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	 The coronavirus outbreak and its mutant variants have harmed the health of the 
human populace and imperiled the world economy. Several studies are initiated across the globe 
using clinical biomarkers from hematological, immunological, and biochemical experiments. 
In addition, analysis of protein interfaces provides an understanding of the functioning of the 
coronavirus target proteins. This study examines the interfaces of spike glycoproteins in terms 
of large (vdW dominant) and small (vdW subdominant) interfaces. We also calculated Gibbs free 
energy (?G), residue propensity and hot-spot prediction for these interfaces. Dataset consisting 
of 115 (large interface with vdW dominant) and 18 (small interface with vdW subdominant) 
were obtained from PDB. Results show that 86% of the total interfaces were vdW dominant, 
while the rest, 14%, were sub-dominant in vdW energy. Interestingly, on average, we found 
the Gibbs free energy (?G) of large and small interfaces to be -21 and -30 kcal/mol respectively. 
We also found the interfaces of large and small to be highly pronounced with polar residues 
followed by hydrophobic residues in case of large interfaces and charged residues in case of 
small interfaces. We found and report methionine residues to be absent at the small interfaces 
having subdominant vdW energy. We also observed the majority of the interfaces to be rich in 
hotspot residues. Thus, the information on heteromeric interactions of glycoproteins may help 
develop new and productive therapeutic drugs.
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	 The impact of the COVID-19 pandemic 
on the world’s economy and overall health of 
the human populace has been devastating, with 
mortalities amounting to over 5 million and cases 
still raising, and countries suffering crumbling 
hits to their GDPs. The repercussions of this 
pandemic leave room for no doubt about the need 
to characterize spike glycoproteins, the etiological 
agent of COVID-19. The urgency of the situation 
becomes all the more alarming with the rise of the 
various SARS-CoV-2 variants, each one being 

a reminder of the looming threat of the virus’s 
capability to mutate further and further to evade 
and overcome the vaccines being developed and 
deployed against it (https://www.who.int/en/
activities/tracking-SARS-CoV-2-variants/, https://
covid19.who.int/). Mutations may be a cause for 
concern in humans. Still, in viruses, it’s a matter of 
survival, a chance at becoming more infectious and 
pathogenic, and evading its hosts’ immune system. 
Since its advent, many variants of SARS CoV-2 
have stemmed from it. Of the many that exist, 
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four, namely the alpha, the beta, the gamma, and 
the delta, pose a severe threat to human health and 
welfare (https://www.livemint.com/science/health/
from-alpha-beta-gamma-to-delta-what-we-know-
of-coronavirus-mutations-so-far-11625207686643.
html). 
	 Many efforts worldwide have made it 
possible to gain a comprehensive view of the viral 
architecture of coronavirus spike glycoprotein, 
furthering our understanding of the virus’s 
modus operandi and enabling us to leverage that 
knowledge in devising effective and efficient 
actions against COVID. Ye et al., 2020 stated 
that a significant amount of measures have been 
taken in this hunt of eradicating COVID-19 from 
the beginning of the pandemic. A varied range of 
solutions has been raised from the persistent efforts 
of many scientists and researchers across the globe 
(Odolczyk et al., 2021; Auwaerter and Casadevall, 
2020; Yang, 2021; Ahsan et al., 2020). Research 
on the functioning of SARS-CoV-2 has provided 
us with new particulars about the linchpins and 
its viral constitution, as they serve as a potential 
drug targets (Sakkiah et al., 2021; Xie et al., 2020; 
Gordon et al., 2020).  Regardless of their host 
specificities, all coronaviruses have some common 
proteins and are crucial to their life cycle (Chang 
et al., 2021). Amongst such proteins, the spike 
protein has received particular interest. Through 
its receptor-binding domain, the spike glycoprotein 
recognizes and attaches to its cognate receptor on 
the host cells. This binding expedites the virus’s 
cellular entry. Thus, its presence and functioning 
are vital to kickstart the virus’s life cycle, and 
having an idea about the interface interactions and 
the Gibbs free energies of the spike glycoproteins 
and all its associated variants will be most suitable 
if we are to win this war against this virus.
	 A critical aspect of coming up with a 
beneficial remedy is by assessing the interactions 
that occur at the protein interface of the essential 
proteins, pivotal to the organism’s pathogenicity. 
Proteins are the sine qua non of almost all biological 
processes. Two or more proteins come together 
in a biological system to perform a molecular 
function including signal transduction and cellular 
transport through the formation of a stable interface 
(Hardcastle et al. 2017). Protein complexes have 
shown its capabilities in therapeutics as it’s 
increasingly received a lot of attention in the past 

