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Abstract The COVID-19 pandemic caused by SARS-
CoV-2 results almost 3 M death worldwide and till continu-
ing in spite of having several vaccine against the virus. One
of the main reasons is the mutations occur in the virus to
cope with the environment. Detail study of genomics and
proteomics level of each components may help to combat
the situation. Spike (S) protein that covers the surface of
the virus helps in entry by encountering the host recep-
tor Human Angiotensin-Converting Enzyme-2 (hACE-2)
with other different roles. In this study, we accomplish our
work with the mutations in receptor binding domain (RBD)
of Spike (S) protein considering different aspects like the
hACE-2 variants in human populations to get an idea about
the varying infectivity of different strains for different pop-
ulation. Several other parameters affecting the viral infec-
tivity and in different diseased condition were also studied
which may guide to a better insight in developing future
therapeutics.
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Introduction

Coronavirus disease 2019 i.e., COVID-19 is caused by a
new coronavirus which has spread worldwide and eventu-
ally turned into a global pandemic [1]. The COVID-19 was
discovered to be caused by a member of beta-coronavirus
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family, later named Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2) [1]. It is the seventh known
coronavirus to infect humans; four of these coronaviruses
namely 229E, NL63, OC43, and HKU1 only cause slight
symptoms of the common cold, while the other three, SARS-
CoV, MERS-CoV, and SARS-CoV-2, are able to cause
severe symptoms and even death, with fatality rates of 10%,
37%, and 5%, respectively also showing that in comparison
to its two predecessors this virus has a lower mortality rate.

The virus has a single stranded RNA genome (29,811 nts)
encoding 29 proteins [2]. Glycosylated Spike (S) proteins
cover the surface of SARS-CoV-2 virus and bind to the host
cell receptor Angiotensin-Converting Enzyme 2 (hACE-2),
assisting in viral cell entry [3]. Following cell entry, the
viral RNA gets released and translated into polyproteins
and this replication-transcription process of the viral RNA
genome occurs via protein cleavage and assembly of the
replicase—transcriptase complex. The Viral RNA replication
process ends up with the synthesis of the structural proteins
followed by their assembling and packaging in the host cell,
after which viral particles get released [4]. The SARS-CoV-2
Spike protein is highly conserved among all human corona-
viruses and is involved in receptor recognition, viral attach-
ment, and entry into host cells which makes the protein one
of the most important factors in virus infectivity and host
pathogenesis coupled with host selectivity as well [5].

The Spike protein (180-200 kDa) consists of an extra-
cellular N-terminus, a transmembrane (TM) domain to
anchor with the viral membrane, and a short intracellular
C-terminal segment [6]. The Spike protein is 1273 aa long
and consists of a signal peptide comprising of amino acids
1-13 located at the N-terminus, the S1 subunit (14—685 resi-
dues) follows the signal peptide, and S2 subunit (686—1273
residues) comprises the C-terminal domain. The S1 and S2
domains are responsible for receptor binding and membrane
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fusion respectively. The S1 subunit, itself has an N-terminal
domain (14-305 residues) and a receptor binding domain
(RBD) which extends from 319-541 residues which is fol-
lowed by the fusion peptide in the S2 segment which extends
from 788-806 residues thus mediating membrane fusion, a
heptapeptide repeat sequence 1 extending from 912-984 res-
idues and a HR2 from 1163—1213 residues, transmembrane
domain from 1213-1237 residues and finally a cytoplasm
domain extending from 1237-1273 residues [7]. The protein
exists in a metastable, pre-fusion conformation which rear-
ranges in post-fusion conformation on spot when the virus
interacts with the host cell, in turn allows the virus to fuse
with the host cell membrane. The polysaccharide molecules
involved in protein glycosylation, function to camouflage the
proteins, thus helping to evade from the surveillance of the
host immune system during entry [8].

In this study, we have performed systematic mutations in
the receptor binding domain (RBD) of Spike glycoprotein
to identify some specific mutations which lead to increase
in binding affinity that plays crucial role in SARS-CoV-2
infectivity. The effect of mutations on the structural stability,
vibrational entropy and network connectivity, used to deter-
mine the importance of the various residues were also stud-
ied and the existing mutations were mapped. The hACE-2
receptor variant positions were also mapped based on their
linkage with disease phenotypes as well as based on popu-
lation distribution of the variants. This study aimed to link

Fig. 1 (A) Complex structure
of Spike-hACE-2 (6lzg.pdb),
(B) mutations of Spike proteins
and (C) mutations of hACE-2.
Mutant residues are represented
in Van der Waals representa-
tions using probe size 1.04 A
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the effect of the mutations on the virus infectivity as well
as try to give an insight on the effect of these mutant and
wildtype virus strains to varied diseased conditions caused
due to receptor variants and also effect of the various strains
at the population specific level. This study may serve as the
gateway for therapeutic research with an eye on the virus
protein mutations as also the population specificity.

