 

O 

SG 

NZ 

NZ 

NZ 

74 

74 

74 

51 

49 

48 

33 

37 

30 

55 

567 

567 

Arg 

Arg 

Arg 

Thr 

Gly 

Ser 

Asn 

Lys 

Cys 

Lys 

Lys 

Lys 

2.79 

3.34 

2.74 

2.83 

2.68 

2.75 

2.78 

2.86 

3.20 

2.53 

2.61 

2.52 

DnaJ TLR-2 (D chain) 

Atom 

Name 
Res. No. 

Res. 

Name 

Type of 

Bond 

Atom 

Name 
Res. No. 

Res. 

Name 

H-Bond 

Distance 

(A°) 

ND1 

NZ 

OE2 

OE1 

OE2 

OE1 

OE1 

NZ 

364 

366 

297 

300 

372 

372 

372 

358 

His 

Lys 

Glu 

Gln 

Glu 

Glu 

Glu 

Lys 

Hydrogen 

Bonds 

OD2 

OD1 

NE 

NZ 

NH2 

NE 

ND2 

OE1 

58 

31 

32 

55 

155 

155 

130 

79 

Asp 

Asp 

Arg 

Lys 

Arg 

Arg 

Asn 

Gln 

2.94 

2.55 

2.92 

2.72 

2.71 

2.89 

3.22 

2.69 

OE1 

NZ 

297 

358 

Glu 

Lys 
Salt 

Bridges 

NH2 

OE2 

32 

103 

Arg 

Glu103 
- 

 

 

Interacting residues of DnaJ Interacting residues of TLR-2 (B chain) Type of Bond 

Gly334, Thr333, Gln339, Asn336, 

Ala277, Leu278, Val274, Glu345, 

Phe346, Val341, Arg338, Asp280, 

Asp363, Ala342 

Arg74, Thr51, Gly49, Ala53, Ser29, Asn33, 

Asp31, Leu57, Arg32, Leu59, Pro47, Leu28, 

Lys37, Cys36, Lys55, Cys30,   Lys567 

Hydrophobic Bond 

Interacting residues of DnaJ Interacting residues of TLR-2 (D chain) Type of Bond 

His364, Phe362, Leu278, Lys366, 

Glu297, Gln300, Ile365, Phe361, 

Pro356, Glu372, Lys 358 

Ser56, Ala80, Val82, Asp58,Thr127, Asp31, 

Ser60, Arg32, Lys55, His104, Ile153, Lys37, 

Phe128, Arg155, Asn130, Ile35, Glu103, 

Gln79 

Hydrophobic Bond 

 

Cluster No. 0.00 of the ClusPro prediction result of DnaJ-

TLR-4 docked complex with 37 members having the lowest 

energy of -864.7 Kcal/mol was selected for further analysis. 

The interaction of the docked complex were checked with 

Dimpolt tools in LigPlot+ software and visualized by PyMol 

software (Fig. 7). A total of 12 and 3 residues of DnaJ coupled 

with 13 and 5 residues of A and B chains from the TLR-4 

molecule, respectively. In total, a number of 21 hydrogen bonds 

and 5 salt bonds, and many hydrophobic interactions were 

formed between the DnaJ residues and TLR-4 molecule (Fig. 

7a, 7b, 7c). The details of the interactions are shown in Tables 

10a and 10b. 

 

 

  

Table 9. Analysis of Dimplot 2D-interaction plot between DnaJ residues and TLR-2 molecule in docked complex. 
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a 

b 

c 

Fig. 7. Molecular docking of the DnaJ with TLR-4 (Chain A and B). a) The 3D structure of DnaJ-TLR-4 docked complex. The cartoon 

depictions of the DnaJ - TLR-4 complex illustrated using the PyMol software. The DnaJ, chain A and B of TLR-4 have been shown in yellow, 

green, and cyan, respectively. The lowest energy score of this complex model was -864.7 Kcal/mol, indicating good binding affinity. b) and c) 

Dimplot interaction plots between DnaJ residues and TLR-4  A (b) and B (c) chains in docked complex.  DnaJ residues, TLR-4 residues, 

hydrogen bonds, residues with hydrophobic bonds are exhibited in green, blue, blue dashed lines, and red/pink eyelashes, respectively. 
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Table 10. Analysis of Dimplot 2D-interaction plot between DnaJ residues and TLR-4 molecule in docked complex. 

