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 The outbreak of COVID-19 and its mutant variants has become a life-threatening and 
fatal viral disease to mankind. Several studies have been carried out to identify an effective 
receptor against coronavirus using clinically driven samples distinguished as hematological, 
immunological and biochemical biomarkers. Simultaneously, protein interfaces are being 
researched to understand the structural and functional mechanism of action. Therefore, we 
characterized and examined the interfaces of corona viral proteins using a dataset consisting 
of 366 homomeric and 199 heteromeric protein interfaces. The interfaces were analyzed 
using six parameters including interface area, interface size, van der Waal, hydrogen bond, 
electrostatic and total stabilizing energies. We observed the interfaces of corona viral proteins 
(homomer and heteromer) to be alike. Therefore, we clustered the interfaces based on the 
percent contribution of vdW towards total stabilizing energy as vdW energy dominant (=60%) 
and vdW energy subdominant (<60%). We found 91% of interfaces to have vdW energy in 
dominance with large interface size [146±29 (homomer) and 122±29 (heteromer)] and interface 
area [1690±683 (homomer) and 1306±355 (heteromer)]. However, we also observed 9% of 
interfaces to have vdW energy in sub-dominance with small interface size [60±12 (homomer) 
and 41±20 (heteromer)] and interface area [472±174 (homomer) and 310±199 (heteromer)]. 
We noticed the interface area of large interfaces to be four-fold more when compared to small 
interfaces in homomer and heteromer. It was interesting to observe that the small interfaces of 
homomers to be rich in electrostatics (r2=0.50) destitute of hydrogen bond energy (r2=0.04). 
However, the heteromeric interfaces were equally pronounced with hydrogen bond (r2=0.70) 
and electrostatic (r2=0.61) energies. Hence, our earlier findings stating that the small protein 
interfaces are rich in electrostatic energy remaintrue with the homomeric interfaces of corona 
viral proteins whereas not in heteromeric interfaces.

Keywords: Corona viral proteins; Hydrogen Bond Energy; Electrostatic Energy; Interface Area; 
Interface Size; Protein-Protein Interaction; Protein Interface; Total Stabilizing Energy;

Van Der Waals Energy.

 Coronavirus in recent times has become 
an extensively used term all over the world and 
rightfully so, owing to COVID-19, the disease 
caused by one of its kind that has been running 
rampant since late 2019. However, contrary to 
most people’s assumption that ‘coronavirus’ refers 
to a single species; it is a hyponym encompassing 

several viruses possessing shared characteristics. 
The family Coronaviridae comprises single-
stranded RNA-viruses encapsulated with spike 
proteins that, under a microscope, are reminiscent 
of the sun’s corona — hence, according to them, 
their well-known name. Till date, over 100 million 
people have been infected with COVID-19 and 



1614 Nilofer & MohaNapriya, Biomed. & Pharmacol. J,  Vol. 14(3), 1613-1631 (2021)

over 30 million have succumbed to this disease 
(WHO COVID-19 Weekly Epidemiological 
Update, 2021), not to mention the immense 
economic devastation that this pandemic has put 
the world through. With the world fallen into the 
clutches of the COVID-19-pandemic, it becomes 
imperative to characterize not just SARS-CoV-2, 
the etiological agent of COVID-19, but other 
coronaviruses as well to be equipped in case of 
a future viral onslaught. Many initiatives have 
already been put into motion to explore the 
SARS-CoV-2’s constitution to obtain cognizance 
of the virus modus operandi and leveraging that 
knowledge to innovate effective counters against 
the disease. Considerable advances have been 
made in these pursuits following the advent of the 
COVID-19 pandemic (Ye et al., 2020).
 A crucial aspect of contriving a therapeutic 
remedy is assessing the interface interactions 
of the proteins, which play vital role in the 
pathogenicity of the organism in question. Proteins 
are indispensable to almost all biological processes 
and irregularities in their interface interactions 
manifested as aberrations in their form and 
function, thus either reducing their efficacy or 
rendering them completely defunct. Proteins 
evidently play a key role in any virus virulence. 
Therefore, it is of great interest to acquire sound 
insights into the interactions stabilizing the key 
protein-protein interfaces of coronaviruses, as 
it will unquestionably endow us with necessary 
intellectual wherewithal to devise the means to 
curb not just SARS-CoV-2 but any pathogen 
in consideration. To be able to tamper with and 
mimic the interface interactions allows us to 
impede the viral life cycle, consequently halting 
and dispatching the viral load on its path to 
debilitating its host. Chuck et al. (2013) reported 
four different nitrile-based peptidomimetic 
inhibitors with different N-terminal protective 
groups and different peptide lengths of the 3C-like 
protease (3CLpro), an integral protein involved in 
the replication process of coronaviruses. One of 
these peptide inhibitors, Cbz-AVLQ-CN, showed 
a broad-spectrum inhibition against several of 
the coronavirus strains known to infect humans. 
Several potential peptidomimetic inhibitors of 
3CLpro of a mutated feline coronavirus (FCoV) 
strain were thoroughly investigated by St John et 
al. (2015) in their endeavor to discover an effective 