few years. Chang et al. 2021 states that the protein 
interface would be the ideal targets for designing 
antiviral drugs as it enriches the targetable chemical 
space by providing alternative targets for drug 
discovery. Therefore, any perturbations in their 
interface interactions result in irregularities in 
their structure and function, by either decreasing 
their effectiveness or becoming non-functional. 
Consequently, it is crucial to obtain meaningful 
insights from the interfaces of spike glycoproteins 
through characterization as well to acquire the 
intellectual wherewithal to beat the menace of 
coronavirus and the various variants that have 
arisen in its wake. 
	 Since 1975,  protein interfaces are been 
characterized using several physicochemical 
features including interface area and size (Chothia 
& Janin, 1975; Chothia et al., 1976; Xu et al., 
1997; Porter et al., 2019; Dauzhenka et al., 2018;), 
hydrogen bonds (Tsai et al., 2008; Bahadur et al., 
2004; Li et al., 2006; Lo Conte et al., 1999; Miller 
et al., 1987;), shape complementarity (Caffrey et 
al., 2004; Correa Marrero et al., 2019; Dai et al., 
2016;), gap volume index (Jones & Thornton, 
1995, 1996, 1997a, 1997b;), hydration (Korn 
& Burnett, 1991; Robert & Janin, 1998;), vdW 
energy force (Nilofer et al., 2020;), hydrophobicity, 
hydrophilicity (Murakami & Jones, 2006; Zhanhua 
et al., 2005;), aromatic residues (Gromiha et al., 
2009; Li et al., 2019;), residue propensity (Pal et 
al., 2007; Chakrabarti & Janin, 2002; Guharoy 
& Chakrabarti, 2010; Guharoy & Sowmya et al., 
2011;), electrostatics energy (Nilofer et al., 2017;), 
preserved residues (Janin & Chothia, 1990;), 
configuration and conformational changes (Hwang 
et al., 2016; Humphris & Kortemme, 2008;Sowmya 
et al., 2015; Sowmya & Ranganathan, 2015; 
Marchetti et al., 2019;), Gibbs free binding energy 
(Guo et al., 2016; Daberdaku & Ferrari, 2018; 
Yang & Gong, 2018;) and the presence of water 
molecules at the interface (Taechalertpaisarn et al., 
2019; Garcia-Garcia et al., 2017; Li & Kihara, 2012; 
Bendell et al., 2014; Jordan et al., 2012; Qiao et al., 
2018; Moreira et al., 2017; Xue et al., 2011; Wang 
et al., 2017;) These characterizations of protein 
interfaces have intensified our understanding about 
the function mechanism of the two interacting 
proteins. Our previous study states that the small 
interfaces of the two interacting proteins have 
small Interface Size and Interface Area are rich 
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in electrostatic energy (Nilofer et al 2017 & 
2020). Therefore, it is of interest to examine and 
compare the large (vdW dominant) and small (vdW 
subdominant) interfaces of heteromeric coronaviral 
spike glycoproteins using Interface Area, Interface 
Size, vdW, Electrostatic, Hydrogen bond and total 
energies, Gibbs free energy (binding energy), 
residue propensity (calculated using an in-house 
python code) and hotspot prediction. 

