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a b s t r a c t 

In this study we explored the molecular mechanism of RdRp (Non-Structural Protein, NSP12) interac- 

tion with its co-factors NSP7 and NSP8 which is the main toolbox for RNA replication and transcrip- 

tion of SARS-CoV-2 and SARS-CoV. The replication complex is a heterotetramer consists of one NSP12, 

one NSP7 and two NSP8. Extensive molecular dynamics (MD) simulations were applied on both the het- 

erotetramer complexes to generate the conformations and were used to estimate the MMPBSA binding 

free energy (BFE) and per-residue energy decomposition of NSP12-NSP8 and NSP12-NSP7 and NSP7-NSP8 

complexes. The BFE of SARS-CoV-2 heterotetramer complex with its corresponding partner protein was 

significantly higher as compared to SARS-CoV. Interface hotspot residues were predicted using differ- 

ent methods implemented in KFC (Knowledge-based FADA and Contracts), HotRegion and Robetta web 

servers. Per-residue energy decomposition analysis showed that the predicted interface hotspot residues 

contribute more energy towards the formation of complexes and most of the predicted hotspot residues 

are clustered together. However, there is a slight difference in the residue-wise energy contribution in 

the interface NSPs on heterotetramer viral replication complex of both coronaviruses. While the over- 

all replication complex of SARS-CoV-2 was found to be slightly flexible as compared to SARS-CoV. This 

difference in terms of structural flexibility/stability and energetic characteristics of interface residues in- 

cluding hotspots at PPI interface in the viral replication complexes may be the reason of higher rate of 

RNA replication of SARS-CoV-2 as compared to SARS-CoV. Overall, the interaction profile at PPI interface 

such as, interface area, hotspot residues, nature of bonds and energies between NSPs, may provide valu- 

able insights in designing of small molecules or peptide/peptidomimetic ligands which can fit into the 

PPI interface to disrupt the interaction. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Coronaviruses are positive-strand RNA viruses which belong 

o the family of Coronaviridae. Beta-subtype coronaviruses have 

ecome a big threat to public health, in the past two decades 

t caused three major outbreaks: the Severe Acute Respiratory 

yndrome-associated Coronavirus (SARS-CoV) in 2003, the Middle 

ast Respiratory Syndrome-associated Coronavirus (MERS-CoV) in 

012, and presently, the Severe Acute Respiratory Syndrome asso- 

iated Coronavirus 2 (SARS-CoV-2) [ 1 , 2 ]. Among these three CoV, 

ARS-CoV-2 is responsible for current pandemic of coronavirus dis- 

ase 2019 (COVID-19), with more than 254 million confirmed in- 
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ected cases and over five million deaths globally, leading to so- 

ial, societal, and economic. Though there is a progress in vac- 

ine development, there is no highly effective therapeutic agent 

gainst SARS-CoV, MERS-CoV or SARS-CoV-2. To combat the cur- 

ent and future coronavirus outbreaks, novel therapeutics are des- 

erately needed. Coronaviruses RNA genome encodes for some 

pecific viral components such as RNA dependent RNA polymerase 

RdRp, NSP12), replicase, spike, envelop and nucleocapside proteins 

mong these, NSP12 is the central component of replication and 

ranscription machinery of coronaviruses. The replication complex 

onsists of one NSP12, one NSP7 and two NSP8 ( Fig. 1 ). The NSP7

nd NSP8 act as cofactors which drive the functional activity of 

SP12, by increasing the binding of NSP12 to the template-primer 

NA [3] . Thus, there is a need to obstruct this NSPs interaction to 

nhibit the replication to have control over the SARS-CoV-2 infec- 
ion. 

https://doi.org/10.1016/j.molstruc.2022.132602
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.132602&domain=pdf
mailto:gnsastry@neist.res.in
mailto:gnsastry@gmail.com
https://doi.org/10.1016/j.molstruc.2022.132602
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Fig. 1. Cartoon representation of SARS-CoV-2NSP12(red)in complex withthecofactorsNSP8 and NSP7(PDB ID: 6M71). (a) Heterotetramer complex, consists of one NSP12 chain 

interacting with one NSP7 (blue) and there are two NSP8 (green) one is interacting with NSP12 and another is interacting with NSP7 (b) NSP12-NSP7 complex (c) NSP12-NSP8 

complex. 
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The characterization of the protein-protein interaction (PPI) 

ites is an essential step towards identifying drug targets in order 

o design potential drugs to obstruct the protein-protein interac- 

ions that forms protein complexes [4–9] . Understanding of PPI is 

ritical to decipher the molecular contacts which are important for 

ecognition and the physical basis of affinity [10] . The PPI inter- 

aces are generally less conserved than active sites, PPI inhibitors 

re also commonly considered to have a greater opportunity for 

eing selective to obstruct PPI [ 11 , 12 ]. Amino acid residues present

t PPI, interact with each other, where some of these residues 

ontribute highly to stabilizing energy of the protein-protein com- 

lex, provide specificity at their binding sites [13] and thus these 

esidues are termed as hotspots. Identifying these hotspot residues 

ithin the protein-protein interfaces can help us in better un- 

erstanding of protein-protein interactions and may also help re- 

earchers to modulate protein-protein binding [14] . The hotspots 

re those upon alanine mutation results in significant increase in 

inding free energy ( ��G) of 1.5 kcal/mol, other studies have con- 

idered the ��G of at least 2.0 kcal mol −1 [15–18] . While null- 

pots exist in the surrounding regions of the hotspots and protect 

hem from solvent exposure [19] . Hotspot residues exist in clusters 

nd are well conserved and more buried in comparison to other 

nterface residues in the protein-protein complex. Amino acids like 

yr, Arg-and Trp-amino acids have a greater tendency in being a 

otspot, while Leu, Thr, Ser, and Val-are less likely to act as a 

otspot [20–22] . Identification of hotspots are helpful in studying 

rotein dimer and also aid in the identification of probable bind- 
2 
ng sites for other binding partners [23] . Therefore, identifying the 

otspot residues within the interfaces of NSPs of replication com- 

lex of SARS-CoV-2 can be helpful in better understanding the PPI 

nd may be helpful to modulate interacting interface area. 

Experimental methods such as Alanine scanning mutagenesis 

ASM) have been used extensively to identify hotspot residues 

t protein-protein interfaces where residues are systematically re- 

laced with alanine, to measure the binding free energy differ- 

nce [24] . However, this method is time-consuming and expensive. 

hereby we have used computational methods which are freely 

vailable web-based services including KFC [25] , HotRegion [26] , 

nd Robetta server [ 27 , 28 ] to determine the probable hotspots at 

he NSPs interface. Predicting the hotspot residues using a single 

ethod might give inaccurate results, so these three servers along 

ith the per-residue energy contribution were used to improve the 

ccuracy of the predicted hotspot result. The sheer amount of work 

as been done towards the identification of hotspot residues at PPI 

nterface through computational methods [29–33] . In the current 

tudy, the viral replication complexes were subjected to Molecu- 

ar Dynamics (MD) simulation. MD simulation is the feasible tool 

o obtain the dynamic in formation in protein-protein interfaces as 

rotein-protein interactions are dynamic in nature and adopt dif- 

erent conformations. MD simulation allows the transient pockets 

nd buried hotspot residues to emerge on the protein surfaces and 

hese transient areas and hotspots could be targeted with small 

olecules [34–38] . The average structure extracted from last 10 ns 

D trajectory MD were used to calculate the total binding free 
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Fig. 2. Schematic representation of the work flow of the study. 
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nergy contribution using Molecular Mechanics-Poisson Boltzmann 

urface Area (MM-PBSA) method and followed by per-residue en- 

rgy decomposition [39] . The same conformer was used to study 

PI interaction profile using PDBsum server [40] .The overall work- 

ow of the study demonstrated in Fig. 2 . 

