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Fig.11. Number of hydrogen bonds in each frame of MD simulation trajectories (A), RDF 

plots for hydrogen bonds in TLR3-MEPVC critical in interaction and stability (B), and salt 

bridges formed between TLR3 and MEPVC (C) during simulation time. 
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Table 3. Hydrogen bonds between TLR3 and MEPVC formed during MD simulations. 

Donor Acceptor Occupancy 

Gln78-Side Arg705-Main 0.04% 

Tyr638-Side Glu328-Side 34.02% 

Asn633-Side Asp251-Side 14.20% 

Arg705-Side Asp52-Side 98.52% 

Arg706-Side Asp124-Side 36.24% 

Lys679-Side Thr122-Side 8.52% 

Lys171-Side Glu675-Side 29.48% 

Arg708-Side Hie79-Side 0.06% 

Arg643-Side Glu323-Side 83.46% 

Tyr639-Side Tyr273-Side 0.02% 

Lys679-Side Glu98-Side 14.34% 

Lys171-Side Val649-Main 0.18% 

Gly630-Main Glu174-Side 6.26% 

Lys172-Side Thr634-Side 0.06% 

Lys679-Side Glu146-Side 7.34% 

Hie10-Side Asn742-Main 0.04% 

Tyr297-Side Val642-Main 0.02% 

Gly630-Main Ser176-Side 0.04% 

Asn228-Side Gln722-Side 0.58% 

Tyr639-Side Hie324-Side 0.70% 

Gln722-Side Asn228-Side 0.56% 

Arg643-Side Hie324-Side 11.54% 

Lys679-Side Ile121-Main 0.04% 

Gln722-Main Tyr254-Side 22.94% 

Arg705-Side Ser50-Side 0.22% 

Arg296-Side Ile659-Main 0.02% 

Asn200-Side Asn633-Side 3.04% 

Tyr278-Side Pro720-Main 6.86% 

Asn326-Side Tyr638-Side 0.08% 

Lys172-Side Gly630-Main 0.60% 

Lys301-Side Tyr638-Side 0.04% 

Hie743-Side Thr30-Side 1.56% 

Asn742-Side Hie10-Side 0.16% 

Tyr273-Side Ser651-Side 0.04% 

Hie10-Side Asn742-Side 4.32% 

Hie127-Side Val748-Side 4.40% 

Tyr273-Side Ser651-Main 2.66% 

Lys347-Side Gln658-Side 0.54% 

Asn223-Side Glu675-Side 0.16% 

Arg643-Main Tyr348-Side 0.10% 

Hie127-Side Val748-Main 0.88% 

Arg296-Side Cys652-Main 0.06% 

Gln658-Side Glu323-Side 0.98% 

Hie743-Side Hie10-Side 0.02% 
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Hie10-Side Tyr739-Main 0.02% 