drug to treat domestic cats suffering from feline 
infectious peritonitis, a lethal disease caused by 
this pathogen. Similarities were observed between 
the substrate-binding sites of the main proteases 
(Mpro) of transmissible gastroenteritis virus 
(TGEV), human coronavirus (strain 229E), and 
the SARS-CoV. Anand et al. (2003) venture on 
the enticing promise of subtle modifications in 
the drugs available against the former two, for use 
in the latter. This study proves to be particularly 
fascinating as it unveils the tantalizing prospect 
that the conserved homology in the key protein 
interface interactions of several coronaviruses 
can be exploited to design broad-spectrum drugs 
suitable for the treatment of several coronavirus-
related diseases. In line with characterizing the 
coronavirus proteins with the well-intended goal 
of reaping the bountiful benefits stemming from 
it, we through this study seek to understand the 
homo and heteromeric interface interactions of the 
said proteins and decipher meaningful inferences 
from them. It’s rarely the case for any protein to 
function in solitude. More often than not, proteins 
operate in complex coordination with other proteins 
and this brings into the picture a huge number of 
interactions all of which must work in a stable 
and sustained manner for the organism to survive. 
An important requisite of these vital interactions 
is the formation of protein-protein interfaces. 
Protein-protein interfaces are defined as the set of 
residues spanning a region over which two protein 
subunits, domains, or motifs bind to each other via 
non-covalent interactions. Covalent interactions, 
like disulfide bridges, also contribute to interface 
formation.
 Wide arrays of biological and chemical 
factors guide the formation of a stable protein 
interface. Chothia and Janin (1975) from their 
studies remark that the interfaces of proteins 
are generally closely packed with hydrophobic 
residues. These hydrophobic residues are more 
at the interface in comparison to the surface 
but fewer compared to protein core (Jones & 
Thornton, 1995; Korn & Burnett, 1991). Mobility, 
or the lack of it, could be an important feature of 
protein complexes (Janin & Chothia, 1990). The 
conformational mobility of the side chains and the 
main chains of the proteins add another dimension 
to how protein-protein interfaces can be analyzed 
and distinguished. The occurrence of hydrophobic 
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residues at the interface and core of the protein 
than the surface validates the role of hydrophobic 
interactions in the protein folding process. Also, 
interfaces usually tend to be planar with a surface 
area that is often proportional to the size of the 
total protein (Jones and Thornton, 1996). From the 
assessment of the H-bonds and salt bridges in 319 
non-redundant protein-protein interfaces Xu, Tsai, 
and Nussinov (1997) delineate the occurrence of 
side-chain side-chain H-bonds to be more common 
among the interfaces of the associated proteins. 
Caffery et al. (2004) meticulously scrutinized a 
set of 64 protein interfaces based on conservation 
scores they obtained from two different multiple 
sequence alignments, they observed that protein 
interfaces are usually more conserved than the 
surface. However, they noticed that the protein 
surfaces to be more conserved than the protein 
interface while using surface-patch analysis. 
Bahadur et al. (2004) compared the interfaces of 
protein complexes and homodimers and interpreted 
the close packing contacts in monomers using 
parameters like the interface area, polar and 
non-polar composition and interactions, residue 
propensity, atomic packing density, buried 
interface atoms and core residues, and hydrophobic 
interactions. Their analyses revealed that in contrast 
to the crystallographic interfaces, biological ones 
tend to be large and more hydrophobic, having a 
higher amount of core residues, possessing more 
fully buried atoms, and exhibiting better shape 
complementarity. Elez et al. (2018) showed from 
their survey of biological and crystallographic 
interfaces that the parameters like intermolecular 
residue-residue contacts and interaction energies 
(van der Waals, electrostatic, and desolvation) 
can effectively discriminate between these 
interfaces. Additionally, Guharoy and Chakrabarti 
(2005) demonstrated that the residues that form 
the core of a biologically relevant interface are 
more conserved than the ones in its rim regions. 
The same isn’t observed for crystalline artifacts. 
Thus, residue conservation expressed in terms of 
sequence entropy can be used to ascertain whether 
an interface is truly biologically pertinent or not.  
Homomeric interfaces appear to be highly populated 
in hydrogen bonds with non-polar residues while 
heteromeric interfaces were observed to have polar 
charged residues with high hydrogen bond density 
(Zhanhua et al., 2005). Protein heterodimer subunit 