Our findings provide significant insights into the interface area, 

onded and non-bonded interactions, interface residues and po- 

ential hotspot residues across PPIinvolved in the heterotetramer 

eplication complex of SARS-CoV-2 and SARS-CoV.This information 

ay be helpful in targeting the interacting interface area of SARS- 

oV-2 replication complexes in order to control the viral repli- 

ation and transcription. And also, the current study highlights 

he potential unknown location of hotspot residues, which could 

elp researchers in performing ASM experimentally. ASM is time- 

onsuming and expensive process; hence, by identifying the pos- 

ible locations of hot spots with the help of in silico methods, re- 

earchers will be able to perform alanine mutations only onthose 

mino acid locations identified by in silico methods. 

. Materials and methods 

.1. Preparation of complex structures 

The three-dimensional (3-D) viral replication complex (NSP12- 

SP8-NSP7) of SARS-CoV-2 and SARS-CoV was downloaded from 

CSB Protein Data Bank (PDB ID: 6M71 and 6NUR, respectively) 

 41 , 42 ]. The replication complex is a heterotetramer, consists of 

ne NSP12 polypeptide chain (Chain A), one NSP7 (Chain C) 

nd two NSP8 chains (Chain B and D) [ 41 , 42 ]. Each heterote-

ramer complexes were imported in UCSF Chimera [43] and solvent 

olecules (crystal water), salt, ions and other heteroatoms were 

emoved. The arrangement of heterotetramer complex is demon- 

trated in Fig. 1 . 
3 
.2. Molecular dynamics simulations and binding free energy 

The heterotetramer complex NSP12-NSP7-NSP8 (2) of SARS-CoV- 

 and SARS-CoVwere subjected to MD simulations withGromacs 

.0.4 package [44] using CHARM force field and SPC water model 

45] . MD simulations were performed under periodic boundary 

onditions (PBCs) with a cubic box maintaining a distance of 

.0 nm between the PPI complex and the boundary edges. The 

omplexes were solvated with SPC water molecules and the sys- 

em was neutralized by adding the counter ions into the solvated 

ox depending on the charge of the system. Then, the systems 

ere subjected to 10 0 0 steepest descent minimization followed 

y 20 0 0 conjugate-gradient minimization for initial energy mini- 

ization to avoid a further structural clash in the solvated system. 

urther, the whole system was subjected to 50 0 0 steepest descent 

inimizations followed by 60 0 0 conjugate-gradient minimizations 

ith a maximum step size of 0.01fs for final energy minimization. 

he minimized systems were then subjected to position restraint 

quilibrations. Then, the systems were heated under canonical en- 

emble from 0 to 303 K for 500 ps using a modified Berendsen 

hermostat [ 46 , 47 ]. Later, the systems were equilibrated for 1 ns 

nder isothermal-isobaric conditions (with a constant pressure of 

.0 bar). Finally, production run of 100 ns was done with no re- 

traints followed by an integration time step of 0.2 ps. The coordi- 

ates were saved every 2 ps under constant conditions of 300 K 

emperature and 1 atm pressure. The LINCS algorithm [48] was 

sed to restrain the bond lengths and the long-range electrostatics 

ere calculated using the particle mesh Ewald (PME) [49] , while 

he SETTLE algorithm [50] was employed to constrain the geom- 

try of water molecules. Molecular mechanics-Poisson-Boltzmann 

urface area (MMPBSA) method using g_mmpbsa package, was em- 

loyed to calculate the binding free energies of protein-drug com- 

lexes using the last 10 ns MD trajectory. 
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Fig. 3. Protein backbone root mean square deviation (RMSD) graphs of NSPs involved in the formation of heterotetramer replication complex of (a) SARS-CoV-2 and (b) 

SARS-CoV along the 100 ns MD simulation. (c) RMSD of overall heterotetramer along the 100 ns MD simulation, black and red color represented the SARS-CoV-2 and 

SARS-CoV respectively. 
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The total binding free energy from MM-PBSA calculation incor- 

orates explicit solvation model with the calculations of electro- 

tatic contribution to the solvation and the non-polar contribution 

o estimate the binding free energy �G binding . 

The binding free energy of the complex could be calculated us- 

ng Eq. (1) 

G binding = �G complex −
[
�G protein 1 + �G protein 2 

]
(1) 

The MM-PBSA approach incorporates the following equations: 

G bind = �E MM 

+ �G PBSA − T �S (2) 

E MM 

= �E int + �E v dW 

+ �E ele (3) 

G PBSA = �G PB + �G sur f (4) 

Where �E MM 

is the molecular mechanics energy of the system 

n a vacuum, �G PBSA is the solvation free energy, T �S is the en-

ropy. E MM 

can be split into internal energy (E int ), van der Waals 
able 1 

M-PBSA analysis of NSP12-NSP8, NSP12-NSP7 and NSP7-NSP8 complexes. The energy ter

Human CoV Complexes van der Waal energy Electrostatic ene

SARS-CoV-2 NSP12- 

NSP8 

−1061.23 −573.42 

SARS-CoV −1040.93 −637.82 

SARS-CoV-2 NSP12- 

NSP7 

−316.53 −395.20 

SARS-CoV −266.606 −795.26 

SARS-CoV-2 NSP7- 

NSP8 

−514.66 −247.94 

SARS-CoV −482.52 −260.75 

4 
orces (E vdW 

) and electrostatic energy ( �E ele ) and �G PBSA is the 

um total of polar solvation free energy of generalized born model 

G PB ), and the non-polar/surface solvation free energy (G surf ). The 

ntropy calculation was neglected in the above calculation as the 

tudy mainly focusedon calculating only relative binding energy 

ontribution of each amino acid to the formation of protein com- 

lex. The last 10 ns trajectory of the original 100 ns trajectory (i.e. 

0 ns to 100 ns) was used for the MMPBSA calculation. MmPb- 

aStat.py program was used to calculate the binding energies and 

mPbSaDecomp.py was used to extract the residue-specific con- 

ributions towards protein-protein binding [51] . 