 

 

 

DnaJ – TLR-4 docked complex 

DnaJ TLR-4 (A chain) 

Atom 

Name 
Res. No. 

Res. 

Name 

Type of 

Bond 

Atom 

Name 
Res. No. 

Res. 

Name 

H-Bond 

Distance 

(A°) 

ND2 

OD2 

NZ 

OE1 

O 

N 

N 

O 

OE2 

OE2 

OE1 

OE1 

OD2 

NE2 

NH2 

NH1 

336 

337 

340 

292 

316 

319 

318 

333 

297 

297 

297 

297 

280 

339 

338 

338 

Asn 

Asp 

Lys 

Glu 

Arg 

Ala 

Gly 

Thr 

Glu 

Glu 

Glu 

Glu 

Asp 

Gln 

Arg 

Arg 

Hydrogen 

Bonds 

O 

NZ 

NE2 

NH2 

HE22 

OE1 

OE1 

NH1 

NH1 

NH2 

ND2 

NZ 

NH2 

OE1 

OD1 

O 

212 

186 

159 

355 

547 

523 

523 

87 

264 

264 

339 

362 

289 

266 

235 

235 

Leu 

Lys 

His 

Arg 

Gln 

Gln 

Gln 

Arg 

Arg 

Arg 

Asn 

Lys 

Arg 

Glu 

Asn 

Asn 

2.85 

2.54 

2.66 

2.73 

2.71 

3.01 

2.81 

3.04 

3.01 

3.05 

2.96 

2.46 

2.72 

2.96 

2.56 

2.78 

OD1 

OE1 

OD2 

NH2 

337 

292 

280 

338 

Asp 

Glu 

Asp 

Arg 

Salt 

Bridges 

NE2 

NE2 

NH1 

OE2 

159 

334 

289 

266 

His 

His 

Arg 

Glu 

- 

DnaJ TLR-4 (B chain) 

Atom 

Name 
Res. No. 

Res. 

Name 

Type of 

Bond 

Atom 

Name 
Res. No. 

Res. 

Name 

H-Bond 

Distance 

(A°) 

 

NZ 

NZ 

N 

O 

ND1 

 

366 

366 

365 

365 

364 

Lys 

Lys 

ILe 

ILe 

His 

Hydrogen 

Bonds 

O 

OE2 

O 

OG 

OD1 

389 

369 

415 

416 

417 

Gly 

Glu 

Ser 

Ser 

Asn 

3.33 

2.74 

3.07 

2.74 

2.76 

NZ 366 Lys 
Salt 

Bridges 
OD2 395 Asp - 

 

Interacting residues of DnaJ Interacting residues of TLR-4 (A chain) Type of Bond 

Asn336, Asp337, Lys340, Glu292, 

Arg316, Leu335, Arg308, Pro296, 

Gly317, Gly334, Ala319, Gly318, 

Val274, Leu343, Thr333, Phe346, 

Glu297, Leu278, Gly279, Thr281, 

Asp280, Gln339, Arg338, Val294 

Leu212, Lys186, Ser184, His159, Thr357,  

Tyr451, Arg355, Ser360, Val475, Glu135, 

Gln547, His334, Phe263, Gln523, Arg234, 

Asn265, Thr110, Arg264, Asn339, Lys362, 

Val316, Ser317, Arg289, Tyr292, Glu336, 

Glu266, Val338, Asn235, Thr359 

Hydrophobic Bond 

Interacting residues of DnaJ Interacting residues of TLR-4 (B chain) Type of Bond 

Lys366, Ile365, His364 
Gly389, Glu369, Asp395, Ser394, Leu419, 

Ser416, Ser415, Asn417 
Hydrophobic Bond 

 

 

Designing of the DnaJ-based Constructs 

We designed five multi-epitope constructs (construct 1 to 

5) based on predicted B- and T-cell epitopes of DnaJ using 

GPGPG flexible linker. The B-cell epitope-based vaccine 

candidate have 3 categories (Fig. 8). As shown in Fig. 8, we 

selected the epitopes with Vaxijen score > 0.4 and 100% 

conservancy (construct1) (Fig. 8a), epitopes with Vaxijen score 

>1 and >85% conservancy (construct2) (Fig. 8b), and epitopes 

with Vaxijen score >1 and 100% conservancy (construct3) (Fig. 

