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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of coronavirus disease
SAR'S'C"V'Z 2019 (COVID-19). Reports of new variants that potentially increase virulence and viral transmission, as well as
Varlljnts reduce the efficacy of available vaccines, have recently emerged. In this study, we computationally analyzed the
IS)i:ui:ﬁon N439K, S477 N, and T478K variants for their ability to bind Angiotensin-converting enzyme 2 (ACE2). We used

the protein-protein docking approach to explore whether the three variants displayed a higher binding affinity to
the ACE2 receptor than the wild type. We found that these variants alter the hydrogen bonding network and the
cluster of interactions. Additional salt bridges, hydrogen bonds, and a high number of non-bonded contacts (i.e.,
non-bonded interactions between atoms in the same molecule and those in other molecules) were observed only
in the mutant complexes, allowing efficient binding to the ACE2 receptor. Furthermore, we used a 2.0-ps all-
atoms simulation approach to detect differences in the structural dynamic features of the resulting protein
complexes. Our findings revealed that the mutant complexes possessed stable dynamics, consistent with the
global trend of mutations yielding variants with improved stability and enhanced affinity. Binding energy cal-
culations based on molecular mechanics/generalized Born surface area (MM/GBSA) further revealed that elec-
trostatic interactions principally increased net binding energies. The stability and binding energies of N439K,
S477 N, and T478K variants were enhanced compared to the wild-type-ACE2 complex. The net binding energy of
the systems was —31.86 kcal/mol for the wild-type-ACE2 complex, —67.85 kcal/mol for N439K, —69.82 kcal/
mol for S477 N, and —69.64 kcal/mol for T478K. The current study provides a basis for exploring the enhanced
binding abilities and structural features of SARS-CoV-2 variants to design novel therapeutics against the virus.
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1. Introduction

The frequent appearance of coronaviruses in the 21st century has
caused unprecedented damage worldwide. The viruses that have
emerged during the first two decades of the 21st century belong to the
Orthocoronavirinae within the family Coronaviridae [1,2]. The devas-
tating effects of the severe acute respiratory syndrome coronavirus
(SARS-CoV-1), the Middle East respiratory syndrome-related coronavi-
rus (MERS-CoV), and, more recently, the pandemic agent severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) have heavily
impacted human health. Moreover, the current pandemic has affected
the social fabric and economies worldwide [3,4]. The recently reported
coronavirus species from the beta lineage are mostly pathogenic to
humans [5]. The SARS-CoV-2 emerged in Wuhan, causing the corona-
virus disease 2019 (COVID-19), which has evolved into a multiwave
pandemic. New strains of the virus that are more transmissible and
virulent were reported from different parts of the world. The newly
emerged variants exhibit higher infectivity, contiguity, and causality
[5-10]. As of 08/29/2021, the number of cases reached 216,686,505,
whereas the number of deaths reached 4,510,142 globally. Therefore,
the COVID-19 case fatality ratio (CFR) is only 3%, which is compara-
tively lower than 10% in the case of SARS and 35% in the case of MERS
[11]. The rapid spread of SARS-CoV-2 and the emergence of new vari-
ants present a severe threat to human health. Consequently, researchers
around the world are exploiting different approaches to combat
SARS-CoV-2, including the application of integrated multi-omics tech-
nologies to design novel and effective vaccines and drugs. The latter can
be obtained by screening biological drug databases or repurposing old
drugs to curtail the risks and threats associated with SARS-CoV-2
[12-14].