interaction is important in regulation and catalysis 
in living cells (Vaishnavi et al., 2010). Guharoy 
and Chakrabarti (2010) surveyed the interfaces 
of 121 homodimers and 392 heterocomplexes 
and concluded that the distribution of conserved 
residues at the interfaces is not random but rather 
distinctly clustered. Hydrogen bonds and salt 
bridges are the key driving force for molecular 
recognition and specificity among associated 
proteins (Kuroda & Gray, 2016). The proportion 
of the different types of covalent and non-covalent 
interactions differs amongst various proteins based 
on their origin, composition, and functionality. 
Nilofer et al. (2019) noted that proteins with small 
interfaces (area < 1000 Å²) possess considerable 
levels of electrostatic interactions in proportion 
to other non-covalent interactions were observed 
to perform regulatory roles. Interactions aside, 
other critical interface attributes like solvation 
potential, interface amino-acid residue propensity, 
hydrophobicity, planarity, protrusion, and the 
accessible surface area further distinguish one set 
of proteins from the others and come in handy 
in protein-protein interface analysis. Hence, 
deciphering the arcane aspects of the coronavirus 
protein-protein interfaces shall shed light on a new 
path to combating the advance of coronaviruses. 
Therefore, we analyzed 366 homomeric and 199 
heteromeric protein interfaces using six parameters 
including interface size, interface area, van der 
Waals, hydrogen bond, electrostatic and total 
stabilizing energies. To verify the authenticity of 
our previous finding stating that protein interfaces 
are predominantly populated with vdW energy 
(Nilofer et al., 2017) and that the small interfaces 
are rich in electrostatic energy (Nilofer et al., 2019).

Materials and Methods

dataset
 An updated non-redundant structural 
dataset of 61 homomeric and 129 heteromeric 
protein complexes (Table 1) ranging from dimers 
to heptamers pertaining to SARS-CoV-2 were 
acquired from the Protein DataBank (PDB) 
(Figure 2). The entries conform to the following 
refinements: (1) Experimental Method - X-Ray 
Diffraction; (2) Polymer Entity Type – Protein; (3) 
Refinement Resolution (<3.0 Å); and (4) Polymer 
Entity Sequence Length (> 50 aminoacids). 



1616 Nilofer & MohaNapriya, Biomed. & Pharmacol. J,  Vol. 14(3), 1613-1631 (2021)

These 61 homomeric and 129 heteromeric protein 
complexes gave rise to 366 homomeric and 199 
heteromeric interfaces that were examined in this 
study. 
interface size 
 The number of amino-acid residues that 
make up the interface is referred to as the interface 
size. 
accessible surface area (asa)
 The Accessible Surface Area was 
estimated for each of 366 homomeric and 199 
heteromeric interfaces using the NACCESS, a 
stand-alone program that is capable of calculating 
the ASA of a molecule obtaining the atomic 
coordinate information from a PDB file (Hubbard 
& Thornton, 1993). It operates on the premise of 
the Lee and Richards Method (Lee & Richards, 
1971) wherein a probe with 1.4Å (radius of water 
molecule is nearly the same) radius (Jones & 
Thornton, 1995, 1996) is made to roll over the 
protein complex in monomer and dimer state to 
find the ASA. 
interface area 
 The interface area for the 366 homomeric 
and 199 heteromeric protein interfaces was 

calculated from the findings of NACCESS using 
the formula: {[ASA of Subunit 1 (monomer state) 
+ ASA of Subunit 2 (monomer state)) – (ASA of 
the dimer (1 and 2)]} / 2. 
interface energies 
 Interface energies (vdW, hydrogen 
bonds, electrostatic, and total stabilizing energy) 
were computed for 366 homomeric and 199 
heteromeric protein interfaces. The analysis was 
done using PPCheck, a public webserver useful for 
quantifying the non-covalent interactions between 
any two given proteins/chains using distance 
criteria (Sukhwal & Sowdhamini, 2013, 2015). 
(Note: the role of water at the protein interface was 
excluded in the calculations). 
large interfaces and small interfaces 
 Interfaces were categorized as small 
and large interface based on interface size and 
interface area. Interfaces with large interface area 
[1690±683 (homomeric) 1306±355 (heteromeric)] 
and interface size [146±29 (homomeric) 122±29 
(heteromeric)] were defined as large interface 
and interfaces with small interface area [472±174 
(homomeric) 310±199 (heteromeric)] and interface 