MATERIALS AND METHODS

Dataset
	 A structural dataset (non-redundant and 
updated) of 133 heteromeric coronaviral spike 
glycoproteins were obtained from PDB. The dataset 
were created by collecting protein structures that 
were found to satisfy the following conditions: 
Method: X-Ray Diffraction, Type: proteins, 
Refinement Resolution: less than 3.0 Å, and 
Sequence Length: greater than 50 aa. Furthermore, 
the obtained 133 protein complexes were classified 
into large and small interfaces based on their 
Interface size, Interface Area and vdW contribution 
at the protein interface. Hence 133 interfaces gave 
rise to 115 large interfaces with vdW dominant 
and 18 small interfaces having subdominant vdW. 
These interfaces were analyzed and compared 
using protein’s Interface size, Interface Area, vdW, 
Electrostatic, Hydrogen bond and total binding 
energy, Gibbs free energy (ÄG), residue propensity 
and hotspots.
Interface Size
	 Interface Size refers to the number of 
amino acid residues at the binding region of the 
two interacting proteins.
Interface Area
	 Interface Area for all the large and small 
interfaces were calculated using NACCESS 
(Hubbard, 1993) using the principle: [(Accessible 
Surface Area (ASA) of Subunit A + ASA of Subunit 
B) – (ASA of the dimer (AandB))] / 2. ASA of a 
molecule is calculated using atomic coordinate 
information of its PDB file. It works on the Lee 
and Richard’s principle (Lee & Richards, 1971), 
wherein a probe of 1.4Å radius (Jones & Thornton, 
1996) is rolled over the surface of a protein in a 
bound and unbound state to compute the ASA. 1.4Å 
is used as a probe radius in ASA calculations as it 
is the water molecule’s radius.

Interface Energy
	 Interface energy refers to the total amount 
of energy contributed by vdW, hydrogen bonds, 
and electrostatic energies summing up to total 
stabilizing energy at the protein interface are 
referred to as interface energies. These interface 
energies were calculated for all of the large and 
small protein interfaces. The analysis was done 
with the aid of PPCheck (public web-server), it is 
helpful in computing the non-covalent interaction 
energies of a protein complex using their atomic 
coordinate information (Sukhwal & Sowdhamini, 
2013 and 2015). It should be noted that the role of 
interface water was expelled in the estimation. 
Large and small interfaces
	 Protein interfaces with interface area less 
than 1000 Å are grouped as small interfaces and 
interfaces with interface area greater than 1000 Å 
are grouped as large interfaces.
Dominant and subdominant vdW interfaces
	 An interface with vdW contribution >60 
% were defined as vdW dominant and rest as vdW 
sub-dominant. A cutoff of 60% was chosen because 
most of the interfaces were with vdW energy at 
60% cutoff. 
Gibbs free energy (ÄG)
	 Gibbs free energy for each of small and 
large protein interfaces were calculated using 
PDBePISA online web server (Krissinel and 
Henrick, 2007). PDBePISa calculates the Gibbs 
free energy of a protein interface both in bound 
and unbound state. The Gibbs free energy for large 
and small interfaces of coronoviral heteromers are 
provided in the supplementary excel sheet.
Residue propensity
	 Residue propensity refers to the frequency 
of occurrence of a particular amino acid residue 
at the interface of two interacting proteins. Prior 
to residue propensity calculation, the interface 
residues were computed using the InterProSurf 
server (Negi et al, 2007). InterProSurf is an online 
software build on Perl modules for calculating 
the amino acid residues found at the interface of 
two interacting proteins. Subsequently, residue 
propensities were calculated using the in-house 
python code (Supplementary material 1).
Hotspot prediction
	 Residues possessing high energy 
residues with normalized energy are defined as 
Hotspot residues. These Hotspot residues were 



436 Nilofer & Mohanapriya, Biomed. & Pharmacol. J,  Vol. 15(1), 433-444 (2022)

computed using the PPCheck server (Sukhwal & 
Sowdhamini, 2013, 2015). PPCheck computes the 
degree of interaction and normalized energies for 
each interface residue.
Statistical analysis
	 Statistical parameters like mean, standard 
deviation and multiple linear regressions were 
calculated for the large and small protein interfaces 
using Interface size, area and energy with the 
statistical tools (regression) in MS Office Excel 
2007. Finally, the coefficient of determination (r2), 
an analytical power score, was determined with 
an evaluation of significance (p-value) using a 
statistical ANOVA test at a 95% confidence limit. 
The evaluation was considered significant when p 
< 0.01.