Deciphering the infection pathways using proteomics technologies
may help relieve the threat of SARS-CoV-2 [15]. Therefore, knowledge
of the SARS-CoV-2 proteome is essential to manage this virus [5,16].
Efforts to disclose the genomic organization of SARS-CoV-2 have
revealed that the virus consists of sixteen nonstructural proteins
(NSP1-NSP16) and four structural proteins (S protein, E protein, N
protein, and M protein) [17,18]. The proteins encoded by SARS-CoV-2
are primarily associated with viral replication and infection, with the
spike protein and proteases being primary targets for developing anti-
viral  therapeutics [5,16,19]. The spike protein and
angiotensin-converting enzyme (ACE2) receptors fuse to initiate the
transmission and virulence of SARS-CoV-2 [20-22]. The S1 subunit of
the spike protein binds to ACE2, while the S2 subunit further facilitates
the fusion process by minimizing the distance between the viral spike
protein and the host cell [23]. Next, the activated fusion peptide par-
ticipates in critical processes, including deformation and membrane
attachment [24]. Finally, the non-endosomal or endosomal pathways
could be selected—individually or together—for entry into the host cell
[25]. Therefore, the inhibition of the ACE2-RBD interaction is essential
for controlling the infection caused by SARS-CoV-2. These treatments
either stimulate the immune system to comply with infections or prevent
infectious agents from adhering to the host receptor proteins [26].

The world is currently experiencing the third wave of the COVID-19
pandemic. During this prolonged occurrence, several variants harboring
numerous mutations have surfaced that are more contagious, increase
disease severity, and potentially evade the host immune response
[27-31]. The RBD domain in VOCs may be an ideal target site for the
development of novel antiviral therapies against SARS-CoV-2. The novel
mutations N439K, S477 N, and T478K were recently reported to in-
crease the binding affinity and impact the infectivity [32,33]. A detailed,
systematic, and comprehensive investigation is essential to determine
how the N439K, S477 N, and T478K substitutions affect the binding of
the spike protein with the ACE2 receptor and initiate structural and
functional changes. In the present study, we used different theoretical
and computational methods such as protein-protein docking, molecular
dynamics simulations, and binding free energy calculations to
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investigate the structural changes that (1) alter the binding between
RDB and ACE2 receptor as a result of N439K, S477 N, and T478K mu-
tations, and (2) increase the infectivity rates. This analysis will provide
insights into the structural changes of the RBD domain, for application in
future investigations and the development of therapeutics.

2. Methods
2.1. Data retrieval and mutants modeling

The RNA viruses are prone to mutations that lead to increasing or
decreasing pathogenesis. In the case of SARS-CoV-2, the spike protein is
prone to many mutations, which can cause disease, and is deemed as the
primary therapeutic target. The literature reflected the structural and
functional importance of the spike protein in human pathophysiology.
Thus herein, we employed an in-silico mutagenesis strategy to model the
structural variants and comprehend their effect on binding and patho-
genesis. A recently described structure of the spike protein of SARS-CoV-
2 was obtained from Research Collaboratory for Structural Bioinfor-
matics Protein Data Bank (RCSB PDB) using accession number 6MO0J
[34,35]. The 3D structures of mutations (N439K, S477 N, T478K), pre-
dicted to induce greater stability change and increase the binding af-
finity by many folds, were modeled using Modeller v15.2 embedded in
Chimera software [36,37]. Furthermore, 3D structures were prepared,
minimized, and the root mean square deviation (RMSD) differences
were revealed by the superimposition of the mutants on the wild type.
The mutated structures were validated through ProSA-web server [38],
ERRAT [39] and VERIFY-3D [40].

2.2. Modeling the protein complexes

Consensus restrained docking of the spike RBD (wild mutant) and
ACE2 cellular receptor was achieved through high ambiguity-driven
protein-protein docking (HADDOCK) and HDOCK algorithms [41,42].
The interaction network, i.e., the salt-bridges, hydrogen interactions,
and non-bonded contacts, were visualized through PDBsum [43].