8c). In helper T-cell epitope-based vaccine candidate, we 

selected the MHCII binding epitopes with Vaxijen score >1 and 

100% conservancy (construct4) (Fig. 8d). We also designed 

multi-epitopes of B- and T- cell and IL-17 inducer epitopes 

with Vaxijen score >1 and 100% conservancy to induce and 

promote both mucosal and humoral immune responses against 

pneumococci (construct5; Fig. 8e). 
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Fig. 8. Five multi-epitope Dnaj-based vaccine candidates. a) B-cell epitope-based vaccine candidate with Vaxijen score >0.4 and 100% 

conservancy, b) B-cell epitope-based vaccine candidate with Vaxijen score >1 and >85% conservancy, c) B-cell epitope-based vaccine 

candidate with with Vaxijen score >1 and 100% conservancy, d) helper T-cell epitope-based vaccine candidate, e) multi B- and T-cell 

epitopes DnaJ-based vaccine candidate. 
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Evaluation of Characteristics of Proposed DnaJ-based 

Constructs 

       We analyzed the five proposed DnaJ-based constructs for 

physicochemical properties, antigenicity, toxicity, solubility, 

transmembrain helix. The results are shown in Table 11. Using 

the ProtParam server, the molecular weight (MW) of constructs 

was predicted to be ranging from 11 to 29 kDa. According to 

the theoretical isoelectric point (pI) value, constructs (1 and 3), 

constructs (4 and 5), and construct 2 were expected to be 

neutral, acidic and basic in nature, respectively. Using the 

Solpro server, all constructs were predicted to be soluble when 

overexpressed in E. coli. According to the instability index (II), 

all constructs were classified as a stable protein (II of <40 

indicates stability). The estimated negative GRAVY value of all 

constructs means that the constructs have hydrophilic nature 

and are able to interact with water molecules. All constructs 

were antigen and non-toxin, and had half-life of 30 hours in 

mammalian reticulocytes, in vitro, > 20 hours in yeast, in vivo, 

and >10 hours in E. coli, in vivo. 

 

 

 

Construct 
Molecular 

Weight 

VaxiJen 

Score 
Toxicity pI* II** GRAVY 

Aliphatic 

Index 

(Asp 

+ 

Glu) 

(Arg 

+ 

Lys) 

Trans-

Membrane 

Helices 

Solubility 

Index 

1 28.88 1 Non Toxin 7.6 20.12 -0.69 41.54 20 21 0 
0.94 

(Soluble) 

2 16.13 1.27 Non Toxin 9.85 26.75 -0.89 26.95 7 14 0 
0.53 

(Soluble) 

3 11.46 1.21 Non Toxin 7.91 26.76 -1.116 24.82 7 8 0 
0.7 

(Soluble) 

4 11.59 1.3 Non Toxin 5.44 15.58 -0.6 72.22 12 2 0 
0.97 

(Soluble) 

5 22.55 1.32 Non Toxin 5.95 20.67 -0.77 48.35 19 12 0 
0.51 

(Soluble) 

     *pI: Theoretical Isoelectric Point 
   ** II: Instability Index. 

 

Secondary and Tertiary Structures 

The predicted secondary structure of five proposed DnaJ-

based constructs using the PSIPRED server were shown in 

Figure 9. 

Using GOR V prediction server, we found that the 

construct 1 secondary structure contains 2.05% alpha helix, 

24.23% extended strand, and 73.72% random coil. Construct 2 

secondary structure contains 2.99% alpha helix, 8.3% extended 

strand, and 88.62% random coil. Construct 3 secondary 

structure contains 12.28% alpha helix and 87.72% random coil. 

Construct 4 secondary structure contains 34.26% alpha helix, 

4.63% extended strand, and 61.11% random coil. Construct 5 

secondary structure contains 12.5% alpha helix, 12.95% 

extended strand, and 74.55% random coil. 3D structures of all 

constructs were also modeled using the I-TASSER server and 

shown in Fig. 10. In all predicted models, Model 1 of I-

TASSER, with the highest C-score, was selected for further 

refinement.

 

 

 

 

 

  

Table 11. Structural and Physicochemical characters of proposed DnaJ-based constructs. 