.3. Protein-protein interaction and Hotspot residue identification 

The PPI profiles for the heterotetramer complexes were an- 

lyzed using PDBsum server. PDBsum is a web server provides 

 largely pictographic summary of the important information on 
ms (in kcal/mol) were calculated from the data obtained from last 10 ns trajectory. 

rgy Polar Solvation energy SAS Aenergy Binding energy 

1179.21 −119.38 −574.82 

1360.69 −115.43 −433.49 

544.54 −37.87 −205.07 

956.63 −38.07 −143.31 

526.29 −58.49 −294.81 

576.68 −57.35 −223.95 
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Fig. 4. Root Mean Square Fluctuation (RMSF) graph of NSPs of heterotetramer viral replication complex of (a) SARS-CoV-2 and (b) SARS-CoV during the 100 ns MD simulation. 
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acromolecular structure. It includes images of the structure, an- 

otated plots of each protein chain’s secondary structure, detailed 

tructural analyses, summary PROCHECK results and schematic di- 

grams of protein-protein, protein-ligand and protein-DNA inter- 

ction. The Hotspot residues have been identified using different 

omputational methods which are freely available online services 

iz ., KFC2 [25] , Hotregion [26] and Robetta server [ 27 , 28 ]. KFC2

erver is a machine learning based tool that utilizes in silico ala- 

ine scanning mutagenesis, considering hydrogen bonds, atomic 

ontacts and residue sizes for hotspot identification [25] . Hotregion 
5 
atabase is a structure-based hotspot prediction method which 

redicts hotspot residues using algorithms based on structural 

eighborhoods (Euclidian and Voronoi), and then selects optimal 

eatures using random forest and sequential backward elimination 

lgorithms [26] . To calculate the interaction free energy, Robetta 

erver includes different parameters such as implicit solvation and 

ydrogen bonding, packing interactions, solvation interactions, and 

ennard-Jones interactions. The Robetta server can accurately pre- 

ict 79% of hotspot residues with a cutoff value of 1.0 kcal/mol 

 27 , 28 ]. 
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Fig. 5. Hydrogen bonds observed at PPI interface of NSP12 & NSP8, NSP12 &NSP7 and NSP7-NSP8 of (a) SARS-CoV-2 and (b) SARS-CoV along the 100 ns MD simulation. 
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Fig. 6. Superimposed cartoon representation of SARS-CoV-2 (red) NSP12 with 

SARS-CoV NSP12. The highlighted residues (in black) are the mutated residues of 

NSP12 of SARS-CoV-2. Both the superimposed structures are the average conformer 

extracted from last 10 ns MD trajectory. 
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. Results and discussion 

.1. Molecular dynamics simulation and MMPBSA analysis 

To confirm the structural stability of the selected PPI complexes, 

D simulations were carried out for a period of 100 ns. The MD 

rajectories were used to assess their dynamic behavior including 

tability, flexibility, and binding affinity by measuring RMSD, RMSF 

nd energy profiles. The SARS-CoV-2, NSP12 attain stability with 

MSD value of 0.2 nm till 70 ns, after that from 70 to 100 ns there

s slight rise in the RMSD value near 2.5 nm, shown in Fig. 3 (a).

hile NSP12 of SARS-CoV retains the smoothness in the graph 

hroughout the 100 ns with the RMSD value of 0.2 nm, shown in 

ig. 3 (b). SARS-CoV-2 NSP7, the RMSD graph observed to be sta- 

le till 70 ns then there is a slightly rise in the graph and at-

ain the stability around 0.8 nm RMSD value, shown in Fig. 3 (a). 

hereas, SARS-CoV NSP7 maintains the smoothness in the graph 

ith the RMSD value of 0.4 nm throughout the 100 ns MD sim- 

lation shown in Fig. 3 (b). SARS-CoV-2 and SARS-CoV NSP8, the 

MSD value fluctuate in between 0.2 to 0.4 nm, attain the stabil- 

ty at the end of the 100 ns MD simulation, shown in Fig. 3 (a)

nd (b). The other NSP8 of SARS-CoV-2 which interacts with NSP7, 

hows more fluctuation in the RMSD value, ranges between 0.6 to 

.4 nm, while the SARS-CoV NSP8 shows less fluctuation and re- 

ain the smoothness in the graph with the RMSD value of in be- 

ween 0.4 to 0.5 nm, shown in Fig. 3 (a) and (b). Overall, the het-

rotetramer replication complex of SARS-CoV-2 is slightly flexible 

s compared to SARS-CoV as shown in Fig. 3 (c). 

From the RMSF result obtained, it was observed that more fluc- 

uation was present at N-terminal region (117–397) of SARS-CoV- 

 NSP12 when it is in complex with its cofactor NSP8 and NSP7 

s compared to SARS-CoV, shown in Fig. 4 . The N-terminal re- 

ion consists of two sub-domains, NiRAN (117–250) and interface 

omain (251–398). The interface domain act as a protein interac- 

ion junction, interacting with NiRAN domain, RdRp domain and 

he second subunit of NSP8 [42] . The fluctuation may be due to 

utations occurred at both the N terminal domain of SARS-CoV-2 

iz 198Ala (CoV-Asp), Thr225 (CoV-Val), Thr226 (CoV-Ala), Ser229 

CoV-Cys) and the mutations at interface domain are Thr252 (CoV- 

la), Thr259 (CoV- Ala), Thr262 (CoV- Ala), Lys281(CoV-Cys281). The 

utations are depicted in Fig. S1. The fluctuation in the interface 

omain may enhance the binding of NSP8 which may influence 
i

6 
he polymerase activity. We could not see any significant differ- 

nce between the fluctuations in the cofactors (NSP8 and NSP7) of 

ARS-CoV-2 and SARS-CoV. 

However, we can say that the mutations at N-terminal domain 

f SARS-CoV-2 NSP12 and binding of cofactors significantly in- 

uences the stability and flexibility of the NSP12 of SARS-CoV-2. 

n addition, the formation of H bond bonds across NSP12-NSP8, 

SP12-NSP7 and NSP7-NSP8 throughout the simulation is depicted 

n Fig. 5 To see the conformational difference in the structure of 

eterotetramer replication complex of SARS-CoV-2 and SARS-CoV, 

e superimposed the last 10 ns average structures using UCSF 

himera, we can clearly see the difference in the structure with 

he RMSD value of 2.5 Ả. The difference in the conformation of 

eterotetramer along with mutation in SARS-CoV-2 NSP12 depicted 

n Fig. 6 . 
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Table 2 

Comparison of the interface statistics of the initial structure (before MD) of NSP12-NSP8, NSP12-NSP8 and NSP7-NSP8 complexes of SARS-CoV-2 and SARS-CoV with the 

average complex structure extracted from last 10 ns trajectory. For each complexe, interface statistics obtained from PDBsum server. 