Hie743-Side Hie31-Side 0.22% 

Tyr273-Side Cys652-Main 0.28% 

Asn633-Side Asn200-Side 1.08% 

Asn742-Side Hie31-Side 0.12% 

Asn633-Side Ser225-Side 0.48% 

Lys655-Side Glu323-Side 0.32% 

Asn151-Side Val748-Side 0.04% 

Hie31-Side Hie743-Side 1.08% 

Hie79-Side Thr744-Side 0.50% 

Hie10-Side Tyr739-Side 0.06% 

Lys172-Side Glu675-Side 0.58% 

Lys655-Main Tyr273-Side 0.36% 

Arg646-Side Glu323-Side 25.80% 

Hie31-Side Asn742-Main 4.54% 

Arg708-Side Hie127-Side 0.10% 

Ser225-Side Asn633-Side 0.04% 

Arg706-Side Hie100-Side 0.10% 

Arg643-Side Glu323-Main 0.02% 

Arg296-Side Gln658-Side 0.68% 

Lys699-Side Thr629-Side 11.72% 

Lys699-Side Thr629-Main 5.64% 

Lys699-Side Glu628-Side 6.90% 

Arg708-Side Ser103-Side 0.20% 

Tyr273-Side Gln658-Side 3.00% 

Gln658-Side Tyr273-Side 0.42% 

Lys699-Side Glu628-Main 0.46% 

Arg646-Side Tyr273-Side 0.28% 

Gln658-Side Glu272-Side 1.06% 

Lys699-Side Asn627-Side 0.06% 

Hie127-Side Asp747-Side 0.24% 

Gln696-Side Glu628-Side 0.02% 

Gln696-Side Asn627-Side 1.02% 

Arg222-Side Cys652-Main 0.04% 

Lys172-Side Asn633-Side 0.32% 

Glu628-Main Gln696-Side 0.56% 

Lys655-Side Glu272-Side 3.02% 

Thr697-Side Thr629-Main 23.12% 

Gln696-Side Glu628-Main 3.08% 

Thr697-Side Thr629-Side 0.18% 

Arg641-Side Asp402-Side 0.02% 

Gln696-Side Thr629-Side 0.68% 

Gln78-Side Thr744-Side 0.32% 

Thr744-Side Hie79-Side 0.14% 

Tyr639-Side Tyr297-Side 0.02% 

Thr697-Side Glu628-Main 1.28% 
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Lys679-Side Gln145-Side 0.02% 

Asn627-Side Gln696-Side 0.42% 

Thr629-Side Glu735-Side 0.04% 

Gly698-Main Thr629-Main 0.22% 

Thr629-Side Gln696-Main 0.16% 

Thr629-Side Gln696-Side 0.02% 

Gln78-Side Hie743-Main 0.02% 

Lys171-Side Glu675-Main 0.02% 

Gln145-Side Glu675-Side 0.10% 

Arg706-Side Glu146-Side 5.36% 

Lys655-Side Gln270-Side 0.02% 

Arg706-Side Glu98-Side 12.14% 

Asn627-Side Gln696-Main 0.20% 

Tyr254-Side Gln722-Side 0.02% 

 

3.12. Density Distribution and Local Structure Movements  

The vital hydrogen bond interactions involved between TLR3 receptor and MEPVC 

shortlisted by VMD were subjected to a novel AFD analysis to elucidate 3D movements of 

MEPVC atoms with respect to a reference TLR3 residues atom in simulation time. To this 

objective, interactions mentioned in the RDF were used in AFD. Preliminary investigation 

suggested that only three interactions: TLR3-Asp52-MEPVC-Arg705, TLR3-Glu328-

MEPVC-Tyr638, and TLR3-Glu323-MEPVC-Arg643 are mainly represented frequently and 

found in most of the simulation frames. The TLR3-Asp52-MEPVC-Arg705 is uncovered in 

4997 frames, TLR3-Glu328-MEPVC-Tyr638 in 4988, and TLR3-Glu323-MEPVC-Arg643 

in 4985 making these interactions ideal for interpreting density distribution of the interactions 

on XYZ planes and also appropriate for gaining ideas about conformational changes of the 

interacting atoms with respect to each other. As the local structure movements and rotations 

are responsible for functional shifts, their understanding in our system is important to be 

unveiled. For TLR3-Asp52-MEPVC-Arg705 (Fig.12), the density distribution is not uniform, 

dispersed and behave flexibility in affinity on all three axis for the receptor atom. Parallel, the 

strength of interaction is also observed affected due to these minor structural movements of 

the MEPVC residue atom. Though, the mentioned interaction depicts MEPVC is still within 

the vicinity of the TLR3 reference residue and enjoys this interaction flexibility with the said 

MEPVC residue during simulation. TLR3-Glu328-MEPVC-Tyr638 interaction (Fig.13) has 

less distribution area and has much higher intensity illustrating strong affinity of the 

interacting atoms for each other. It also gives an idea of the lesser movements of the atoms 

with respect to each other, an indication of a correct system conformation. The distribution 

area TLR3-Glu323-MEPVC-Arg643 is much dispersed though high intensity of the 

interaction can be seen in close vicinity (Fig.14).        
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Fig.12. AFD for TLR3-Asp52-MEPVC-Arg705 interaction. 
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Fig.13. AFD plot for TLR3-Glu328-MEPVC-Tyr638. 
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Fig.14. AFD plot for TLR3-Glu323-MEPVC-Arg643. 