 

Fig. 9. Graphical representation of features of secondary structure of five DnaJ-based constructs using PSIPRED server. The 

alpha helix residues are pink, the beta strand residues are orange and the coil residues are gray.  
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Fig. 10. I-TASSER 3D homology modeling of the DnaJ-based constructs 1 to 5. The structures were displayed by PyMol v.2.5 software. The 

estimated TM-score and RMSD for construct 1 to 5 were (0.46 ± 0.15 and 11 ± 4.6Å), (0.31 ± 0.10 and 13.7 ± 4.0Å), (0.35 ± 0.12 and 11.5 ± 4.5Å), 

(0.29 ± 0.09 and 13.1 ± 4.1Å), (0.34 ± 0.11 and 13.7 ± 4.0Å), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Refinement and Validation of Tertiary Structures 

The best predicted I-TASSER model for five proposed 

DnaJ-based constructs was selected and refined using the 

Galaxy Refine server. GDT-HA score for all constructs were 

about 0.8 to 0.9 which is usually between [0, 1] values, and a 

higher score indicates conservative refinement. RMSD score 

and MolProbity score indicate aggressive refinement and a 

more physically realistic model, respectively. The details of 

Galaxy Refine server for all constructs before and after 

refinement were shown in Table 12. All refined constructs were 

analyzed for verifying the quality and potential errors in the 3D 

model structure using ProSA web and Ramachandran Plot 

(Figure 11). All constructs fell close in the score range 

commonly found in native proteins of comparable size. The 

details of all constructs validation before and after refinement 

using Ramachandran plot statistics from PROCHECK and Z-

score from ProSA web servers were shown in Table 13.
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Construct Model GDT-HA RMSD MolProbity Clash score 
Poor 

rotamers 

Rama 

favored 

Construct 1 

Initial 1.0000 0.000 3.264 11.2 12.7 67.7 

After refinement 

(model 1) 
0.9215 0.508 2.430 19.0 0.5 85.2 

Construct 2 

Initial 1.0000 0.000 3.777 18.5 21.4 43.6 

After refinement 

(model 5) 
0.8713 0.630 3.064 23.8 2.9 69.7 

Construct 3 

Initial 1.0000 0.000 3.546 14.1 16.7 51.8 

After refinement 

(model 2) 
0.8772 0.614 2.356 10.3 1.3 79.5 

Construct 4 

Initial 1.0000 0.000 3.942 26.9 25.0 51.9 

After refinement 

(model 5) 
0.8866 0.600 2.885 39.6 0.0 73.6 

Construct 5 

Initial 1.0000 0.000 3.327 15.2 7.7 50.9 

After refinement 

(model 2) 
0.8873 0.582 2.781 26.3 1.3 75.2 

 

 

  

Fig. 11. Validation of the construct 1 to 5 after refinement with Ramachandran plot and ProSA web plot. 

 

Table 12. The details of Galaxy Refine server for all constructs before and after refinement. 
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DISCUSSION 

Due to the high prevalence of pneumococci with multi-

drug resistance patterns as well as the serotype-dependent 

limitation and low coverage of polysaccharide-based licensed 

pneumococcal vaccines on the market, priority must be given to 

design and the development of surface-exposed and highly 

conserved protein-based vaccines against all pneumococcal 

strains. These vaccine candidates must be able to stimulate both 

the humoral and cellular immune systems along with 

immunological memory [50]. Pneumococcal heat-shock protein 

40 (DnaJ) is highly conserved virulence factor which 

contributes to pneumococcal colonization, stimulates the innate 

immune response, and subsequent mucosal immunity [51]. In 

pneumococcal meningitis or other invasive infections, B-cell 

based immune responses are more important. Because DnaJ 

showed protection against pneumococcal infection and is a 

highly conserved protein, it is a very suitable candidate for 

development of pneumococcal protein-based vaccines. 

However, since DnaJ mainly stimulates cellular immunity, it is 

very valuable to identify and study the immune regions of the 

protein, focusing on the regions that stimulate humoral 

immunity.  