2.3. Molecular dynamics simulation of the top complexes

Structure dynamics of the wild-type and mutants (N439K, S477 N,
T478K) RBDs in complex with ACE2 were evaluated in a solvated system
neutralized by counterions. The FF19SB force field in the assisted model
building with energy refinement (AMBER20) simulation package was
used to achieve all atoms molecular dynamics (MD) simulations [44,45].
The energy minimization procedure was being used to address the bad
clashes in the protein complexes. For 6000 and 3000 cycles, the steepest
descent algorithm and the conjugate gradient algorithm were used. The
system was equilibrated at 1 atm constant pressure with weak restraint
after 300 K heating. Furthermore, an all-atoms simulation executed for
500 ns each with the particle mesh Ewald algorithm (PME) and a cut-off
distance 10.0 A was used to treat the long-range electrostatic in-
teractions. Bonds involving hydrogen atoms were treated by using
SHAKE algorithm. A graphical processing unit (GPU) accelerated
simulation was performed and MD trajectories were subjected to
post-simulation analysis by using CPPTRAJ and PTRAJ packages [46].

2.4. Binding free energy calculations

The binding free energy is commonly used for the estimation of af-
finities of different macromolecular complexes, i.e., protein-protein/
DNA/RNA [9,12,13]. To estimate the binding free energy of wild-type
and mutants (N439K, S477 N, T478K) complexes, we used the molec-
ular mechanics generalized Born surface area (MM/GBSA) approach,
which was previously used by Abbas et al., 2021 to explore the binding
differences of the wild-type and SARS-CoV-2 variants [10,47].
Employing the MM-GBSA.py script [48], electrostatic, van der Waals
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(vdW), solvation energy, and total free energy were estimated using the
following equation.

AG(bind) = AG(complex) — [AG(receptor) + AG(ligand)]

The equation can be then used to determine the different compo-
nents of the TBE.

G = Gponded + Gelectrostatic + Gvan der Waal + Gpolar + Gnon-polar

3. Results and discussion
3.1. Structural modeling and evaluation

SARS-CoV-2, first reported in December 2019, is subject to frequent
genetic changes that lead to variations in pathogenicity, infectivity, and
treatment choices [9,10]. The spike protein’s receptor-binding domain
(RBD) upon attachment to the host receptor ACE2 elicits the patho-
genesis pathway, is the most rapidly mutating protein, posing a
continuous threat to coronavirus disease 2019 (COVID-19) containment
and to lower vaccine and drug efficacy. Understanding these genetic
variations, which may cause higher infectivity, can help to manage the
increased risk of transmission and immune evasion [49]. The recently
reported spike RBD mutations, which occur in higher frequency and are
associated with higher infectivity, are N439K, S477 N, and T478K [31,
32]. These mutations are structurally present at the binding interface
between the human ACE2 receptor and the SARS-CoV-2 spike RBD
domain (Fig. 1a-b).

To explore the interaction mechanism of the wild-type RBD and the
mutants mentioned above with human ACE2, we used Chimera software
to structurally model the N439K, S477 N, and T478K mutants
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(Fig. 1c-f). To visualize the effect of the generated mutants on the
protein tertiary structure, we superimposed the wild-type protein on the
mutants, and the RMSD values were recorded. The RMSD differences in
each superimposed structure were significant, with 1.7 A for N439K, 1.8
A for s477 N, and 0.6 A for T478K, indicating structural deviation,
secondary structural element perturbation, and protein conformational
variations in the mutant structures (Fig. 1g-i). The modeled mutated
structures were also validated through ProSA-web and PROCHECK,
which revealed that all the structures are modeled accurately with no
topological error. The obtained results are shown in Table 1.