3.13. MEPVC-TLR3 Complex Revealed High Binding Free Energies  
 

The net free energy of binding (ΔTOTAL) in both GB and PB models are revealed favorable 

MEPVC-TLR3 complex in pure water. The net GB and PB energy for the MEPVC-TLR3 

complex is -53.81 kcal/mol and -89.02 kcal/mol, respectively. To this energy, high 

contribution was noticed from gas phase energy (ΔG gas) compared to highly insignificant 

contributions from solvation energy (ΔG solv). In GB model, the ΔG gas energy for the 

system is -1889.76 kcal/mol whereas in PB model this energy is -1889.76 kcal/mol.  The ΔG 
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solv energy in case of GB is 1835.95 kcal/mol while in case of PB it is 1800.74 kcal/mol. The 

electrostatic contribution to the system estimated by MM force field in both methods is 

highly favorable to the net energy (i.e. -1752.51 kcal/mol). Likewise, the van der Waals 

contribution form MM is also reported significant in system stability (-137.25 kcal/mol). The 

electrostatic energy contribution (EGB and EPB) to the ΔG solv is found prime parameter 

leading to non-favorable contribution of ΔG solv energy in both techniques. The surface area 

energy (ESURF) computed in GB method is -20.22 kca/mol. In PB, ENPOLAR and 

EDISPER are the repulsive and attractive free energy and is -17.44 kcal/mol and 0 kcal/mol, 

respectively. Individual binding free energy for MEPVC-TLR3 complex, TLR3 receptor, 

MEPVC and net energy is tabulated in Table 4.     
 

Table 4. Binding free energies for MEPVC-TLR3 system. 
 

GB PB 

MEPVC-TLR3 Complex MEPVC-TLR3 Complex 

Energy 

Component 
Average 

Std. 

Dev. 

Std. Err. of 

Mean 

Energy 

Component 
Average 

Std. 

Dev. 

Std. Err. of 

Mean 

VDWAALS -6191.82 42.04 4.2 VDWAALS -6191.82 42.04 4.2 

EEL -51977.55 163.19 16.31 EEL -51977.55 163.19 16.31 

EGB -9135.8 129.32 12.93 EPB -8914.84 123.4 12.34 

ESURF 236.0035 2.49 0.24 ENPOLAR 162.86 1.12 0.11 

G gas -58169.38 155 15.5 G gas -58169.38 155 15.5 

G solv -8899.79 128.24 12.82 G solv -8751.97 123.14 12.31 

TOTAL -67069.18 66.36 6.63 TOTAL -66921.36 69.42 6.94 

TLR3 Receptor TLR3 Receptor 

Energy 

Component 
Average 

Std. 

Dev. 

Std. Err. of 

Mean 

Energy 

Component 
Average 

Std. 

Dev. 

Std. Err. of 

Mean 

VDWAALS -5255.53 38.07 3.8 VDWAALS -5255.53 38.07 3.807 

EEL -44981.18 160.75 16.07 EEL -44981.1 160.75 16.07 

EGB -7204.15 129.25 12.92 EPB -6992.97 121.61 12.16 

ESURF 199.02 2.05 0.2 ENPOLAR 140.11 0.93 0.09 

G gas -50236.72 147.41 14.74 G gas -50236.72 147.41 14.74 

G solv -7018 128.74 12.87 G solv -6852.86 121.47 12.14 

TOTAL -57241.85 54.49 5.44 TOTAL -57089.58 60.3 6.03 

MEPVC MEPVC 

Energy 

Component 
Average 

Std. 