Materials and methods
Mutational effect on binding affinity

The Spike glycoprotein of the SARS-CoV-2 binds the
hACE-2 receptor on the cell surface in 3 stages. First the
trimer of the Spike protein interacts with a single recep-
tor which leads to change in conformation thus leading to
interaction with the second receptor molecule and finally the
third receptor molecule. All the 3 states were taken for this
study and their PDB IDs are 7A94, 7A97 and 7A98. Also the
structure (PDB ID 6LZG) of only Receptor binding domain
to the receptor was taken into consideration (Fig. 1). The
receptor binding domain which is the major region for this
study extends from 333 to 527. Mutations those are effec-
tive on binding affinity was calculated using the BeatMusic
server [9] and the results which increase the binding affinity
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for all the aforementioned 4 structures were taken into con-
sideration for further analysis.

Effect on structural stability

The 165 mutations selected in the previous step were ana-
lyzed to study the effect of the mutations on the structural
stability of the RBD domain with receptor using the Dyna-
Mut server [10]. This data lead to determination of whether
the mutation stabilizes the structure or causes a destabiliza-
tion which would in turn contribute to evolution.

Effect on vibrational entropy

DynaMut server [10] was further used to calculate the
change in vibrational entropy that indicates the effect of the
mutation on the flexibility of the structure. The increase of
flexibility point at change in exposure to solvent, degrees of
freedom and hydrophobicity, it can also indicate a loss of
rigidity in the structure and push the structure towards lower
thermal stability [11, 12].

Mutant structure preparation

The mutant structures were prepared by incorporating the
mutation using the DUET web server. The steric clashes
were minimized by refining the mutant complexes using
GalaxyRefineComplex [13, 14] web server after which the
binding affinity values were calculated using the Prodigy
web server [15, 16] to ascertain the mutation effects on the
binding affinity which serve as the stepping stone to deter-
mine the virus infectivity.

Network properties change owing to mutation in Spike
protein

Several properties were analyzed for those mutant protein
structures to get information about the mutational effects
on the protein structures using NAPS web server [17]. Vari-
ous properties that have been taken into consideration in
this study are as follows: (i) degree of a node to know the
connectivity with the neighboring node, (ii) closeness cen-
trality measures the extent of flow of information between
one node and its neighbor, (iii) Betweenness indicates the
shortest path between two nodes, (iv) clustering co-efficient
determines the tendency of a node to cluster together, (v)
eigenvector centrality measures the influence of one node
upon the rest and (vi) eccentricity denotes the easiness of a
node to be functionally active in protein network.
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Database analysis

The nCoV database [18] was used to obtain the Spike protein
mutation data to ascertain the real existence of Spike mutants
and have also led to an increase in the binding affinity in the
complex. The HuVarBase [19] was used to obtain the vari-
ous variants available in the 19-614 region that is found in
the 6LZG.pdb complex. This was done to get the compara-
tive infectivity data in case of the hACE-2 variants when the
patient encounters the ancestral or the mutant Spike protein
virus strains. Population variation of hACE-2 was done using
the sequences recorded in GNOM AD database [20]. Population
specific variations were considered for further analysis.

Results

Effects of Spike mutation on binding affinity of host-virus
protein complex

A total of 3705 potential systematic mutations in the region were
performed. Based on the change in binding affinity, a final selec-
tion of 165 was done which constituted of only the mutations
that led to increase in the binding affinity in the complex. In all
these 165 cases, the binding affinity between the Spike protein
and receptor increased for all the 4 conformations considered
in this study. This increase of affinity can be directly linked to
infectivity of the virus as the RBD mutant strain with N501Y
mutation which has been seen to show a greater infectivity is
included in this list of increased binding affinity mutations. Also
another study showed in vitro effect of mutations on infectiv-
ity and all the mutations in this ancestral strain which led to
decrease in affinity were excluded from the list [21]. Again
this points to the fact that the decrease of infectivity could be
linked with lowering of the binding affinity in the complex. In
this entire study only the ancestral structure was taken and not
D614G as this mutation is not only part of RBD but also affects
the infectivity by modifying the endocytosis rate of the viral
particle in the cell and not its interaction with the host receptor.