table 1. List of Coronaviral (homomeric and heteromeric) protein complexes

Homo-meric Protein Complexes
1WNC 2FAV 2IEQ 3ZBD 5EPW 5YM6 6IVD 6VYO 7CDZ
1WYY 2G9T 2Q6D 4F49 5HIZ 5YM8 6KL2 6W01 7CJD
2AMP 2GA6 2RHB 4KQZ 5JIF 5YVD 6LPA 6WXD 7CMD
2BTL 2GE7 3EAJ 4L3N 5LG6 5ZHY 6LXT 6WZQ 7E35
2BXX 2GE8 3EBN 4MOD 5N4K 5ZUV 6M3M 6XMK 7NIO
2CJR 2GEC 3ETI 4S1T 5RS7 6FV2 6MEA 6Z4U  
2D2D 2GIB 3EWO 4UD1 5XGR 6IVC 6QFY 7C02  

Hetero-meric Protein Complexes
1P9U 3C9N 5DO2 6LU7 6XE1 7BEP 7D2Z 7KFY 7LBN
1UK4 3I6K 5E6J 6M5I 6XFN 7BWJ 7D30 7KGJ 7LFZ
1X7Q 3R24 5F22 6PXH 6XKP 7BZ5 7DEO 7KGK 7LG0
2AHM 3SNC 5GMQ 6U7F 6XKQ 7C01 7DET 7KGQ 7LG2
2AMQ 3SNE 5GSB 6U7G 6YLA 7C8B 7DEU 7KGT 7LM8
2BEZ 3VB4 5GSV 6W4H 6YZ5 7C8V 7EAN 7KLW 7LM9
2DD8 3VB6 5V6A 6WAQ 6Z2M 7C8W 7JJC 7KMG 7LOP
2GHW 4KR0 5W8U 6WUU 6ZCZ 7CAN 7JMO 7KMH 7NEG
2Q6G 4M0W 5WFI 6WX4 7B3O 7CDI 7JMP 7KMI 7NEV
2XYQ 4PV8 5YL9 6XA9 7BEH 7CHB 7JMW 7KN5  
2Z3C 4QZV 5YN5 6XAA 7BEI 7CHC 7JN5 7KN6  
2Z3D 4RF1 5YY5 6XBG 7BEJ 7CHF 7JX3 7KN7  
3ATW 4RSP 6BI8 6XBI 7BEL 7CJF 7K9Z 7KVG  
3AVZ 4ZPT 6C6Z 6XC3 7BEM 7CM4 7KFW 7KZB  
3AW0 4ZRO 6IEX 6XC7 7BEN 7CR5 7KFX 7L0N  
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Fig. 1. Examples depicting the small and large interfaces of homomeric and heteromeric proteins of SARS-
CoV-2. The percentage contributions of interface energies (vdW, hydrogen bond, electrostatic energies) at the 

interface are also displayed

size [60±12 (homomeric) 41±20 (heteromeric)] 
were defined as small interface.
interfaces with dominant and sub-dominant van 
der Waals energy (vdW) 
 The small and large interfaces were 
further categorized as dominant vdW energy 
and subdominant vdW energy based on the 
percentage contribution of vdW energy towards 
total stabilizing energy. Interfaces with the van der 
Waals energy measuring less than 60% of the total 
stabilizing energy (sum of van der Waals, hydrogen 

bonds, and electrostatic energies) are defined as 
sub-dominant interfaces, while those interfaces 
whose van der Waals energy’s contribution to 
the total stabilizing energy greater than 60%  are 
defined as the dominant interfaces. 
statistical analysis 
 Statistical parameters like Mean, Standard 
Deviation, the cumulative frequency at a defined 
bin, range, mode, and distribution for the datasets 
and sub-datasets were assessed using the statistical 
functions in Microsoft Office Excel (version 2007). 
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Fig. 2. The flowchart with criterion used to create the 
current dataset of 61 homomeric and 129 heteromeric 

proteins with 366 and 199 interfaces respectively

Fig. 3. The relationship between interface size and interface area is represented using multiple regression 
analysis. High coefficients of determination (R2) values were observed with a high confidence limit and 

significance of fit for the homomers, heteromers, and for overall interfaces

Additionally, multiple linear regression analyses 
of interface size against interface area, interface 
energies were carried out using the statistical 
analysis tool of Microsoft Office Excel (version 
2007). The coefficient of determination (r2) was 
determined alongside the statistical assessment of 
significance (p-value) through statistical ANOVA 
test at a 95% confidence limit, the assessment 
showed significance when p < 0.01.