RESULTS

	 The primary aim of this study is to 
characterize and compare the large and small 
heteromeric interfaces of spike glycoproteins 
using non-covalent interactions that stabilize 
the interface. Only when we know what keeps a 
system together can we work towards destabilizing 
it. PPcheck (a distance-based, non-covalent 
interaction quantifying webserver) proved to be of 
immense help in gauging the stabilizing energies of 
the protein-protein interfaces. Interface attributes 
like interface size, interface area, van der Waals, 
Hydrogen bonds, electrostatic, and total energy 
were estimated for the large and small heteromeric 
interfaces along with the prediction of Gibbs free 

energy (ÄG), residue propensity and hotspot 
prediction, the dataset for which is presented 
in Table 1. Furthermore, various statistical 
analyses were performed on the obtained data to 
advance our comprehension of the workings of 
the heteromeric interfaces of spike glycoprotein. 
For any protein-protein interface, the strength 
of the interactions is governed by the number of 
residues that constitute the interface and the area 
across which the interactions come into play says 
Chothia et al, 1975. Logically, an increase in the 
interface size should entail an increase in the area 
of a protein-protein interface. Thus, both structural 
properties should exhibit a positive correlation. It is 
a well-known fact the interface size increases with 
the interface area (Chothia et al, 1996 & Jones et 
al, 1995). The average interface size and interface 
area of the total interfaces are 57 ± 25 and 118 ± 
72, respectively. However, the interface area and 
interface size of large (120 ± 73 and 58 ± 26) and 
small (93 ± 61) (43 ± 19) glycoprotein’s differs 
accountably.  We found 86% of the total interfaces 
to be large interface with large interface area 
and interface size whereas, rest 14% to be small 
interface with small interface area and interface 
size. 
	 The large and small heteromeric interfaces 
were described using interface area, interface size, 
and interface energies (vdW, hydrogen bonds, 
and electrostatic) along with the prediction of 
Gibbs free energy (ÄG), residue propensity and 
hotspot prediction. Protein-protein interfaces of 
common origin, function, and composition possess 

Fig. 1. Illustration of an example large and small heteromeric interface of a 
coronavirus spike glycoprotein (PDB ID: 2DD8)



437 Nilofer & Mohanapriya, Biomed. & Pharmacol. J,  Vol. 15(1), 433-444 (2022)

Fig. 2. Correlation between the IS and IE is shown. It is evident from this figure that vdW energy shows a 
high correlation in relation to interface size, whereas HB and EL energy shows moderate to low correlation, 

respectively

a characteristic proportion of interface energies. 
Therefore, it is of our interest to examine and 
compare the percentage contributions of these 
energies towards interface stabilization in large 
and small heteromeric interfaces. It was noticed 
that vdW energy, for the most part, were the 
predominant energy at the interfaces (~79 %), with 
Hydrogen Bond energy coming in next at about ~14 
%, followed by electrostatic, which contributes the 
least towards the interface formation (~8 %). Both 
hydrogen bond and electrostatic energy were seen 
to be more pronounced at the small interfaces of 
the protein complexes (Figure 2k and 2l).
	 From the figures so far, it is clear that 
vdW forces reign as the prevailing interaction at the 
heteromeric interfaces, with limited contributions 
of hydrogen bond and electrostatic energy. 
Nevertheless, the presence and contributions 
of these two interactions cannot be denied and 
overlooked. So, to ascertain and highlight the 

importance of hydrogen bond and electrostatic 
energy interactions, the sub-dominant and 
dominant vdW categorizations were created for 
small interfaces. The proportion of vdW energy 
to total stabilizing energy for sub-dominant vdW 
interfaces is (d” 60 %) while that for dominant 
interfaces is (> 60 %). As per this categorization, 
about 86% of the total interfaces fall within the 
dominant vdW category and about 14% of the total 
interfaces belong to the sub-dominant category. 
Thus, the partitioning of interfaces as small 
interfaces with vdW dominant and subdominant 
aids in discerning those interfaces that exhibit 
relatively high hydrogen bond and electrostatic 
energy levels. From Figure 2, it can be noticed that 
the contribution of hydrogen bond and electrostatic 
energy to be more significant in the small interfaces 
of sub-dominant vdW group than vdW dominant 
group. Furthermore, the small sub-dominant vdW 
interfaces show an equal degree of hydrogen bond 
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Fig. 3. The average among the IA, IS, IE (van der Waals, Electrostatic, Hydrogen bonds) 
and Gibbs free energy is shown