In-silico techniques or Immunoinformatics studies could 

be very applicable to reduce the cost and time of experimental 

research [52, 53] and helpful for epitope mapping of vaccine 

candidate proteins [54]. To our knowledge, this is the first study 

of in-silico analysis of DnaJ. We first evaluated the conserved 

regions of the DnaJ amino acid sequence among clinical 

prevalent pneumococci. The results showed that not only all 

serotypes had DnaJ protein, indicating the conservation of this 

protein in pneumococci, but also their amino acid sequences 

were more conserved. Only 11 of the 387 amino acids had a 

variable sequence at positions of 70, 73, 197, 201, 224, 297, 

315, 355, 358 and 368. We analyzed DnaJ for its 

physicochemical characteristic. The molecular weight of DnaJ 

was 40 kDa. It has reported that the proteins with a molecular 

weight of less than 100 kDa are suitable for vaccine design due 

to its easy expression and purification steps [42]. The SOLpro 

prediction result demonstrated the soluble feature of DnaJ when 

overexpressed in E. coli host. The DnaJ was expected to be 

almost neutral in nature depending on the theoretical isoelectric 

point. The aliphatic index (indicating thermostability) and 

grand average of hydropathicity (GRAVY) were estimated at 

60.3 and -0.603, respectively. The negative GRAVY value 

means that the protein is hydrophilic in nature and may interact 

with water molecules. The in-vivo half-life, which estimates the 

time for half the amount of protein to be destroyed after 

synthesis in the cell, has been estimated 30, 20, and 10 hours in 

mammals, yeast, and E. coli, respectively. The instability index 

was also computed 23.53 and this categorize the protein as 

stable (II of <40 indicates stability) [27]. Understanding the 

secondary and tertiary structures of the target protein is critical 

to vaccine design. The secondary structure of DnaJ contained 

30.34% alpha-helix, 20.43% extended strand, and 53.23% 

random coil using GOR V prediction server. It has been 

reported that the important shapes of “structural antigens” are 

natively unfolded protein regions and alpha-helical coiled-coils 

peptides. Both structural forms have the capacity to retreat into 

their native structure and therefore be identified by antibodies 

naturally induced in response to infection [46]. The DnaJ 3D 

structure was modeled using I-TASSER server. This server is 

one of the best and most widely used servers for designing 

three-dimensional protein structures. I-TASSER server uses the 

multiple threading alignments from PDB to identify structural 

templates, and designs the 3D structures using repetitive 

fragment assembly simulations [55]. Using structural 

refinement servers, we could improve the overall quality factor 

of the initial DnaJ 3D model predicted by I-TASSER and in 

Ramachandran plot, disallowed region residues were reduced 

from 2.3% to 1% after the refinement process. Ramachandran 

plot also revealed that most of the residues are lacated in the 

Constructs 

ITASSER 

 

C-score 

Before Refinement After Refinement 

ERRAT  

quality 

factor 

ProsA 

Z-score 

Ramachandran plot 

ERRAT 

quality 

factor 

ProsA 

Z-score 

Ramachandran plot 

Most favored 

zones (%) 

Allowed 

zones (%) 

Disallowed 

zones (%) 

Most 

favored 

zones 

(%) 

Allowed 

zones 

(%) 

Disallowed 

zones (%) 

1 -2.11 78.27 -1.14 
59.2 

(106aa) 

37.5 

(67aa) 

3.4 

(6aa) 
74.47 -1.23 

79.3 

(142aa) 

17.9 

(32aa) 

2.8 

(5aa) 

2 -3.7 43.39 -0.37 
35.9 

(33aa) 

56.5 

(52aa) 

7.6 

(7aa) 
43.58 -0.97 

51.1 

(47aa) 

42.4 

(39aa) 

6.5 

(6aa) 

3 -3.25 7452 -0.72 
36.4 

(24aa) 
49.1 

(39aa) 
4.5 

(3aa) 
52.88 -1.2 

60.6 
(40aa) 

33.3 
(22aa) 

6.1 
(4aa) 

4 -3.92 70.21 -4.73 
49.4 

(40aa) 

44.4 

(36aa) 

6.2 

(5aa) 
53.84 -4.73 

66.7 

(54aa) 

25.9 

(21aa) 

7.4 

(6aa) 

5 -3.4 81.95 -1.99 
47.5 

(67aa) 

48.2 

(68aa) 

4.3 

(6aa) 
71.25 -2.6 

70.9 

(100aa) 

25.5 

(36aa) 

3.5 

(5aa) 

Table 13. The details of all constructs validation before and after refinement using Ramachandran plot statistics from PROCHECK and 

Z-score from ProSA web servers. 
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favoured and allowed regions (99%); demonstrating that the 

overall model quality is satisfactory. The structural refinement 

servers optimized the hydrogen-bonding network, minimized 

the atomic energy of the model, and improved the 3D structure 

by the molecular dynamics simulation.  