results

 We downloaded SARS-CoV-2 viral 
protein complexes [61 homomers and 129 
heteromers with 366 and 199 interfaces respectively 
(Table 1 and Figure 1)] from PDB using the criteria 
mentioned in Figure 2. We then characterized the 
interfaces in terms of six parameters consisting 
of interface area, interface size and interface 
energies including van der Waals, hydrogen bond, 
electrostatic and total stabilizing energy. Interface 
area was calculated using NACCESS program 
(Lee and Richard method with 1.4Å as probe 
radius) and the interface size and interface energies 
were calculated using PPCheck. PPCheck is a 
computer program; it computes interface energy 
using distance criteria. We methodically analyzed 
and compared the interfaces of 366 homomers and 
199 heteromers (Figure 1) using six parameters to 
verify the accuracy of our previous study stating the 
abundance of vdW energy at the protein interface 
and that the small protein-protein interfaces are 
rich in electrostatic energy. The relationship 
between the interface size (number of residues 
at the interface) and interface area signifies the 
strength of protein interface. Likewise, Figure 
3 shows that the interface area increases with 
interface size in all interfaces of homomer and 
heteromer with a coefficient of determination of 
r2 e” 0.84. It is observed from Figure 4 that the 
interface size (92±49) and interface area (920±743 
Å2) of homomers are greater than the interface size 
[63±29 (hetero)] and interface area [575±337 Å2 
(hetero)] of heteromers. Moreover, Figure 5 shows 
majority of interfaces to have interface area <1000 
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Fig. 5. The distribution of interface area among homomeric and heteromeric interfaces are illustrated using 
polynomial distribution. Majority of the homomeric and heteromeric interfaces are found to have 500 Å2 and 

1000 Å2 on average

Fig. 4. The Mean and the Standard Deviation of interface size and interface area of homomeric and heteromeric 
interfaces of SARS-CoV-2 are depicted

Å2 in homomers (52%) and heteromers (92%). 
Furthermore, we calculated the varying percentage 
contribution of interface energy including vdW, 
hydrogen bonds, electrostatic energy towards 
total stabilizing energy at the interfaces of 
homomer and heteromer. We found the interfaces 
of homomers and heteromers to have a high 
percentage contribution of vdW (above 76%) and 
a low percentage contribution of hydrogen bonds 
(above 16%) and electrostatic (above 8%) energies 
on average (Figure 6). Figure 7 shows that the 
interfaces of homomer and heteromer are normally 
distributed and are similar with respect to percent 
vdW, hydrogen bond and electrostatic energy 
contribution except the distribution of hydrogen 
bond energy (Figure 7c) in homomers. However, 

it is intriguing to observe that on average the 
interfaces of homomer and heteromer are similar 
in terms of interface size interface area, vdW, 
hydrogen bond, electrostatic and total stabilizing 
energy.
 Subsequently, we categorized our 
interfaces into vdW energy dominant (e”60%) 
and vdW energy subdominant (<60%) interfaces 
based on the contribution of vdW at the interfaces 
of homomer and heteromer.  The majority (91%) 
of interfaces of homomer and heteromer are vdW 
energy dominant having less than 20% of hydrogen 
bonds and electrostatic energy contribution towards 
total energy. On the other hand, the 8% of vdW 
subdominant interfaces of homomer and heteromer 
are observed to have more than 20% of hydrogen 
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Fig. 6. Mean percentage contribution of interface energies at the interface is represented. On an average, the 
homomeric and heteromeric interfaces are made up of vdW energy (above 76%), hydrogen bond energy (above 
14%) and electrostatic energy (above 10%). This implies that the protein interfaces are predominantly populated 

with vdW energy in abundance

Fig. 7. Distribution of interfaces (in percentage) according to the increasing contributions of vdW, hydrogen 
bond, and electrostatic energies. The interfaces are distributed normally with vdW and hydrogen bond energy but 

in the case of electrostatic energy, the interface distribution is reminiscent of a power-law graph
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Fig. 8. Graph showing interface distribution (in percentage) with high percentage contributions of vdW, hydrogen 
bond and electrostatic energies. Most of the interfaces are vdW dominant