Mutational effect on structural stability of host-virus
protein complex

Of the 165 mutations selected and considered for further
analysis, 68% of the mutations were shown to be having a
stabilizing influence on the protein complex structure. This
stabilization would help the virus to maintain the mutation
and serve to create a new line of evolution for the virus,
while the rest destabilizing ones would aid in further evo-
lution of the virus since the destabilizing nature helps the
protein cross its evolutionary fitness barrier quite easily [22].



Prediction of infectivity of SARS-CoV-2 virus based on Spike-hACE-2 interaction 247

Mutational effect on vibrational entropy of host-virus
protein complex

In this change in vibrational entropy analysis we found that,
29.6% of the mutations led to increase in the structural flex-
ibility. The other 70.4% led to decrease of flexibility thus
giving a proper shape to the binding site of the receptor
molecule. This rigidity could also thus play a role in increase
in the binding affinity as this rigidity helps the molecule
maintain the active site in proper conformation and thus not
much change in conformation is needed for the interaction
and thus the conformation search for the proper conforma-
tion during the binding process would be much easier than
if the binding site is highly flexible in nature.

Refinement of mutant Spike-hACE-2 complex

Only 10 (out of 165 mutations) were selected for further
analysis because of real existence in nature. GalaxyRefine-
Complex server was used All the 10 mutant virus protein-
host (mutant Spike-hACE-2) structures were examined in
detail to refine and remove the various clashes in the mutant
structures where only the sidechains of the residue was
changed to generate mutant structures. To solve this and get
an optimized structure, structural refinement was performed
and the model with least outliers and least rotational outli-
ers were taken into consideration for further analysis in the
study.

Structural stability analysis of refined mutant
Spike-hACE-2 complex

The AG and dissociation constant (Kp,) values of wildtype
and all the 10 refined protein—protein complexes (mutant
Spike-hACE-2) were calculated using the PRODIGY server
tabulated in Table 1. The wildtype host-virus protein com-
plex possess AG value of -12.4 kcal/mol and ky, value of

1.90E-09 M. AG values of all those 10 refined structures
have shown to become more negative, lead to increase
in binding affinity and greater stability of each structure.
Decrease in dissociation constant (Kp) for majority of the
cases (compared to the wildtype Spike-hACE-2 complex)
indicates strong binding of mutant Spike-hACE-2 complex.

Network analysis to study effect of mutations
on the protein structures and its topological properties

The effect of various mutations on protein structure and
it’s connectivity with the neighboring residues have been
described by the mentioned properties mentioned in meth-
odology. All these properties give a comprehensive informa-
tion about the effect of the mutations in the protein structure.
Each analysis has been examined with respect to particular
node in that network. Results of each mutation and their
effects are tabulated in Table 2. Mutational effect on the
degree of a node do not influence for most of the cases. Rest
of the properties have shown to follow a mixed trends with
their respective effects.

Effect of Spike mutations upon hACE-2 variants

This study has been done in two consecutive ways with
respect to the binding affinity (calculating AG) of mutant
Spike and hACE-2 variants. Firstly, the effect of Spike
mutant upon pathogenic hACE-2 variants were examined
and secondly, the mutational effect were checked upon
hACE-2 variants of different geographical area. HuVar-
Base was used to obtain the various pathogenic hACE-2
variants affected in 19-614 region found in the 6LZG.pdb
complex (Fig. 1). Total 6 pathogenic variants of hACE-2
are recorded and the effect of the various SARS-CoV-2
mutants upon these pathogenic (cancer related) vari-
ants could be anticipated by checking the binding affin-
ity (calculating AG) values of the variants-mutant Spike

Table 1 Binding affinity on the

. Mutants (reported to Number of AG in kcal/mol of mutant  Dissociation constant K, (in
basis of calcul.ated AG (kcal/ have real existence) reported Spike-hACE-2 complex M) of mutant Spike-hACE-2
mol) and KD (m.M) values of sequence complex
mutant Spike-wildtype hACE-2.

All the mutant possess higher G339S 11 ~ 135 2.90E~10
infectivity than the wildtype
. . S375P 1 -12.7 1.10E-09
host-virus protein complex
(AG: — 12.4 in Kcal/mol, Ky R408K 67 - 135 2.90E-10
1.90E-09 M) N460T 10 - 135 3.10E-10
R4661 6 -13.7 2.20E-10
1468T 11 - 142 1.00E-10
N501Y 29,415 -13.2 4.70E-10
S514F 21 -13.1 5.90E-10
L517F 26 - 134 3.50E-10
L5171 - 133 4.50E-10
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Table 2 Spike protein mutations and their effects on protein network properties