Dev. 

Std. Err. of 

Mean 

Energy 

Component 
Average 

Std. 

Dev. 

Std. Err. of 

Mean 

VDWAALS -799.03 15.45 1.54 VDWAALS -799.03 15.45 1.54 

EEL -5243.85 56.53 5.65 EEL -5243.85 56.53 5.65 

EGB -3787.82 47.6 4.76 EPB -3740.06 45.41 4.54 

ESURF 57.2 1.08 0.1 ENPOLAR 40.2 0.64 0.06 

G gas -6042.89 56.11 5.61 G gas -6042.89 56.11 5.61 

G solv -3730.62 47.43 4.74 G solv -3699.86 45.23 4.52 

TOTAL -9773.51 31.87 3.18 TOTAL -9742.75 33.63 3.36 

Differences (MEPVC-TLR3 - TLR3- Vaccine MEPVC) Differences (MEPVC-TLR3 - TLR3- Vaccine MEPVC) 

Energy 

Component 
Average 

Std. 

Dev. 

Std. Err. of 

Mean 

Energy 

Component 
Average 

Std. 

Dev. 

Std. Err. of 

Mean 
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VDWAALS -137.25 7.9 0.79 VDWAALS -137.25 7.9 0.79 

EEL -1752.51 48.84 4.88 EEL -1752.51 48.84 4.88 

EGB 1856.18 45.486 4.54 EPB 1818.19 45.33 4.53 

ESURF -20.22 1.29 0.12 ENPOLAR -17.44 0.51 0.05 

- - - - EDISPER 0 0 0 

ΔG gas -1889.76 48.37 4.83 ΔG gas -1889.76 48.37 4.83 

ΔG solv 1835.95 45.19 4.51 ΔG solv 1800.74 45.2 4.52 

ΔTOTAL -53.81 8.1955 0.8195 Δ TOTAL -89.02 11.55 1.15 

 

3.14. Net Energy Decomposition Discovered Hot-spot Residues  

The net free energy of the simulated system was subjected to per residues and pairwise 

residues decomposition to point residues that contribute majorly in system stabilization and 

lower energy. Molecular docking simulation studies demonstrated 64 residues from the TLR3 

receptor that are in direct contact with the MEPVC but per residue decomposition assay 

illustrated that among the residues only Hie31, Phe55, Glu98, Hie100, Met102, Ile121, 

Thr122, Asp124, Glu146, Glu146, Glu174, Ser176, Phe198, Asn200, Ser225, Met249, 

Asp251, Tyr254, Tyr273, Phe275, Tyr278, Tyr297, Glu323, Hie324, and Tyr348 are hotspot 

as they contribute rigoursly in binding interaction with MEPVC at the docked side. The side 

chain of Hie100, Thr122, Asp124, Glu174, Ser176, Tyr254, and Glu323 contribute 

significantly in chemical interactions and have energy value in following order: -2.86602 

kcal/mol, -3.71782 kcal/mol, -3.77019 kcal/mol, -3.80724 kcal/mol, -2.71475 kcal/mol, -

2.40187 kcal/mol, and -3.54158 kcal/mol, respectively. To these TLR3 hotspot residues, the 

MEPVC interacting residues were also observed in quite lower energies illustrating high 

affinity for the receptor residues for chemical interactions. From MEPVC, ASN633 (-4.11274 

kcal/mol), TYR638 (2.83056 kcal/mol), VAL642 (-2.12862 kcal/mol), ARG643 (-6.59981 

kcal/mol), GLU675 (-2.57531 kcal/mol), TRP682 (-2.54238 kcal/mol), ARG705 (-3.1088 

kcal/mol), and ARG706 (-4.45088 kcal/mol) are favorable residues in stable complex 

formation. The hotspot residues for both TLR3 and MEPVC are shown in S-Fig.2.  