bonds and electrostatic energy. We further found 
that the interfaces of homomer and heteromer to 
have three-fold and five-fold more electrostatic 
energy contribution at the interfaces of homomer 
and heteromer with small interface area (vdW 
subdominant) compared to large interface area 
(vdW dominant) (Figures 8 and 9). While, the 
hydrogen bonds energy contribution are similar 
at the large and small interfaces of homomer 
and heteromer. The vdW energy subdominant 
interfaces of homomer and heteromer are highly 
pronounced with electrostatic energy contribution 
unlike the vdW dominant interfaces (Figure 10). It 
is evident from Figure 11 that the interface area and 

interface size of the large interfaces of homomer 
and heteromer is four-fold more when compared to 
the small interfaces. The distribution of interface 
area among the large and small interfaces of 
homomer and heteromer shows that majority of 
the interfaces with subdominant vdW energy are 
observed to have an interface area <1000 Å2 while 
interface area of dominant vdW interfaces are 
>1000 Å2 (Figure 12). The relationship between 
the interface size and interface energy is shown 
using Figure 13. We found the correlation of 
total stabilizing energy and vdW to increase with 
interface size with r2=0.84. Whereas, hydrogen 
bonds [r2=0.44 (homomeric) r2=0.37 (heteromeric)] 
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Fig. 9. The percentage contribution of hydrogen bond and electrostatic energy at the interfaces of small and large 
interfaces of homomeric and heteromeric protein complexes are depicted. The contribution of electrostatic energy 

at the small interfaces (vdW energy subdominant) of homomeric and heteromeric interfaces are three-fold and 
five-fold more than large interfaces respectively

Fig. 10. Distribution of interfaces (in percentage) with varying percentages of hydrogen bond and electrostatic 
energies are shown among the small and large interfaces of homomeric and heteromeric protein complexes
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Fig. 11. The Mean and Standard Deviation of interface size and interface area among the interfaces of homomeric 
and heteromeric protein complexes are represented

and electrostatic energy [r2=0.24 (homomeric) 
r2=0.15(heteromeric)] have moderate and less 
correlation with respect to interface size. Hence, to 
gain in-depth understanding about the interface, we 
calculated the correlation between interface energy 
and interface size in large and small interfaces of 
homomer and heteromer.  We found the trend to 
persist in large and small interface with respect 
to total and vdW energy to have high coefficient 
of determination at the interfaces of homomer 
and heteromer. Interestingly, we found the large 
interfaces of homomer and heteromer with zero 
electrostatic energy contribution [Figure 14 
(g,h)], while hydrogen bonds being second highly 
pronounced energy [Figure 14 (e,f)]. Conversely, 
we found electrostatic energy to be the second 
highly pronounced energy with respect to the 
small interfaces of homomer [Figure 14(o)] where 
the hydrogen bonds energy contribution is zero 

[Figure 14(m)]. However, the contribution of 
hydrogen bonds and electrostatic energy is equal 
in the small interfaces of heteromer [Figure 14 
(n,p)]. This shows that the small interfaces having 
restricted interface area and interface size with 
vdW subdominant are abundant with electrostatic 
energy. This conclusion holds true in case of 
homomers (small interface, vdW subdominant), 
but not with heteromers (small interface, vdW 
subdominant). 

discussion

 Coronavirus has debilitated the health 
of the human populace and thrown the world’s 
economy into disarray. We can’t afford to let it 
or any of its kin hurl in another maelstrom of 
chaos again. Hence, there is an immediate need 
to concentrate on finding and delivering new 
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Fig. 12. Distribution of interfaces (in percentage) among the small and large interfaces of homomeric and 
heteromeric protein complexes is shown

promising solutions to deal with coronaviruses. 
A diverse array of remedies has sprung up from 
the staunch efforts of many researchers (Ahsan 
et al., 2020; Auwaerter & Casadevall, 2020; 
Yang, 2021; Odolczyk et al., 2021). Research into 
the functioning of SARS-CoV-2 has unearthed 
tantalizing new details about the linchpins in 
its viral architecture, which serve as potential 
drug targets (Gordon et al., 2020; Xie et al., 
2020; Sakkiah et al., 2021). Galvanized by the 
spirited works happening all over the world, this 
study endeavors to delineate the homomeric and 
heteromeric interface interactions of coronavirus 
proteins, which would prove to be fruitful in the 
development of new and efficacious therapeutic 
remedies. Understanding the vital interface 
interactions of coronavirus proteins is a pivotal 
step in the development of an effective and efficient 