3.2. Interaction difference analysis using molecular docking

To understand the binding differences between the wild type and
mutants, structural binding of the RBD with ACE2 was performed
(Table 1). Comparative binding analysis of the wild type and mutants
revealed key differences in the binding affinity and interaction network.
To identify the underlying mechanism behind the increased infectivity
of SARS-CoV-2 variants, we used the HDOCK server to perform

Table 1
Validation of the modeled 3D structures of the mutants.
Mutant ProSA-Web ERRAT VERIFY 3D Output
(Z-score) Quality
Factor
N439K —5.44 89.79% 85.65% of the residues have  Pass
averaged 3D-1D score>0.2
S477 N —5.76 91.62% 82.96% of the residues have  Pass
averaged 3D-1D score>0.2
T478K —5.64 88.57% 90.87% of the residues have  Pass
averaged 3D-1D score>0.2
b Binding mtgrfa;:_(—;;\ _TATEK

S477N

RBD Domain
N439K

ACE2 Receptor

h
t
3
5
@
=
3
4

Fig. 1. RBD variants modeling and the superimposition of RBD WT with mutants. (a) domain organization of the Spike protein, (b) binding interface of Spike
RBD and ACE2 receptor, (c¢) wild type RBD (d) N439K mutant RBD (e) S477 N mutant RBD (f) T478K mutant RBD (g-i) Superimposed structure of RBD WT (green)
with N439K (orange), S477 N (magenta), T478K (cyan), L84S (orange). The superimposition differences were shown as RMSD values.
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molecular docking of the ACE2 receptor with the wild-type and mutant
spike RBD domains. The predicted docking score of HDOCK for the wild-
type ACE2 complex was —30,206 kcal/mol. Furthermore, the interac-
tion interface analysis through PDBsum revealed that the ACE2-wild-
type complex formed one salt bridge and 11 hydrogen bonds and the
number of non-bonded contacts was 125. The hydrogen bonds that
formed in the ACE2-WT complex were GIn493-Glu35, Lys417-Glu30,
Thr500-Tyr4l, Thr500-Asn330, GIn498-Gln42, GIn498-Lys353,
Tyr449-Glu38, Gly496-Glu38, Gly496-Lys353, and Gly502-Lys353
(Fig. 2a). The current findings are consistent with the previous reports
that some important interactions, i.e., Lys417-Glu30, Tyr449-Glu38,
Gly496-Glu38, and Gly496-Lys353, also conserved in this study [9,10,
50]. However, the salt bridge was reported to be between Glu30 and
Lys417, which is also reported by Abbas et al., in the recent findings on
the new variants (B.1.1.7, B.1.351, P.1 and B.1.617) [9]. To compare the
binding of T478K with the wild type and highlight the effect of this
mutation on binding efficiency, we analyzed the binding network using
the HDOCK server. Consequently, the binding network analysis revealed
that the substituted T478K residue enhanced the binding of ACE2 to the
spike RBD compared with the wild type by making one salt bridge, 14
hydrogen bonds, and 166 non-bonded contacts (Fig. 2b). Among the
hydrogen bonds, GIn42-Gly446, Gln42-Tyr449, Serl9-Ala475,
Tyr83-Asn487, Tyr83-Tyr489, Lys353-Gly496, Lys353-Gln498,
Asn330-Thr500, Tyr41-Thr500, Glu38-Tyr449, Glu35-Gln493,
Gln42-Gln498, Glu38-GIn498, Tyr41-Asn501 and Lys353-Gly502 res-
idues were involved. Previously Abbas et al. concluded that the estab-
lishment of extra bonds, including salt bridges and hydrogen bonds,
contributes to the higher binding and consequently the infectivity [9,10,
33]. Another important mutation N439K in the spike RBD reported in a
recent study revealed that this mutation is reported autonomously in
multiple lineages and enhances the binding of spike RBD to the ACE2
receptor. It also confers resistance to several monoclonal antibodies and
escapes some polyclonal responses [51]. We used the HDOCK online
server to check the binding affinity of the N439K mutant to the ACE2
receptor. The interaction analysis of the complex using PDBsum, and a
total of two salt bridges, 13 hydrogen bonds, and 169 non-bonded
contacts were found. Salt bridges are the product of two non-covalent
interactions, including ionic and hydrogen bonding. These interactions
play a vital role in biological systems and are central to stabilizing
docked conformers. Conversely, hydrogen bonding allows directional
interactions and is important in protein-protein molecular recognition,
structural integrity, and overall folding. Both electrostatic and hydrogen
bonding contribute significantly to protein-protein interactions and the
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net stability of the complexes.