Human CoV Time PPI complexes 

No. of interface 

residues 

Interface 

area ( Ӑ2 ) 

No. of salt 

bridges 

No. of 

H-bonds 

No. of non- 

bonded contacts 

SARS-CoV-2 Initial structure NSP12 (A) 49 2412 3 13 228 

NSP8 (B) 46 2524 

Average 

Str. from last 10 ns 

NSP12 (A) 28 2386 – 7 83 

NSP8 (B) 28 2453 

SARS-CoV Initial structure NSP12 (A) 48 2388 3 14 210 

NSP8 (B) 44 2499 

Average 

Str. from last 10 ns 

NSP12 (A) 36 2294 2 13 113 

NSP8 (B) 30 2397 

SARS-CoV-2 Initial structure NSP12 (A) 13 696 – 4 59 

NSP7 (C) 15 729 

Average 

Str. from last 10 ns 

NSP12 (A) 8 712 – 4 30 

NSP7 (C) 11 717 

SARS-CoV Initial structure NSP12 (A) 14 683 – 4 57 

NSP7 (C) 14 710 

Average 

Str. from last 10 ns 

NSP12 (A) 13 748 1 9 73 

NSP7 (C) 15 773 

SARS-CoV-2 Initial structure NSP7 (C) 27 1296 1 7 126 

NSP8 (D) 24 1314 

Average 

Str. from last 10 ns 

NSP7 (C) 18 1185 – 3 51 

NSP8 (D) 17 1175 

SARS-CoV Initial structure NSP7 (C) 27 1288 1 7 117 

NSP8 (D) 23 1298 

Average 

Str. from last 10 ns 

NSP7 (C) 12 1151 – 2 44 

NSP8 (D) 16 1142 
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The BFE calculations of NSP12 with its co-factors (NSP8 

nd NSP7) and NSP7-NSP8 heterodimer complex were done 

sing MM-PBSA. The MM-PBSA results are summarized in 

able 1 . In comparison, the BFE for the SARS-CoV-2, NSP12-NSP8 

 −574.82 kcal/mol), NSP12-NSP7 ( −205.07 kcal/mol) and NSP7- 

SP8 ( −294.81 kcal/mol) is much higher than that for SARS-CoV 

 −433.49, −143.31, −223.95 kcal/mol) respectively. The higher con- 

ribution of non-polar interaction energy, i.e. van der Waal’s en- 

rgy ( �E vdW 

) + non-polar solvation energy (SASA) into the �G bind 

uggested that hydrophobic interaction plays a crucial role towards 

he formation of protein-protein complexes. The calculated values 

f �G bind components signify, van der Waal’s energy ( �E vdW 

) and 

lectrostatic energy ( �E elec ) as driving force of the protein-protein 

nteractions. 

.2. Protein-protein interaction profile 

The interface statistics of the initial structure (before MD) of 

eterotetrameric NSP12-NSP7-NSP8 (2) complex of SARS-CoV-2 and 

ARS-CoV was analysed using PDBSum and compared with aver- 

ge complex structure extracted from last 10 ns (90–100 ns) tra- 

ectory. The interaction profile is summarized in Table 2 . In the 

nitial SARS-CoV-2 NSP12-NSP8 and NSP12-NSP7 complex, the to- 

al number of interface residues observe to be 49 (in NSP12) and 

6 (in NSP8) and across NSP12-NSP7 interface, 13 (in NSP12) and 

5 (NSP7)however at the end of the simulation, the average struc- 

ure extracted from last 10 ns MD trajectory shows less interacting 

esidue that is 28 for NSP12 and NSP8 and at NSP12-NSP7 inter- 

ace is 13 (in NSP12) and 15 (in NSP7). The interface statistics con- 

ains number of interacting residues, interface area, H-bond, salt 

ridges, non-bonded contacts are summarized in Table 2 . Although 

he SARS-CoV-2 complexes have shown high binding free energy in 

ll the three complexes, the salt bridges were lost at the end of the 

imulation in the NSP12-NSP8 and NSP12-NSP7 complex ( Table 2 ), 

owever in case of SARS-CoV salt bridges are retained at NSP12- 

SP8 and NSP12-NSP7 interface and there are more no. of H-bonds 

s compared SARS-CoV-2. But NSP8-NSP7 of SARS-CoV2 has more 

o. of interactions (H-bonds, salt-bridges, non-bonded contacts) 
7 
However, the theory of importance of salt bridges is only par- 

ially true at least in the perspective of protein-protein inter- 

aces [52] , after the introduction of continuum electrostatic mod- 

ls which numerically solve the Poisson-Boltzmann equation for 

he system of protein-solvent [53] . Though there are more num- 

er interactions in case of SARS-CoV NSP12-NSP8, NSP12-NSP7, the 

er residue energy contribution is slightly more in many of the 

nterface residues of SARS-CoV-2 NSP12-NSP7 and NSP12-NSP8 as 

ompared to SARS-CoV ( Tables 3 , 4 , 6 and 7 ). According to the ex-

erimental study, binding of NSP7-NSP8 heterodimer to the index 

nger loop of NSP12 is responsible for the stabilization of NSP12 

egion which is involved in RNA binding and second NSP8 subunit 

lays a crucial role in polymerase activity. This indicates the impor- 

ance of NSP7-NSP8 heterodimer interacting with NSP12 through 

SP7 interface and this is essential for efficient RdRp activity in 

eplication process [54–57] . In agreement with the experimental 

vidence, our MM-PBSA result justify that the strong high bind- 

ng affinity between all NSPs in NSP12 heterotetramer complex of 

ARS-CoV-2 may be the reason of high rate of replication in SARS- 

oV-2 as compared to SARS-CoV. 

.3. Hotspot residue detection and per-residue energy contribution 

To understand the mechanism of molecular interaction in PPI, 

dentification of hotspot residues is useful in obstructing PPI 

11–12] . Here, four different computational methods (KFC server, 

otRegion database, Robetta server and per-residue energy de- 

omposition) were used to predict the hotspot residues across PPI 

nterface of viral replication complex (NSP12-NSP8, NSP12-NSP7, 

SP8-NSP7). Analysis of results from all the four methods will 

elp to improve the accuracy of the predicted hotspots, and the 

otspot information derived can be used further for designing PPI 

nhibitors. The results obtained from the four methods are summa- 

ized in Tables 3–8 , for SARS-CoV-2 and SARS-CoV heterotetramer 

eplication complex respectively. Comparison of the results from 

or different methods suggests that most of the predicted hotspot 

esidues contribute high binding energy and when mutated to ala- 

ine in Robetta server, ��G values to be > 1 kcal/mol or close to 

 kcal/mol. 
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Fig. 7. Residue-wise energy contribution analysis of NSP12 of (a) SARS-CoV2 and (b) SARS-CoV when it in complex with NSP8. The per-residue energy decomposition was 

calculated from the last 10 ns MD trajectory. 
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.4. Analysis of per-residue energy contribution 

One of the most significant properties of PPI interface is that 

he energy is not uniformly distributed. Some of the interface 

esidues have the greatest impact on binding energy in the pro- 

ein complex and those residues are considered to be the hotspot 

esidue [ 15 , 17 ]. To validate our predicted hotspot residues across 

SP12 heterotetramer PPI interface we carried out per-residue en- 

rgy decomposition. The detailed energy contributions of each in- 
8 
erface residue across PPI interface are presented in Tables 3–8 and 

igs. 7–12 . The hotspots are presented in boldface in Tables 3–8 . 

tudies have shown that hotspots tend to cluster near the center of 

he interface [20–22] . Our predicted hotspot residues are found to 

e clustered and mostly in the center of the PPI interface. In SARS- 

oV-2 and SARS-CoV NSP12-NSP8 interface, the common hotspot 

esidues at NSP12 (Chain A) interface are Leu271, Tyr273, Leu329, 

al330, Phe368, Leu371, Met380, Leu387, Leu388, Leu389 and for 

SP8 residues Val83, Leu91, Val117, Leu128, Val130, Val131 are des- 
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Table 3 

List of interacting residues at protein-protein interacting interface of SARS-CoV-2 

NSP12 (Chain A) and NSP8 (Chain B), interface hotspot residues are predicted us- 

ing three computational methods implemented in KFC server, HotRegion database 

and Robetta web server. The predicted hotspot residues contribute reasonably good 

binding energy which may help in the complexation process. The per-residue en- 

ergy decomposition analysis was carried out using the last 10 ns MD trajectory. 