therapeutic remedy. Hence, it is of interest to 
explore the protein interfaces of SARS-CoV-2 and 
to verify our former findings stating that protein 
interfaces are predominantly dominated with vdW 
energy while hydrogen bond and electrostatic 
energy to play a selective role (Nilofer et al., 2017) 
and also that the small protein interfaces are rich 
in electrostatic energy (Nilofer et al. 2019) using 
X-ray structures from PDB. 
 Thus far, protein interfaces are defined 
using several physical and chemical features 
including hydration, hydrophobicity, hydrophilicity, 
van der Waals interaction, aromatic residues, 
hydrogen bonds, electrostatic effects, conserved 
residues, conformational changes, size, gap 
index, volume, shape complementarity, residue 
preference, the presence of water molecules and 
binding energy (Caffrey et al., 2004; Bahadur et al., 
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Fig. 13. Graph showing the correlation between the interface energies and the interface size for the total 
interfaces for the homomeric and heteromeric protein complexes using multiple regression analysis
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2004; Chothia & Janin, 1975; Chakrabarti & Janin, 
2002; Guharoy & Chakrabarti, 2010; Chothia et al., 
1976; Gromiha et al., 2009; Guharoy & Sowmya 
et al., 2011; Jones, 2012; Janin & Chothia, 1990; 
Korn & Burnett, 1991; Jones & Thornton, 1995, 
1996, 1997a, 1997b; Li et al., 2006; Lo Conte et 
al., 1999; Miller et al., 1987; Marchetti et al., 2019; 
Nilofer et al., 2017; Murakami & Jones, 2006; Pal 
et al., 2007; Robert & Janin, 1998; Sowmya et 
al., 2015; Sowmya & Ranganathan, 2015; Tsai et 
al., 2008; Taechalertpaisarn et al., 2019; Yang & 
Gong, 2018; Xu et al., 1997; Zhanhua et al., 2005). 
The extensive research on interface analysis (Li 

et al., 2019), protein docking methods (Porter et 
al., 2019; Dauzhenka et al., 2018;) and interface 
feature predictors (Correa Marrero et al., 2019; 
Bendell et al., 2014; Dai et al., 2016; Daberdaku 
& Ferrari, 2018; Guo et al., 2016; Garcia-Garcia 
et al., 2017; Hwang et al., 2016; Humphris & 
Kortemme, 2008; Li & Kihara, 2012; Jordan et 
al., 2012; Qiao et al., 2018; Moreira et al., 2017; 
Xue et al., 2011Wang et al., 2017;) has deepened 
our understanding on protein-protein interaction. 
Hence, the identification of novel structural features 
of known interfaces using statistical analysis is 
pertinent to the current scenario dealt with the 

Fig. 14. Graph showing the correlation between the interface energies and the interface size among the small and 
large interfaces of homomeric and heteromeric protein complexes. The electrostatic energy contribution is more 
pronounced at the small interfaces of homomer with zero hydrogen bond energy. While the hydrogen bond and 

electrostatic energy contribution is equal at the small interfaces of heteromeric proteins
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spread of SARS-CoV-2 to understand its protein-
protein interaction. Protein binding and folding 
is more fascinating compared to protein-protein 
interaction (Li et al., 2005; Lulu et al., 2009). 
It is of significance to relate molecular function 
with the structural features of homomeric and 
heteromeric interfaces. Therefore, we performed 
statistical analysis on 366 homomeric and 199 
heteromeric interfaces of SARS-CoV-2 using six 
parameters including interface area, interface size 
and interface energies (van der Waals, hydrogen 
bonds, electrostatic and total energy) and identified 
new structural features in relation to molecular 
function. 
 Protein size play a significant role in 
protein-protein interaction and protein docking 
(Martin, 2014). Similarly, proteins with different 
size and shape come together with the help of 
stable interface (Vaishnavi et al., 2010). Miller et 
al., 1987 defined interface area as the change in 
accessible surface area during interface formation 
and described protein interfaces using interface 
size. The potency of protein binding is determined 
by its interface size. We show the interface area 
to increase with interface size with r2>0.86 (high 
co-efficient of determination). Majority of the 
interfaces are found to have interface area less than 
1000 Å2 in homomeric and heteromeric protein 
interfaces. This finding is in contrast to our former 
results stating most of interfaces to have interface 
area more than 1000 Å2. Each protein interface is 
unique and has varying contribution of interface 
attributes including interface area, interface size, 
vdW, hydrogen bonds, electrostatic energy and 
total stabilizing energy. The quantification of the 
interface attributes help in identifying the major 
stabilizing factors at the protein interface which 
in-turn is significant to enhance our understanding 
of protein-protein interaction. We know that the 
protein interfaces contain hydrophobic residues 
(Chothia et al., 1976; Chothia & Janin, 1975; 
Jones & Thornton, 1995; Korn & Burnett, 1991; 
Tsai et al., 2008), hydrogen bonds (Xu et al., 1997; 
Zhanhua et al., 2005), charge complementarity 
(Lo Conte, Chothia, & Janin, 1999; Xu et al., 
1997), charged, aliphatic and aromatic residues 
(Gromiha et al., 2009), polar (Petras & Emil, 2006) 
and non-polar residues (Sowmya & Ranganathan, 
2015; Sowmya et al., 2011). The presence of 
hydrogen bonds and electrostatic energy has 