For instance, the increased electrostatic energy and hydrogen bonds
were previously reported to enhance the affinity towards the host re-
ceptor ACE2 in other variants [10,50]. This variant shows a significant
variation in the interaction pattern, with an additional salt bridge and
two hydrogen bonds with the human receptor. This verifies that N439K
establishes additional interactions and increases the binding affinity and
infectivity compared with wild-type. Therefore, our results are similar to
the experimental data in terms of the higher binding affinity and
infectivity of the N439K mutant [51].

The hydrogen bonds involved in the ACE2-N439K complex include
Glu32-Lys439, Ser19-Ala475, Tyr83-Asn487, Glu35-Gln493, Asn330-
Thr500, Tyr41-Thr500, Gln42-Gly446, Gln42-Tyr449, Glu38-Tyr449,
Lys353-Gln498, Lys353-Gly496, and Lys353-Gly502. The salt bridge
was found between the Lys439-Glu329 and Glu30-Lys417 residues
(Fig. 3a). The Tyr83-Asn487 interaction is significantly conserved in
various other variants, too [9,10,50]. Moreover, the cluster of in-
teractions by Lys353 is important for the recognition and enhanced
infectivity [52]. A similar approach was used for the analysis of the
ACE2-S477 N using PDBsum, which revealed the formation of two salt
bridges, 14 hydrogen bonds, and 181 non-bonded contacts, which is the
highest bonding network among the above mutants and may be involved
in higher infectivity. The hydrogen bonds of the ACE2-S477 N complex
contained Glu30-Lys417, Tyr83-Asn487, Tyr83-Tyr489, Glu329--
Lys439, Asn330-Thr500, Gln42-Tyr449, Tyr41-Thr500, Glu35-Gln493,
Glu38-Tyr449, Lys353-Gln498, Lys353-Gly496, and Lys353-Gly502
residues. The salt bridge was found between Glu329-Lys439 and
Glu30-Lys417, which are highly conserved [52]. Similarly, other
essential interactions such as Glu30-Lys417, Tyr83-Asn487,
Tyr83-Tyr489, and a cluster of interactions by Lys353 are necessary for
the binding with ACE2 are conserved here. The interaction details are
presented in Table 2, while the bonding differences are presented in
Table 3.

3.3. Structural stability analysis

By estimating the thermodynamic state function as the RMSD, we
evaluated the effect of the fixed amino acid changes identified in the
RBD of the SARS-CoV-2 spike glycoprotein. The estimation of dynamic
stability as the RMSD is a frequently used approach for the calculation of
the differences in a protein’s backbone from its initial structural
conformation to its final position, demonstrating the stability of a sys-
tem. The variations observed during the simulation time can be used to
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Fig. 4. The figure represents the RMSDs of all the complexes. The RMSDs
of the wild-type is shown in black colour while the other mutants are
Table 3 given in different colours. (a) show the comparative RMSD of the wild type

Bonding patterns of each of the RBD and ACE2 complexes.

Complexes Salt bridges Disulfide bonds hydrogen bonds non-bonded
contacts

Wild Type 1 00 11 125

S439K 2 00 13 169

S477 N 2 00 14 181

T478K 1 00 14 166

quantify the dynamic stability of a biological molecule regarding its
conformation. A protein’s stability is linked to the deviation experiences
during simulation; a smaller number of deviations implies a more stable
structure. In this study, dynamic stability was calculated as the RMSD
from the carbon alpha backbone for the 500 ns trajectory of each
complex. As shown in Fig. 4, the wild-type system was equilibrated at 10
ns and attained stability at 2.0 A. However, the system was sustained,
and no notable convergence was observed except for a slight deviation
of the RMSD at 55-60 ns during the simulation time, which reached up

and N439K, (b) show the comparative RMSD of the wild type and S477 N, while
(c) show the comparative RMSD of the wild type and T478K.