Then we also predicted linear and conformational B-cell, 

and T-cell epitopes using different databases. According to B-

cell epitope prediction servers (BCPred, IEDB, and Ellipro), 24 

predicted linear B-cell epitopes had 86-100% conservation 

among prevalent clinical pneumococcal serotypes. Among 

them, only 13 epitopes were 100% conserved, mostly at 

positions 5-24, 96-116, 104-118, 141-146, 141-161, 167-187, 

148-190, 204-209, 233-242, 231-251, 272-283, 317-337, and 

334-341, and sequences of EFYDRLGVSKNASADEIKKA, R 

N P N A P R Q G D D L Q Y R, G T G H E K, Q G E AG F N 

G G P, G L N D R Q K V, S G A K P G T S P V T C G R C H 

G A  G V I N V D T Q T P L G M M R R Q V T C D V C H G, 

N F V Q A A L G D T V D, G C R T C N, A G Q G E A G F N 

G G P Y G D L Y V V V, F F G G G G S S R N P N A P R Q 

G D D L , G C R T C N G S G A K P G T S P V T C G , G G A 

V G D Q Y V T V N V V T P T G L N, V I N V D T Q T P L 

G M M R R Q V T C D. According to the VaxiJen score, the 

predicted linear B-cell epitopes had a score ranging from 0.4 to 

3.88. The highest percentage of the VaxiJen score (score>1) can 

be considered more immunogenic. The highest percentage of 

VaxiJen score was found in GTGHEK, G T Q T G K K F R L 

R S K G A P S L R G G A V, 

RNPNAPRQGDDLQYR,GAAGANGGFGGFNGAGGFGG,A

GQGEAGFNGGPYGDLYVVV,FFGGGGSSRNPNAPRQGD

DL, GCRTCNGSGAKPGTSPVTCG epitopes with a VaxiJen 

score of 3.88, 1.42, 1.34, 1, 1, 1, and 1, respectively. Among 

them, only certain epitopes G T G H E K, 

RNPNAPRQGDDLQYR, AGQGEAGFNGGPYGDLYVVV, F 

F G G G G S S R N P N A P R Q G D D L, and 

GCRTCNGSGAKPGTSPVTCG were 100% conserved among 

clinical prevalent pneumococcal serotypes. Although DnaJ has 

been reported to play a major role in cellular immunity, our 

immunocomputing results may indicated the high potential of 

DnaJ to stimulate humoral immunity. 

We also investigated MHC-II binding epitopes for eight 

HLA-II alleles [HLA-DRB* (01:01- 03:01- 04:01- 07:01- 

08:01- 11:01-13:01- 15:01)], and mouse MHC-II H2 alleles (I-

Ad, I-Ab, and I-Ed). The conservancy percentage and VaxiJen 

score were calculated for predicted helper T-cell epitopes. Of 

76 predicted epitopes according to the IEDB server with a score 

<5, 55 epitopes were 100% conserved and 21 epitopes had a 

conservancy score of 82.61 to 91.3%. Among the fully 

conserved epitopes, some were non-immunogenic with a 

VaxiJen score < 0.5. In total, 45 epitopes had a VaxiJen score 

ranging from 0.6 to 1.35 and only 15 epitopes had a VaxiJen 

score ≥ 1 and conservation score from 86.96 to 100% with a 

sequence of N L N L N F V Q A A L G D T V, Y N L N L N F 

V Q A A L G D T, L N L N F V Q A A L G D T V D, G D D L 

Q Y R V N L T F E E A, Q G D D L Q Y R V N L T F E E, F 

R L R S K G A P S L R G G A, Q T G K K F R L R S K G A P 

S, T G K K F R L R S K G A P S L, A Y D Q Y G A A G A N 

G G F G, G K K F R L R S K G A P S L R, Y D Q Y G A A G 

A N G G F G G , K F R L R S K G A P S L R G G, K K F R L 

R S K G A P S L R G, T Q T G K K F R L R S K G A P, 

RAAYDQYGAAGANGG. From above epitopes, only five 

epitopes were 100% conserved and had VaxiJen score ≥ 1, with 

sequence of N L N L N F V Q A A L G D T V, Y N L N L N F 

V Q A A L G D T, L N L N F V Q A A L G D T V D, G D D L 

Q Y R V N L T F E E A, Q G D D L Q Y R V N L T F E E. 