Residues KFC HotRegion 

Robetta 

��G 

(kcal/mol) 

Per-residue energy 

contribution 

(kcal/mol) 

LEU-271A HS – 2.16 −14.06 

LYS-272A – – – −15.99 

TYR-273A HS HS 0.75 −4.67 

PRO-323A – – – −1.01 

THR-324A – – 0.52 1.72 

SER-325A – – – −1.56 

PHE-326A – – – 3.48 

GLY-327A – – – 0.71 

PRO-328A HS – – −2.39 

LEU-329A HS HS 0.60 −9.92 

VAL-330A HS HS 0.98 −6.56 

ARG-331A – – – −28.16 

LYS-332A – – – −15.04 

VAL-335A – HS – −1.29 

ASP-336A – – – −15.88 

VAL-338A – – – −6.05 

PRO-339A – – – −1.58 

PHE-340A HS HS 1.60 −8.65 

VAL-341A HS HS 0.72 −7.46 

SER-343A – – – −0.13 

THR-344A – – – 0.63 

HIS-355A – – – −1.29 

LEU-366A – – – −5.89 

PHE-368A – – 1.50 −7.42 

LEU-371A HS HS 1.81 −9.57 

LEU-372A – – – −1.91 

TYR-374A – – – −1.12 

ALA-375A – – – −4.15 

PRO-378A HS – – −2.82 

ALA-379A HS HS – −1.64 

MET-380A HS HS 1.33 −11.68 

HIS-381A – – – 1.2 

ALA-382A HS HS – −0.38 

ALA-383A HS HS – −2.39 

SER-384A – – – 1.13 

GLY-385A – – – 0.69 

ASN-386A – – – −4.11 

LEU-387A HS HS 2.81 −19.69 

LEU-388A HS HS 0.93 −9.96 

LEU-389A HS HS 1.59 −13.88 

ASP-390A – – – 48.78 

LYS-391A – – – −60.14 

ARG-392A – HS – −54.46 

PHE-396A – – – −6.79 

SER-397A – – – 1.31 

VAL-398A HS HS 0.84 −2.42 

ALA-399A HS – – −3.18 

ALA-400A – – – −3.36 

LEU-401A – – – −2.86 

ASN-403A – – – 3.77 

ASN-404A – – – −2.07 

VAL-405A HS HS 1.56 −11.44 

PRO-505A – – – −2.81 

PHE-506A – – – −5.69 

TRP-509 – – 2.29 

LEU-514A – – – −5.26 

TYR-515A HS HS – −4.35 

ASP-517A – – – −39.5 

MET-666A – HS – −3.00 

ARG-80B – – −84.85 

VAL-83B HS HS 1.14 −13.05 

THR-84B – – – −2.6 

ALA-86B – – – −4.49 

MET-87B HS HS 1.85 −23.47 

MET-90B HS HS 1.03 −18.15 

LEU-91B HS HS 2.32 −15.16 

PHE-92B – HS 1.09 −9.56 

MET-94B – – – −10.42 

Table 3 ( continued ) 

Residues KFC HotRegion Robetta 

��G 

(kcal/mol) 

Per-residue energy 

contribution 

(kcal/mol) 

LEU-95B HS HS 1.91 −13.45 

ASN-108B – – – 1.23 

ASP-112B – – – 62.09 

GLY-113B – – – 0.60 

CYS-114B HS HS −0.12 −11.26 

VAL-115B HS HS 0.55 −6.58 

PRO-116B HS – – −21.44 

LEU-117B HS HS 2.77 −25.50 

ASN-118B HS – 0.74 4.82 

PRO-121B HS – – −13.70 

ALA-125B – – – −4.57 

LYS-127B – – – −24.51 

LEU-128B HS HS 1.40 −12.3 

MET-129 HS – 0.91 −15.01 

VAL-130B HS HS 0.84 −9.71 

VAL-131B HS HS 0.64 −11.73 

PRO-133B – – – −8.7 

PRO-183B – – – −4.87 

ILE-185B HS HS 1.43 −10.92 

ARG-190B – – – −37.68 

∗HS: Hotspot. 

Table 4 

List of interacting residues at protein-protein interacting interface of SARS-CoV-2 

NSP12 (chain A) and NSP7 (chain C), interface hotspot residues are predicted us- 

ing three computational methods implemented in KFC server, HotRegion database 

and Robetta web server. The predicted hotspot residues contribute reasonably good 

binding energy which may help in the complexation process. The per-residue en- 

ergy decomposition analysis was carried out using the last 10 ns MD trajectory. 

Residues KFC HotRegion 

Robetta 

��G 

(kcal/mol) 

Per-residue energy 

contribution 

(kcal/mol) 

PHE-415A – – - −7.64 

TYR-420A – HS 1.14 −5.11 

LEU-437A – HS – −3.82 

PHE-440A HS HS 2.16 −15.72 

PHE-441A HS HS 0.28 −1.11 

PHE-442A HS HS 2.34 −16.34 

ALA-443A HS HS – −8.69 

GLN-444A – – – −0.52 

ASP-5C – – – 108.29 

LYS-7C – – – −81.99 

CYS-8C HS HS −0.03 −12.40 

VAL-11C HS HS 1.56 −14.08 

VAL-12C – – – −6.82 

LEU-14C HS HS 0.83 −7.35 

TRP-29C – – – −4.24 

VAL-33C – HS 1.19 −7.76 

HIS-36C HS HS 2.52 −3.55 

ASN-37C – – 2.52 0.004 

LEU-40C HS HS 1.83 −11.06 

∗HS: Hotspot. 
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gnate as common hotspot residue. In SARS-CoV-2 and SARS-CoV 

SP12-NSP7 interface, NSP12 (Chain A) residues Tyr420, Phe440, 

he442 and for NSP7 Cys8, Val33, His36, Leu40 are designate as 

ommon hotspot residues. In SARS-CoV-2 and SARS-CoV NSP7- 

SP8 heterodimer, in NSP8 interface Leu91, Phe92, Leu103, Ile106, 

le119 and in NSP7 interface Val16, Phe49, Leu56, Leu60 and Leu71 

re designated as hotspot residues. 