Residue Closeness Betweenness Clustering co-eff Eigenvec-
tor central-

Eccentricity Remarks

ity

wt339  0.078 0.0004 0.73 0.005 22 Easy transmission and clustering, influence of the node on the

G339S  0.0831 0.0004 0.81 0.0111 19] entire network and mutant residue become unreachable to
other network component

wt514  0.087 0.033 0.44 0.22 21 Easy of flow of information through the node to make more

S514F  0.097 0.033 0.44 0.521 21 influential in the network

wt375  0.092 0.01 0.67 0.1 20 Very small difference in information transmission but high

S375P  0.09) 0.02] 0.67 0.02] 20 loss in influence of the residue in the network. Occurrence of
residues in more shortest paths and increase in accessibility
of the residue

w466  0.089 0.004 0.43 0.09 21 Loss of a single connectivity closeness, less influence and

R466I  0.11 0.0071 0.531 0.006 18] functional accessibility of the node in the network

w408 0.1 0.071 0.6 0.06 18 Leads tough for the functional accessibility of the residue in

R408K 0.111  0.111 0.6 0.006)  16] the network

wt501  0.123 0.17 0.42 0.14 16 Gain of one new connectivity, loss of Influence of the residue

N501Y 0.1341 0.361 0.4] 0.05] 14] in the network, more functional accessibility

wt460  0.083 0.003 0.5 0.03 22 Minimal effect on the spike protein network, but possess 2

N460T  0.0841 0.003 05 0.061 214 times more influence in spite of being tougher to access
functionally

wt468  0.091 0.022 0.53 0.06 21 Decreasing the tendency of the node to form clusters, the

1468T  0.0981 0.0541 0.4] 0.006] 19] influence of the node (by 10 times) and functional acces-
sibility

wt517  0.08 0.014 0.53 0.06 22 Loss of a single connectivity, decrease the accessibility

L5171  0.08 0.002] 0.71 0.151 22 (largely based on structure and minute loss of based on func-

L517F  0.08 0.0017} 0.71 0.141 214 tion). Node become more influential in the protein network

structures. Analyzing the results of binding affinity on
the basis of calculated AG values of mutant spike and
population variants of hACE-2 related to cancer (Supple-
mentary Table 1), it can be said that the mutant strains
of Spike proteins are more infective compared to the
wildtype strain for the various variants of hACE-2 linked
to cancer. Thus it can be said that certain cancer patients
are much more susceptible to certain mutant strains than
others. Geographical prevalence of the hACE-2 variants
are recorded in GNOM AD database. Analysis of bind-
ing affinity on the basis of calculated AG (in Kcal/mol)
values of mutant spike and population variants of hACE-2
(Supplementary Table 2) shows that all the mutant Spike
proteins are most susceptible to the European population
supporting the spread history of the virus throughout the
continent (Fig. 2).

Discussion
The Spike glycoprotein of SARS-CoV-2 is one of the
major determinants of viral infectivity. The protein has 2

subunits, S1 which is responsible for host receptor inter-
action and S2 which leads to membrane fusion so that
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the virus genome can enter the host cell to proliferate.
Receptor binding domain specially the receptor binding
motif of S1 subunit is a crucial region responsible for the
host binding. The virus first identified in Wuhan, China in
December 2019 has undergone strain diversification and
certain strains have been tested to have greater infectivity.

The extent of infectivity of the virus is also highly
linked to the expression level of its specific receptor in
the cell which in this case is the hACE-2 receptor. Lung
has been seen to be one of the major organs with highly
expressed hACE-2 according to several studies. hACE-2
expression was significantly elevated in lung adenocar-
cioma (LUAD) and lung squamous cell carcinoma (LUSC)
compared to normal tissues; thus making the patients with
these types of cancer more susceptible to SARS-CoV-2
infection [23]. The expression level of hACE-2 has also
been seen to be aberrantly expressed in many tumors [24].

The hACE-2 protein level was seen to be high in renal
cancer and colorectal cancer according to protein atlas which
points to the direct relation between SARS-CoV-2 infectivity
in these cancers due to the high expression of the receptors
as has been seen for lung cancer patients too. The protein
is also seen to be highly expressed in GI tract, liver, kidney
and reproductive tract with average expression in lungs. This



Prediction of infectivity of SARS-CoV-2 virus based on Spike-hACE-2 interaction 249

A - ﬁﬁfé\»@ 0’0“@\@ & m @ n‘;><<

L AW I A
p— ‘ ‘ ‘ ‘ ‘ mH195Y
B Il
E | ‘ ‘ H ’ ‘ m D206Y
= . JH o (i (i T i
o 81 ‘ D368N
=10 ‘ ‘ ‘i ‘ mR393G
< JOMM A i R i