Furthermore, the prediction results of cytokine inducer epitopes 

indicated that DnaJ might be able to induce the production of 

IL-4 and IFN-γ, suggesting that this protein may play a role in 

activating both humoral and cellular immunity.  

To develop the effective mucosal immunity against 

extracellular bacteria, the Th1/Th17-polarized immune 

response is critical [44]. In this study, we analyzed the IL-17 

and IFN-γ inducer epitopes as symbolic cytokines of Th17 and 

Th1, respectively. IL-17 epitope of DnaJ was identified as 

QKRAA sequence with VaxiJen score 0.6. In agreement with 

Cui et al.[13], our immuoinformatics investigation showed that 

DnaJ might induce mucosal and systemic immunity with 

stimulating the production of high levels of IL-10, IFN-γ and 

IL-17A cytokines. The results of immune simulation servers are 

accordance with other our epitope mapping of DnaJ and 

experimental analysis of DnaJ which have been reported so far.  

ClusPro and DimPlot results of DnaJ and HLA-

DRB1*01:01 (the most common binding allele in the Iran 

population) docking complex showed the lowest energy binding 

of -809.63 Kcal/mol and 63 cluster members indicating good 

binding affinity and coupling of this protein with human 

MHCII via 11 hydrogen bonds. It was reported that DnaJ 

contributes to the activation of bone marrow-derived dendritic 

cells (BMDCs) and phagocytosis of macrophage, leading to the 

development of innate, humoral and cellular immunities 

through Toll-like receptors 4 and 2 (TLR-4 and TLR-2) [20, 21, 

48]. For a more detailed understanding of the amino acid 

residues of DnaJ involved in the interacting interface with 

TLRs molecules, molecular docking was performed. Docking 

complex of DnaJ with TLR-2 and TLR-4 showed the lowest 

energy binding of -865.2 Kcal/mol with 42 cluster members 

and -864.7 Kcal/mol with 37 cluster members via 20 and 21 

hydrogen bonds, 2 and 5 salt bonds and many hydrophobic 

interactions indicating good binding affinity and coupling of 

DnaJ with TLR-2 and TLR-4, respectively. The DnaJ residues 

of (Gly334, Thr333, Gln339, Asn336, Val274, Arg338, 

Asp280, Asp363, His364, Lys366, Glu297, Gln300, Glu372, 

Lys358, Ala277, Leu278, Glu345, Phe346, Val341, Ala342, 

Phe361, Phe362, Leu278, Ile365, Pro356) and (Asn336, 

Asp337, Lys340, Glu292, Arg316, Ala319, Gly318, Thr333, 

Glu297, Asp280, Glu339, Arg338, Lys366, Ile365, His364, 

Asp337, Leu335, Arg308, Pro296, Gly317, Gly334, Val274, 

Val294, Leu343, Leu278, Phe346, Gly279, Thr281)  were 

predicted to perform roles in the interactions with TLR-2 and 

TLR-4, respectively. 

Finally, we could predict first the immunogenic profile 

(epitope mapping) of DnaJ for the first time using 

Immunoinformatics to design the multi-epitopes vaccine 
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candidates for stimulating the B- and T-helper2 cell-based 

immunity against DnaJ. Then, we considered the percentage of 

immunogenicity according to the VaxiJen score and percentage 

of epitope conservation among DnaJ of clinical prevalent 

serotypes of pneumococci as the selection criteria. Finally, we 

introduced five constructs as novel interesting multi-epitope 

DanJ-based vaccine candidate. We also used IL-17 inducer 

epitope to design multi-epitope construct to induce and promote 

both mucosal and humoral immune responses against 

pneumococci. All constructs were immunogenic, nontoxic, 

soluble, and stable. The secondary and 3D structures of all 

construct were predicted and modeled. The structures were 

validated. In the future, the efficacy of the predicted multi-

epitope DnaJ-based vaccine candidates should be confirmed in 

laboratory and animal models. 
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