Our predicted hotspots contain mostly Tyr, Pro, Phe, Val, Leu- 

nd Arg-amino acids and in literature these residues found to have 

 tendency in being a hotspot [20–22] . The hotspots are presented 

n boldface in Tables 3–8 and encircled in Figs. S2–S4 and rep- 

esented as spheres in 3-D form in Fig. 13 . Hotspot residues are 

nown to be enriched in forming H-bonding and salt bridges [13] . 

ew of our predicted hotspots are also involved in the formation 
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Fig. 8. Residue-wise energy contribution of the NSP8 (a) SARS-CoV-2 and (b) SARS- 

CoV when it is in complex with NSP12. The per-residue energy decomposition was 

calculated from the last 10 ns MD trajectory. 
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Fig. 9. Residue-wise energy contribution of the NSP12 (a) SARS-CoV-2 and (b) 

SARS-CoV when it is in complex with NSP7. The per-residue energy decomposition 

was calculated from the last 10 ns MD trajectory. 
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f H-bonds and salt bridges across NSP12-NSP8 interface of SARS- 

oV-2 and SARS-CoV, three predicted hotspot residues (Val330, 

eu387, Leu389) at NSP12 interface involved in the formation of H- 

ond and at NSP8 interface, three residues namely Val117, Val131, 

et 129 formed H-bond. In SARS-CoV NSP8 Arg80 formed one 

alt bridge and one H-bond. Across NSP12-NSP7 interface, three 

esidues (Tyr420, Phe441, Ala443) of SARS-CoV-2 NSP12 involved 

n the H-bond formation whereas one predicted hotspot residue 

Tyr420) of SARS-CoV NSP12 involved in the formation of H-bond. 

t SARS-CoV-2 NSP7 interface two residues (His36, Asn37) and at 

ARS-CoV NSP7 interface three residues (Ser4, Trp29, His36) in- 

olved in H-bond formation. The H-bonds depicted in blue lines 

n Figs. S2–S4. The detailed H-bond atomic interactions between 

he residues are tabulated in Tables S1–S8. 
10 
A recent study has suggested that in SARS-CoV-2 NSP7-NSP8 

eterodimer interface, mutation of NSP7 F49A , M52A and L56A , 

eads to decrease of RdRp efficiency and in the current study per- 

esidues energy contribution for these three residues found to be 

12.86, −7.81, and −14.12, kcal/mol respectively ( Table 5 ), and for 

ARS-CoV NSP7 residue energy contribution to be −13.20, −6.23, 

nd −14.83 ( Table 8 ) respectively. Mutation of NSP8 F92A leads to 

 decrease of RdRp efficiency to various extents, along with F49A, 

52A, L56A triple mutation at NSP7 leads to stronger effect than 

ndividual mutation [54] . The per residue energy contribution of 
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Fig. 10. Residue-wise energy contribution of NSP7 (a) SARS-CoV-2 and (b) SARS- 

CoV when it is in complex with NSP12. The per-residue energy decomposition was 

calculated from the last 10 ns MD trajectory. 

Table 5 

List of interacting residues at protein-protein interacting interface of SARS-CoV-2 

NSP7 (chain C) and NSP8 (chain D), interface hotspot residues are predicted us- 

ing three computational methods implemented in KFC server, HotRegion database 

and Robetta web server. The predicted hotspot residues contribute reasonably good 

binding energy which may help in the complexation process. The per-residue en- 

ergy decomposition analysis was carried out using the last 10 ns MD trajectory. 

Residues KFC HotRegion 

Robetta 

��G 

(kcal/mol) 

Per-residue energy 

contribution 

(kcal/mol) 

CYS-8C – – – −1.89 

THR-9C HS – 0.88 −2.13 

VAL-11C – – – −0.61 

VAL-12C – HS 1.14 −12.48 

LEU-13C HS HS – −6.69 

VAL-16C HS HS 1.14 −9.49 

LEU-35C – HS – −3.06 

PHE-49C – HS 1.95 −12.86 

MET-52C HS HS 0.63 −7.81 

VAL-53C HS HS 1.70 −16.16 

SER-54C – – 0.76 1.89 

LEU-56C HS HS 2.10 −14.12 

SER-57C HS – 0.88 1.18 

LEU-59C HS HS – −3.4 

LEU-60C HS HS 1.83 −10.61 

SER-61C – – – −4.86 

ALA-65C – – – −1.09 

VAL-66C – HS 0.37 −4.64 

ASP-67C – – – 8.64 

LYS-70C – – – 8.12 

LEU-71C HS HS 1.60 39.38 

MET-87D – – −9.63 

GLN-88D – – 2.42 −2.16 

THR-89D – – 1.19 

LEU-91D HS HS 2.63 −18.55 

PHE-92D HS HS 2.50 −16.48 

MET-94D – – 0.72 −11.81 

LEU-95D HS HS 1.42 −12.29 

ARG-96D – – – −13.58 

ASN-100D – – – 0.66 

LEU-103D HS HS 1.70 −12.59 

ILE-106D HS HS 1.80 −10.37 

ILE-107D HS HS 0.99 −7.41 

PRO-116D HS HS – −3.9 

LEU-117D – – – −2.78 

ILE-119D HS – 1.70 −17 

ILE-120D – – – −9.65 

LEU-122D – – 1.08 −9.22 

∗HS: Hotspot. 
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SP8 F92 to be −16.48 ( Table 5 ) and SARS-CoV is −12.27 ( Table 8 )

t NSP7-NSP8 interface. Among these residues, our computational 

tudy has identified NSP7 Phe49, Met52 and NSP8 Phe92 to be as 

otspot residues across NSP7-NSP8 complex of SARS-CoV-2. 

NSP7 C8G and V11A hamper the association of both NSP7-NSP8 

nd NSP8-NSP7-NSP12 complex. The same study identified, muta- 

ion of NSP8 interface residues viz., NSP8 F92A, M90A and M94A 

eads to even more severe reduction of RdRp efficiency because 

hese three residues at NSP8 involved in association of both NSP7- 

SP8 complex and NSP12-NSP8 complexes [54] . 

At NSP12-NSP7 interface, the energy contribution of SARS-CoV- 

 NSP7 C8 and V11 when it is in complex with NSP12 to be 

12.40 and −14.08 ( Table 4 ) respectively and for SARS-CoV to be 

11.80 and −10.08 ( Table 7 ) respectively. At NSP7-NSP8 interface, 

or SARS-CoV-2 NSP7 C8 and V11per-residue energy contribution 

ound to be 1.89 and −0.61 respectively and −1.69 and −0.45 

espectively. The C8 and V11, residue contributing more energy 

cross NSP12-NSP7 interface then NSP7-NSP8 interface which is in 

ood agreement with the experimental findings. 

In the interface of SARS-CoV-2 NSP12-NSP8, NSP8 F92, M90, 

nd M94, the residue energy contributions are −9.59, −18.15 and 

10.42 ( Table 3 ), whereas in SARS-CoV, residue energy contribu- 



H. Sarma, E. Jamir and G.N. Sastry Journal of Molecular Structure 1257 (2022) 132602 

Table 6 

List of interacting residues at protein-protein interacting interface of SARS-CoV 

NSP12 (chain A) and NSP8 (chain B), interface hotspot residues are predicted us- 

ing three computational methods implemented in KFC server, HotRegion database 

and Robetta web server. The predicted hotspot residues contribute reasonably good 

binding energy which may help in the complexation process.The per-residue energy 

decomposition analysis was carried out using the last 10 ns MD trajectory. 