Fig. 4. Illustration of residue propensity among the large and small interfaces is shown. It is evident from this 
figure that both small and large interfaces are primarily filled with polar residues followed by hydrophobic 

residues and charged residues in case of large and small interfaces respectively

and electrostatic energy contribution, reinforcing 
the observations in Figure 2k and 2l. The interface 
area and size of the small interfaces sub-dominant 
vdW group is smaller than that of the dominant 
vdW group. The relationship between interface size 

and energies (vdW, Hydrogen bond, Electrostatics, 
and total energy) was checked using multiple 
regression analysis to see the existence of a 
positive correlation. Figure 2 shows the results 
of the study carried out on the total interfaces. A 



439Nilofer & Mohanapriya, Biomed. & Pharmacol. J,  Vol. 15(1), 433-444 (2022)

Fig. 5. Distribution of hotspot residues at small and large heteromeric interfaces of coronavirus spike 
glycoproteins is shown. The majority of interfaces have > nine hotspot residues

Table 1. List of heteromeric coronaviral spike glycoproteins with large and small interfaces having dominant and 
subdominant vdW (van der Waals energy)

Heteromeric coronoviral spike glycoproteins - large interface with vdW dominant (115)
2dd8	 5yy5	 6yla	 7bz5	 7d30	 7jmp	 7kmi	 7m53	 7nx9
2ghw	 6c6z	 6yz5	 7c01	 7dc6	 7jmw	 7kn5	 7m55	 7nxa
3d0i	 6j2j	 6z2m	 7c8v	 7deo	 7jn5	 7kn6	 7m7w	 7nxb
4kr0	 6m0j	 6zcz	 7c8w	 7det	 7jx3	 7kn7	 7m8s	 
4qzv	 6pxh	 7b3o	 7can	 7deu	 7k9z	 7kzb	 7m8t	 
4xak	 6u7f	 7beh	 7cdi	 7djz	 7kfv	 7l0n	 7m8u	 
4zpt	 6vw1	 7bei	 7chb	 7e7x	 7kfw	 7ldj	 7mf1	 
5do2	 6waq	 7bej	 7chc	 7e7y	 7kfx	 7lm8	 7mfu	 
5gmq	 6xc3	 7bek	 7chf	 7e86	 7kfy	 7lm9	 7mmo	 
5gr7	 6xc4	 7bel	 7cho	 7e8m	 7kgj	 7lo4	 7neg	 
5gsb	 6xc7	 7bem	 7chp	 7eam	 7kgk	 7lop	 7neh	 
5gsr	 6xe1	 7ben	 7chs	 7ean	 7klw	 7m3i	 7nx6	 
5gsv	 6xkp	 7bep	 7cjf	 7jjc	 7kmg	 7m51	 7nx7	 
5gsx	 6xkq	 7bwj	 7d2z	 7jmo	 7kmh	 7m52	 7nx8	 

Heteromeric coronoviral spike glycoproteins - small interface with vdW subdominant (18)
4zpt	 6u7f	 6xc3	 6z2m	 7bep	 7jjc	 7kfw	 7l0n	 7m7w
6c6z	 6u7g	 6yla	 7bel	 7deo	 7jn5	 7kmh	 7m52	 7mmo

robust positive correlation entailing high coefficient 
of determination values (r2 > 0.8) was seen with 
vdW and total energy, which is not surprising since 
vdW forces are non-specific. The atoms need to be 
nearby for these forces to operate, which occurs 
when a protein-protein interface manifests. Thus, 
when the interface size increases, the vdW energy 
is bound to increase as well. Total energy is just a 