been documented in literature. However, the 
contribution of these interface energies towards 
total stabilizing energy is not accurately reported. 
Nilofer et al., 2017 described that the interfaces are 
van der Waals energy dominant on average with 
limited hydrogen bond and electrostatic energy. 
Subsequently, it was reported that the electrostatic 
energies are abundant in small protein interfaces 
(Nilofer et al., 2019). In addition we confirm 
these findings to hold true with the SARS-CoV-2 
dataset showing the interfaces of homomeric and 
heteromeric proteins to be vdW dominant (above 
76%) with selective hydrogen bonds (above 16%) 
and electrostatic energy (above 8%) and also we 
found small interfaces of homomers to be rich 
in electrostatic energy with zero hydrogen bond 
energy contribution. 
 We observed majority of interfaces to 
have dominant vdW energy [90% (homomeric) 
92% (heteromeric)] compared to subdominant 
vdW energy [10% (homomeric) 8% (heteromeric)]. 
Large interfaces were found to have four times 
of interface size and interface area than small 
interfaces. It is known that vdW and hydrogen 
bond energies to increase with interface size in 
homomeric and heteromeric protein interfaces 
unlike electrostatic energy (Nilofer et al., 2019). 
However, electrostatic energy and salt bridges 
were reported to increase with interface size in 
regulatory-inhibitory interfaces (Sowmya et al., 
2015). We observed large interfaces of homomeric 
and heteromeric proteins with zero electrostatic 
energy [r2=0 (homomeric) r2=0(heteromeric)] 
contribution. Conversely, we observed small 
interfaces to be rich in electrostatic energy [r2=0.50 
(homomeric) r2=0.61 (heteromeric)] where the 
vdW energy is subdominant and hydrogen bond 
energy is at its minimum. Therefore, we find 
these findings to be in agreement with our former 
conclusions stating that protein interfaces to be 
vdW dominant with limited hydrogen bond and 
electrostatic energies (Nilofer et al., 2017) and also 
that small protein interfaces with small interface 
area and interface size are rich in electrostatics 
(Nilofer et al., 2019). 

conclusion

 Statistical analyses of the homomeric 
and heteromeric protein-protein interfaces of 
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coronavirus using interface size, area, and energies 
reveal that these interfaces are largely held together 
by vdW energy. Of the 366 homomeric and 199 
heteromeric protein-protein interfaces surveyed, 
91% of interface possesses a large interface 
size and area, where vdW energy reigns as the 
dominant contributing energy. However, 9% of 
the dataset were observed to have small interface 
size and small interface area with sub-dominant 
vdW energy. The contributions of hydrogen 
bond and electrostatic energies are remarkable at 
small interfaces with sub-dominant vdW energy. 
We found the electrostatic contribution at the 
small interfaces having small interface area and 
interface size to be three-fold and five-fold more 
in homomeric and heteromeric protein interfaces 
respectively. Also, we observed the small interfaces 
of homomeric interfaces to be highly pronounced 
with electrostatic energy in the absence of hydrogen 
bond energy. While the contribution of hydrogen 
bond and electrostatic energies are same in the 
small interfaces of heteromeric proteins. Hence, our 
previous finding stating that the protein interfaces 
are predominantly populated with vdW energy and 
that the small interfaces are rich in electrostatics 
holds true in case of homomers but not in the 
case of heteromers. In future, we plan to extend 
this work by finding the amino acid propensities 
using in-house python program and predict hotspot 
residues at the interfaces of coronavirus spike 
glycoprotein and its interacting partner. This 
prediction will give us more deep insights about 
the inter-residue interaction which will help us in 
drug discovery and development process. These 
insights into the homomeric and heteromeric 
interfaces of coronavirus proteins gained from 
the statistical analyses of their structural features 
will undeniably further our understanding of their 
molecular functioning.
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