Residues KFC server 

HotRegion 

Database 

Robetta 

��G 

(kcal/mol) 

Per-residue energy 

contribution 

(kcal/mol) 

LEU-271A HS HS 2.47 −16.33 

TYR-273A HS HS 1.03 −4.23 

THR-324A – – – 1.33 

PHE-326A – – – 2.55 

PRO-328A HS – −2.07 

LEU-329A HS HS 0.61 −9.3 

VAL-330A HS HS 0.97 −7.15 

ARG-331A – – 1.14 −25.63 

LYS-A332A – – – 2.29 

PRO-339A – – – −4.73 

PHE-368A HS HS 2.33 −14.1 

LEU-371A HS HS 1.84 −9.73 

PRO-378A HS – −2.86 

ALA-379A HS HS – −1.93 

MET-380A HS HS 0.62 −10.38 

ALA-382A HS HS – −2.41 

ALA-383A HS HS – −5.97 

SER-384A HS – −0.11 −5.28 

ASN-386A – – – −4.32 

LEU-387A HS HS 2.89 −20.34 

LEU-388A HS HS 0.80 −9.37 

LEU-389A HS HS 1.64 −14.76 

ASP-390A – – – 43.6 

LYS-391A – – – −54.42 

ARG-392A – – – −49.17 

VAL-398A HS HS 0.75 −2.74 

ASN-403A – – – 2.83 

PRO-505A HS – – −4.02 

TRP-509A - – 1.74 −7.92 

LEU-514A - – 1.07 −7.58 

TYR-515A HS HS 0.75 −3.87 

ASP-517A – – – −19.43 

SER-518A – – – 2.61 

SER-520A – – – 0.09 

ASP-523A – – – −11.73 

MET-666A – HS 0.26 −2.09 

LYS-79B – – – −60.76 

ARG-80B HS – 2.69 −76.29 

LYS-82B – – −59.94 

VAL-83B – HS 1.54 −20.54 

THR-84B – – – −1.48 

ALA-86B – – – −7.2 

MET-90B – – – −12.07 

LEU-91B HS HS 1.83 −15.12 

MET-94B HS HS 0.83 −15.12 

LYS-97B – – – −49.7 

LEU-98B HS HS 1.96 −14.25 

ASP-99B – – – 47.86 

LEU-103B HS HS 0.85 −5.72 

ASN-104B – – – 1.45 

ILE-106B – – – −0.8 

ALA-110B – – – −5.3 

ASP-112B – – – 85.61 

CYS-114B HS HS −0.19 −12.31 

VAL-115B HS HS 0.46 −6.33 

PRO-116B HS – −23.49 

LEU-117B HS HS 2.50 −25.74 

ASN-118B HS 0.59 2.88 

ILE-119B HS HS 1.57 −12.93 

ILE-120B HS HS 1.30 −11.02 

PRO-121B HS – – −13.32 

ALA-125B – – – −5.42 

LYS-127B – – – −39.46 

LEU-128B HS HS 1.41 −12.82 

MET-129B HS – 0.96 −14.6 

VAL-130B HS HS 0.81 −10.02 

VAL-131B HS HS 0.77 −12.36 

PRO-133B – – – −8.27 

TRP-154B – HS 0.49 −2.55 

PRO-183B – – – −7.7 

ARG-190B – – – −54.64 

∗HS: Hotspot. 

Table 7 

List of interacting residues at protein-protein interacting interface of SARS-CoV 

NSP12 (chain A) and NSP7 (chain C), interface hotspot residues are predicted us- 

ing three computational methods implemented in KFC server, HotRegion database 

and Robetta web server. The predicted hotspot residues contribute reasonably good 

binding energy which may help in the complexation process. The per-residue en- 

ergy decomposition analysis was carried out using the last 10 ns MD trajectory. 

Residues KFC server 

HotRegion 

Database 

Robetta 

��G 

(kcal/mol) 

Per-residue energy 

contribution 

(kcal/mol) 

LYS-411A – – – 16.08 

PHE-415A – – 1.10 −8.13 

TYR420A HS HS 1.79 −3.74 

PHE-429A – HS 0.35 −3.88 

GLU431A – – – −14.44 

GLU436A – – 3.02 6.5 

LEU437A HS HS 0.30 −6.51 

PHE-440A HS HS 2.33 −13.09 

PHE-442A HS HS 2.00 −15.61 

ALA443A HS HS – −3.17 

GLN-4 4 4A – – – −0.24 

ALA550A – – – 1.06 

ASN552A – – – 0.27 

LYS-2C – – – −180.18 

MET-3C – HS −8.59 

SER-4C – HS 1.24 −8.58 

ASP-5C – – – 104.23 

LYS-7C HS – – −78.31 

CYS-8C HS HS 0.04 −11.8 

VAL-11C – – – −10.08 

VAL-12C – – – −5.96 

LEU-14C – HS 0.32 −4.04 

GLU-23C – – – 65.03 

TRP-29C – HS 2.01 −4.03 

VAL-33C – HS 1.10 −7.5 

HIS-36C HS HS 1.38 9.78 

ASN-37C – – 0.45 5.13 

LEU-40C HS HS 1.50 −8.86 

LEU-41C – – – −8.69 

∗HS: Hotspot. 

Table 8 

List of interacting residues at protein-protein interacting interface of SARS-CoV 

NSP8 (chain A) and NSP7 (chain C), interface hotspot residues are predicted us- 

ing three computational methods implemented in KFC server, HotRegion database 

and Robetta web server. The predicted hotspot residues contribute reasonably good 

binding energy which may help in the complexation process. The per-residue en- 

ergy decomposition analysis was carried out using the last 10 ns MD trajectory. 

Residues KFC server 

Hotregion 

database Robetta 

Per-residue energy 

contribution 

VAL-6C – HS 0.34 −5.82 

CYS-8C – – – −1.69 

THR-9C HS – 0.96 −3.02 

VAL-11C – – – −0.45 

LEU-13C HS HS 0.55 −6.27 

VAL-16C – HS 1.22 −9.6 

MET-52C HS HS 0.49 −6.23 

PHE-49 – HS 2.01 −13.20 

VAL-53C HS – 1.39 −13.75 

SER-54C HS HS 0.81 −0.17 

LEU-56C HS HS 2.15 −14.83 

SER-57C HS – 0.87 −0.38 

LEU-60C HS HS 1.38 −8.98 

SER-61C – – – −4.07 

LEU-71C HS HS 1.59 30.13 

MET-87D – – – −9.09 

LEU-91D HS HS 2.56 −18.59 

PHE-92D HS HS 1.96 −12.27 

MET-94D – – 0.86 −12.85 

LEU-98D HS HS 2.01 −14.52 

ASN-100D – – – −0.08 

ALA-102D – – – −3.25 

LEU-103D HS HS 2.14 −12.94 

ILE-106D HS HS 1.26 −7.7 

ALA-110D HS HS – −0.05 

ARG-111D – – – −8.77 

PRO-116D HS – – −2.89 

LEU-117D – – – −2.42 

ASN-118D – – – 0.48 

ILE-119D HS – 1.46 −16.33 

ILE-120D HS HS 0.63 −7.97 

∗HS: Hotspot. 