composite of vdW, hydrogen bond and electrostatic 
energy, and so, it rises as interface size increases. 
	 Hydrogen bond and electrostatic energy 
display a moderate to meager increase with interface 
size: r2 = 0.46 for the former and r2 = 0.11 for the 
latter, respectively among the overall interaction 
including both small and large interfaces. Unlike 
vdW, hydrogen bond and electrostatic energy that 
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are specific in nature and they require polar or 
charged residues in the interface. A protein-protein 
interface rich in serine and threonine or lysine and 
aspartate would exhibit higher levels of hydrogen 
bond and electrostatic energy, respectively, than 
an interface of similar size and area that is rich in 
non-polar amino acids like valine and alanine. So, 
these two energies depend just as much, if not more, 
on the residue composition of the interface as they 
do on the interface size. With the p-value being (< 
0.01) in all the cases, the analyses are statistically 
significant.  For small interfaces, sub-dominant 
vdW group, the relationship between interface 
size and vdW and total energy follows a notable 
positive correlation (Figure 2). Interestingly, the 
same is observed for hydrogen bond (r2 = 0.72) 
and electrostatic energy (r2 = 0.66). So, there is a 
modest increase in these energies with interface 
size. The analyses are reported to be statistically 
significant.
	 Inter-residue analyses were done by 
computing the Gibbs free energy (ÄG), residue 
propensity and calculating the interface’s hotspot 
residues. Residue propensity was computed using 
an in-house python code, given as supplementary 
material. In general, we found the interfaces 
of small and large vdW groups to be equally 
pronounced with Polar residues. However, we 
found polar residues to be followed by hydrophobic 
residues in case of large interfaces and by charged 
residues in case of small interfaces. Intriguingly, 
we found small vdW interface group to be devoid 
of methionine residues (Figure 4). In addition, we 
also found that most of interfaces to be rich with 
hotspot residues (Figure 5).

DISCUSSION 

	 SARS-CoV-2 has incapacitated the health 
of the human masses and terrified the world’s 
economy into disorder. We cannot afford to let it 
or any of its kin hurl in another maelstrom of chaos 
again. For this reason, there is an urgent need to 
focus on discovering and bringing new potential 
remedies to deal with coronavirus. A varied range 
of solutions has been raised from the persistent 
efforts of many scientists and researchers across 
the globe (Odolczyk et al., 2021; Auwaerter & 
Casadevall, 2020; Ahsan et al., 2020; Yang, 2021). 
Research into the functioning of SARS-CoV-2 