\‘ ‘ ‘ H 1 ‘ m146ET
-14 | 1 i
-16 |

? 0 @bﬁ“””@ SSH&E S*’& o&F o 55
5 (1 1680 A |
= H ‘ Il mizer
g " f {1 ||
~. P H | mrsarr
8 -8 ‘ | 1468V
f’ -10 ‘ | H ‘ WG211R
Q. | |
| if {1 A
o | |
-16

Fig. 2 Effect of Spike protein mutations upon hACE-2 (A) disease variants and (B) population variants on the basis of binding affinity (AG

kcal/mol) of host-virus protein—protein complex

also makes since as COVID infection has been associated
with kidney dysfunction as also affecting the GI tract and
lungs causing symptoms in digestive and respiratory sys-
tems. The data is also obtained from protein atlas. In the
colon the protein is maximally expressed in C6 enterocytes
[25].

Cancer patients are reported three times more susceptible
to SARS-CoV-2 infection with possible poor prognosis than
individuals without cancer because of their systemic immu-
nosuppressive state caused by the malignancy and anticancer
treatments, such as chemotherapy or surgery. The mortality
rate of cancer patients who contracted SARS-CoV-2 virus
was reported to be 6% in comparison to 1% for healthy peo-
ple in China. According to the World Health Organization,
the case fatality rate for COVID-19 patients with cancer as
a comorbid condition was 7.6% vs. a case fatality rate of
3.8% in the entire COVID-19 population [26]. Several stud-
ies show that cancer subjects are at a higher risk of critical
events in (48-54% of cases vs. 16% in the general popula-
tion) and death (5.6-29% vs. 3.4% in the general population)
[27]. Several studies have shown that patients with hema-
tological, lung or breast cancer are more vulnerable than
comorbid conditions involving other cancers. In the Veneto
study, breast and hematological cancers were associated with
a higher risk of both hospitalization and death. Lung can-
cer was also associated with a fourfold higher risk of death
owing to SARS-CoV-2 infection [28].

Protein network analysis was performed to see the effect
of the mutation on the role of the residue with respect to the
entire structure. Most mutations led to an increase in the
closeness of the node while almost all the mutations led to
an increase of the betweenness. Changes were seen in the
clustering co-efficient, eigenvector centrality and eccentric-
ity as well as a result of the mutations. The mutations thus
in most cases led to an increase in availability of the residue

in the various shortest paths connecting 2 residues in the
protein. All mutations apart from those at a separate position
led to change in the information flow through the residue and
also led to changing of the tendency to be included in vari-
ous clusters. The mutations also led to change in the func-
tional influence and functional activeness of the residues.
Thus all these point to the effect of the mutations not only at
the structural level but also at the functional level showing
the overall influence of the same on the protein.

In this study, the effect of mutations of the viral Spike
protein upon hACE-2 pathogenic variants and geographical
population variants are examined on the basis of binding
affinity (calculating AG) of virus-host (Spike-hACE-2) pro-
tein complex. Many studies have already proved that strong
binding between virus-host proteins is the pin greater infec-
tivity of the virus. We have identified the RBD mutations
which can possibly increase the binding affinity of the Spike-
receptor complex leads to increased propensity of the Spike
protein to interact with the host receptor thus in the process
increasing the probability of a successful infection. It has
been shown that for both pathogenic variants and geographi-
cal population variants, the mutant Spike proteins possess
high binding affinity (i.e. more negative AG) with the host
proteins. So, it may be concluded that these mutations which
increase the binding affinity between the proteins actually
lead to a greater infectivity when the other parameters are
kept constant and only the receptor binding ability is taken
into consideration.

This study manifest the effect of the mutations of Spike
protein upon various variants of the host receptor would
serve some positive guidance for specific targeted therapy
which would be highly specific based on which mutant strain
is causing the infection as also on the factor that which popu-
lation the virus is infecting.
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Conclusion

Though several vaccines have been invented, SARS-CoV-2
infection continues throughout the world. Future develop-
ment of medications against the virus requires detail study
of each important part of the virus. This study focus on the
mutational effect of Spike protein in viral infectivity taking
other parameters into consideration. Variants of h-ACE2
protein linked with different types of cancer, have shown
some extent of additional fatality as well as this study mani-
fest the effect of mutation variants depending on different
geographical populations. Contemplating all the results of
this study, it can be suggested that due to high mutation in
both virus and host receptor (RBD) it would require different
medications specially targeted for particular variants.
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