12 
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Fig. 11. Residue-wise energy contribution of NSP7 (a) SARS-CoV-2 and (b) SARS- 

CoV when it is in complex with NSP8. The per-residue energy decomposition was 

calculated from the last 10 ns MD trajectory. 
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Fig. 12. Residue-wise energy contribution of NSP8 (a) SARS-CoV-2 and (b) SARS- 

CoV when it is in complex with NSP7. The per-residue energy decomposition was 

calculated from the last 10 ns MD trajectory. 
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ion for NSP8 M90, and M94 to be −12.07 and −15.12 ( Table 6 )

espectively, however we did not see interaction of NSP8 F92 with 

SP12 and all the three servers did not consider F92. These know 

mportant residue has shown significant energy contribution at the 

PI interface and M90 identified as hotspot in our study. Over all 

he per-residue energy contribution found to be slightly more in 

he NSPs interface of SARS-CoV-2 as compared to SARS-CoV. 
13 
The same study has suggested that in SARS-CoV-2 NSP7, Asn37 

erve as a H-bond donor in NSP12-NSP8-NSP7 complex but not 

n NSP7-NSP8 heterotetramer. When Asn37 mutated to Val-it does 

ot affect the stability of NSP7-NSP8 heterotetramer, however it 

eads to the disruption of NSP12-NSP7-NSP8 complex and compro- 

ise the replication efficacy of NSP12-NSP7-NSP8 complex [54] . In 

he initial complex SARS-CoV-2 NSP7 Asn37 formed one H-bond 

nd one non-covalent contact with Ala443, when we analysed the 

PI in the average conformer from last 10 ns trajectory of het- 

rotetramer, NSP7 Asn37 formed two H-bond with NSP12 Ala443 

nd one non-covalent interaction with NSP12 Phe442 and one non- 

ovalent interaction with NSP12 Ala443. 

Whereas, initial structure of SARS-CoV NSP7, Asn37 formed one 

-bond and one non-bonded contact with Ala443 while at the 

nd of the simulation NSP7 Asn37 does not form any H-bond 

hile it formed non-bonded interaction with NSP12 Asn552 and 
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Fig. 13. Cartoon view of the (a) NSP12-NSP8 (b) NSP12-NSP7 and (c) NSP7-NSP8 complexes of SARS-CoV-2 interacting interface hotspot residues represented in spheres. The 

NSP12 is represented in red, NSP8 in navy blue and NSP7 in green color. Hotspot residues are represented in spheres, yellow (in NSP12), cyan (in NSP8) and pink (in NSP7). 

The represented structures are the average conformer extracted from last 10 ns MD trajectory. 
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he442. The residue energy contribution of NSP7 Asn37 of SARS- 

oV-2 and SARS-CoV are 0.004 and 5.13 kcal/mol respectively. 

e found a contrasting result, in hotspot residue prediction; KFC 

nd Hotregion database could not predict SARS-CoV-2 NSP7 Asn37 

s hotspot residue, however interestingly, in Robetta sever, ASM 

hows ��G value to be 2.52 kcal/mol and 0.45 kcal/mol for SARS- 

oV-2 and SARS-CoV respectively. We can say that NSP7 Asn37 

lay an important role towards the formation of NSP12-NSP7 com- 

lex but may be less important in SARS-CoV. 

There are few residues at SARS-CoV-2 NSP12-NSP8 interface, 

dentified as probable hotspots viz., NSP12 (Chain A) interface, 

eu271, Tyr273, Pro328, Leu329, Val330, Phe340, Val341, Phe368, 

eu371, Met380, Leu387, Leu388, Leu389, Arg392, Val398, Val405 

nd at NSP8 (Chain B) interface, Val83, Met87, Met90, Leu91, 

he92, Leu95, Cys114, Val115, Leu117, Met129, Val130, Val131, 

le185). Across NSP12-NSP7 interface, in NSP12 (Chain A)residues 

yr420, Phe440, Phe441, Phe442, Ala443 identified as hotspot and 

t NSP7 (Chain C) interface, Cys8, Val11, Leu14, Val33, His36,Asn37, 

eu40). Across NSP7-NSP8 interface, atNSP7(Chain C) interface, 

al12, Leu13, Val16, Phe49, Leu56, Leu60, Leu71) and at NSP8 (2) 

Chain D) interface, Leu91, Phe92, Leu95, Leu103, Ile106, Ile107, 

le119, Leu122) ( Tables 3–8 ). The residues in boldface are newly 

redicted hotspot residues through in silico methods in this study. 

he predicted hotspot residue may play key roles on the sta- 

ility of the NSPs association in the heterotetramer replication 

omplex. 

. Conclusions 

In the present study, we have carried out a comparative com- 

utational study on the heterotetramer viral replication complex of 

ARS-CoV-2 and SARS-CoV. The heterotetramer complex of SARS- 

oV-2 and SARS-CoV were subjected to MD simulations followed 

y MM-PBSA and per-residue decomposition energy calculations 

ere employed to investigate the binding mechanism and to an- 

lyze the energetic difference in both the complexes. The overall 

eterotetramer complex of SARS-CoV-2 was found to be slightly 

exible and not rigid as that of SARS-CoV. Though there are a 

maller number of molecular interactions in terms of H-bond, salt 

ridges and non-bonded contact in NSP12-NSP8 and NSP12-NSP7 
14 
omplex of SARS-CoV-2, the binding free energy between NSP12- 

SP8, NSP12-NSP7 and NSP7-NSP8 were found to be high in SARS- 

oV-2 as compared to SARS-CoV. The per-residue energy contribu- 

ions of the interacting interface residues of these complexes were 

omparatively higher in SARS-CoV-2 as compared to SARS-CoV. De- 

ailed interaction profile of NSP12-NSP8, NSP12-NSP7 and NSP7- 

SP8 were analyzed using PDBsum server. Additionally, interface 

otspot residues were predicted using different web servers along 

ith per-residue energy decomposition analysis. Most of the pre- 

icted hotspot residues at NSPs interface have more energy con- 

ributions. This difference in terms of structural flexibility, stability 

nd energetic of the interface residues and hotspots residue of viral 

eplication complex may be the reason of high rate of RNA repli- 

ation in SARS-CoV-2 as compared to SARS-CoV. We see that, few 

f the experimentally identified key interface residue identified as 

otspots in our study. There are many other residues we identified 

s hotspots for which there are no experimental ASM done yet. 

herefore, our study may pave a direction to predict the potential 

nknown location of hotspots across PPI interface of SARS-CoV-2 

iral replication complex (NSP12-NSP7-NSP8 (2) ), which could help 

esearchers in performing ASM in the wet lab. As ASM is expensive 

nd time-consuming, therefore, by identifying the possible loca- 

ions of hotspots with the help of in silico methods, the researchers 

an perform alanine mutations only in those amino acid locations 

hich are identified as hotspot by in silico methods. Addition- 

lly, the predicted hotspot will also help in designing the small 

olecule or peptide/peptidomimetic to disrupt the PPI. 
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