has disclosed enticing new particulars about the 
linchpins in its viral constitution, which serve 
as potential drug targets (Sakkiah et al., 2021; 
Xie et al., 2020; Gordon et al., 2020). Incited 
by the determined works happening across the 
globe, this study endeavors to describe the large 
and small heteromeric interfaces of coronavirus 
spike glycoproteins, proving to be productive in 
developing new and novel healing therapies. 
	 Understanding the fundamental driving 
force of the coronavirus protein interfaces is a 
crucial step in developing an effectual and efficient 
therapeutic remedy. This study analyzed 115 of 
large and 18 of small heteromeric interfaces to 
discover why the small interfaces of coronaviral 
heteromeric interfaces are rich in electrostatics; we 
examined the large and small vdW interfaces using 
interface size, interface area, interface energy (vdW, 
hydrogen bond, electrostatic, and total energy), 
Gibbs free energy (ÄG), residue propensity, and 
hotspot prediction. The interface area increased 
with interface size with a high coefficient of 
determination for small and complete interfaces. 
The average percentage energy contribution 
of interface energy reveals that interfaces, on 
average, are predominant in vdW forces (~ 78 
%) with modest contributions of hydrogen bond 
(~14 %) and electrostatic energy (~ 8 %). Nilofer 
et al. (2017) reported similar observations in their 
study of protein-protein interfaces. However, the 
contributions of hydrogen bond and electrostatic 
energy are noticeable at small interfaces. 
	 The interfaces are distributed normally, 
with an increasing percentage of vdW and 
hydrogen bond energy. This trend isn’t sustained 
with percentage electrostatic energy, where 
the interface distribution pattern is reminiscent 
of a power-law graph. This matches with the 
observations seen elsewhere (Negi et al. 2007). 
To shed light on the contributions of hydrogen 
bond and electrostatic energy, the small interfaces 
were partitioned into sub-dominant and dominant 
vdW categories. Consequently, it was seen that 86 
% of the total protein-protein interfaces are vdW 
dominant having large interface, with limited 
contributions of hydrogen bond and electrostatic 
energy, whereas 14 % of the interfaces belong to 
the sub-dominant vdW having small interfaces. The 
small interfaces sub-dominant vdW group showed 
exciting results. This group boasts a considerable 
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degree of hydrogen bond and electrostatic energy, 
with the latter being about three folds higher than 
the small interfaces dominant vdW group. This 
outcome is concordant with the observation that 
small interfaces are richer than large interfaces 
in charged and polar residues (Kundrotas and 
Alexov, 2006). It is shown in previous studies 
that interface energy increases with interface size 
and interface area (Nilofer et al. 2017; Sowmya 
and Ranganathan, 2015). The hydrogen bond and 
electrostatic energy do not increase with interface 
size for all the groups above, barring the small 
interfaces sub-dominant vdW class wherein these 
energies reasonably increase with interface size, 
on par with the group’s vdW and total energy. 
This is evidenced by their substantial coefficient 
of determination values r2: 0.72 for hydrogen bond 
energy and r2: 0.66 for electrostatic energy. 
	 The analyses show that vdW forces 
dominate the heteromeric protein-protein 
interfaces of spike glycoprotein coronavirus. The 
contributions of hydrogen bond and electrostatic 
energy are more conspicuous at small interfaces. 
But what engenders great interest is that the small 
heteromeric interfaces of coronaviruses having 
a limited interface area (< 1000 Å2) with sub-
dominant vdW energy are sustained primarily by 
hydrogen bond and electrostatic energy: the former 
being the greater of the two. Within the 1000 Å2 
interface area boundary, these two energies increase 
with interface size. The inter-residue analysis of 
the heteromeric interfaces of spike glycoprotein 
in terms of Gibbs free energy (ÄG), residue 
propensity and hotspot prediction revealed that 
the protein interfaces are highly pronounced with 
polar amino acid residues followed by charged and 
hydrophobic amino acid residues. This result shows 
the characteristics of the interface to be biased 
with polar amino acid residues. Intriguingly, we 
found small interfaces to be devoid of methionine 
residues, which trigger our curiosity to research 
more on the interface region of the small interfaces. 
It was also found that the small and large interfaces 
to be populated with normalized energy residues 
less than one called hotspot residues.
	 This study has given many compelling 
outcomes. These intriguing findings are sure to be 
of immense help in advancing our comprehension 
of the workings of the protein-protein interfaces 

of spike glycoprotein coronavirus and building 
novel counters against them. This, however, 
does not mark the end of the study. Examining 
the relationship between the Interface energies 
calculated using PPCheck and experimentally 
determined dissociation constants will increase 
our understanding about the analyses when such 
data is available for perusal. In addition, the effect 
of interface water in the estimation of interface 
energies is neglected in this study. However, future 
studies could consider the contributions to explore 
such effects using molecular dynamics simulation 
in water.

CONCLUSION
	
	 The study aims to compare and analyze 
the small and large interfaces of heteromeric 
interactions in coronaviral spike glycoproteins. 
The small interfaces of coronaviral heteromers 
were vdW subdominant, with an equal degree 
of electrostatic and hydrogen bond energy to 
large interfaces. Gibbs free energy (ÄG) of small 
interfaces was -30 kcal/mol, whereas it was 
-22 kcal/mol for large interfaces. Unlike large 
interfaces, the residue propensities at the small 
interfaces were found to have polar residues in 
abundance followed by charged and hydrophobic 
residues. Interestingly, we found small interfaces to 
be devoid of Methionine. We also found the small 
and large interfaces populated with normalized 
energy residues less than one (<1) termed as 
hotspot. Thus, this comparative study will help us 
to glean a deeper understanding of the heteromeric 
interface interactions of coronavirus spike 
glycoproteins, proving to be helpful in developing 
new and productive therapeutic remedies.
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