3.15. Frame –wise Energy Decomposition  

The binding free energy of the TLR3-MEPVC complex, TLR3 receptor, MEPVC and the net 

system energy is further decomposed into 100 frames extracted from simulation trajectories 

(S-Fig.3). This information deemed vital in predicting the simulation time where higher 

intermolecular affinity was observed and can guide about the most suitable docked 

conformation. In general the complex, receptor and construct energies are higher in PB 

compared to GB but for the total energy, the PB energies are quite lower for frames in 

contrast to GB. For the complex, the min, max and average binding energy reported are -

67264.7 kcal/mol, -66901.5 kcal/mol, and -67069.5 kcal/mol, respectively in GB.  The PB 

max frame energy is -66751.4 kcal/mol, min is -67120.2 kcal/mol and average is -66921.6 

kcal/mol. The GB receptor max is -57111.5 kcal/mol whereas the min is -57381.8 kcal/mol, 

and average is -57242 kcal/mol. For PB receptor, max of -56961 kcal/mol of energy was 

noticed compared to the min -57249 kcal/mol. The MEPVC is showing high average energy 

(-9773.16 kcal/mol in GB and -9742.47 kcal/mol in PB), max (-9672.42 kcal/mol in GB and -

9644.54 kcal/mol in PB) and min (-9838.37 kcal/mol in GB and -9811.3 kcal/mol in PB). The 

net average energy for frames in GB is -53.8024 kcal /mol (max, -33.978 kcal/mol and min, -

72.791 kcal/mol) and in PB is -89.0949 kcal/mol (max, -65.151 kcal/mol and -120.384 

kcal/mol).  
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3.16. Pair-wise Energy Contribution 

Pair-wise energy contribution to the net energy of the system was accomplished in order 

understand pair residues role from both TLR3 and MEPVC in complex stability. We found 

that the Thr122 and Asp124 (-4.56 kcal/mol in GB and -5.45 kcal/mol in PB), Glu174 and 

Ser176 (-3.45 kcal/mol in GB and -3.77 kcal/mol in PB), Glu323 and Hie324 (-2.86 kcal/mol 

in GB and -3.99 kcal/mol in PB) of TLR3 receptor have high combine contribution to the net 

energy. In case of MEPVC, Asn633 and Thr634 (-3.21 kcal/mol in both GB and PB), Val642 

and Arg643 (-5,87 kcal/mol in GB and -3.27 kcal/mol in PB) and Arg705 and Arg708 (-2.74 

kcal/mol and 2.04 kcal/mol).  

4. Conclusions 

Taken together, we characterized SARS-CoV-2 spike glycoprotein for antigenic peptides and 

proposed a MEPVC by means of several computational immunological methods and 

biophysical calculations. The outcomes of this study could save time and associated cost that 

go into experimental epitope targets study. The MEPVC is capable of activating all 

components of the host immune system, have suitable structural and physicochemical 

properties. Also, it seems to have very stable dynamics with TLR3 innate immune receptor 

and thus has higher chances of presentation to the host immune system. However, additional 

in vivo and in vitro experimentations are needed to disclose its potential in fight against 

COVID-19. 
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S-Fig.1. PROSA-Z energy plot for the MEPVC. 

S-Fig.2. Residue wise decomposition of net binding energy into TLR3 receptor and MEPVC 

interacting residues. Top (GB) and bottom (PB).   

S-Fig.3. Binding energy decomposition per frame for TLR3-MEPVC complex (A), TLR3 

receptor (B), MEPVC (C) and net energy (D). 

 

S-Table 1. B cell epitopes predicted for the SARS-CoV-2 spike glycoprotein. 

 

S-Table 2. Top 5 refined model of the MEPVC. The input MEPVC is also provided.  
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