to 4.5 A. After 60 ns, the RMSD value decreased back and remained
stable at the level of 2.0 A for the wild-type complex until 500 ns.
However, a slight deviation was observed at 220-300 ns. Conversely,
the N439K complex (spike~ACE2) was equilibrated at 5 ns and gained
stability at 2.0 A. The RMSD increased slightly and reached 3.0 A for a
short interval at 70-150 ns. Moreover, the N439K system remained
dynamically more stable, and no notable deviation was observed until
230 ns. However, a slight deviation of the RMSD was observed at
230-270 ns during the simulation time, which reached up to 3.5 A.
Then, the RMSD decreased to 2.2 A and followed the same pattern until
the end of the simulation. The dynamic behavior of the wild type and
N439K in terms of stability is comparable.

The stability of the S477 N (ACE2-spike RBD) complex was also
evaluated to demonstrate its dynamic behavior. As shown in Fig. 4, the
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RMSD value for the $477 N complex gained stability at 2.0 A and
remained steady until 100 ns. The system reached the equilibrium point
at 5 ns. The RMSD gradually increased from 100 ns onwards. With a
gradual increment in the RMSD after 100 ns, the average RMSD was 4.0
A for the last 400 ns of simulation time. Conversely, the RMSD remained
slightly higher for the S477 N than for the wild type, but the system
exhibited a dynamically stable behavior, thus achieving stable binding
of the mutant RBD. We also computed the stability of T478K (ACE2—-
spike RBD), which revealed that the system reached stability at 2.3 A
and remained steady until 100 ns. The RMSD scaled constantly during
simulation until the end, reaching 4 A. However, a slight deviation was
observed at 220 ns, at which the RMSD increased a little. The wild-type
system also experienced minor fluctuations in the RMSD values at 310 ns
and 390-400 ns. Overall, the system remained stable, and the average
RMSD was 2.1 A. The RMSD of the N439K system also remained stable
and experienced a slight deviation at 80-160 ns, 220-300 ns, and 360 ns
time intervals. The mean RMSD was 2.1 A, which is comparable with
that of the wild type. The structure had stable dynamics and justified the
previous finding that the mutations that increased the binding affinity
also increased the stability, thus showing a strong correlation of the
parameters. The S477 N also remained stable. The system was equili-
brated at 10 ns, and the RMSD remained comparable with the wild type
for a time period of 10-120 ns. During this time interval, the RMSD
remained at 2.0 A, but the RMSD gradually increased; this trend
remained consistent until 500 ns. During the last 380 ns, the mean RMSD
reached up to 3.5 A. As shown in Fig. 4b, although the RMSD increased
gradually, no significant deviation was found in the system. The evo-
lution of the variant (§477 N) was stable, increasing the binding affinity.
Moreover, the dynamics behavior of S477 N and T478K were compa-
rable, as the RMSD of both systems increased after 100 ns, and the mean
RMSD for the last 400 ns increased up to 4.0 A (Fig. 4c). The fluctuating
RMSD during simulation may be related to the opening or closing of the
claw-like structure in ACE2, as reported by a previous study [22]. Our
findings are also consistent with previous reports. As global RBD sta-
bility has been reported to contribute to ACE2-binding affinity, in this
study, the mutants increased the stability of each system. Moreover, a
strong relationship between RBD stability and affinity is corroborated by
previous findings, in which mutations that increase structural stability
and rigidity accompany upsurges in binding affinity. For example, other
findings have reported that a destabilizing mutation C432D in the RBD
lessens ACE2-assisted entry into the cell using a spike trimer. In recently
reported mutations in the United Kingdom, South Africa, Brazil, and
other countries, the stability also increased and claimed a stable evo-
lution of the new variants [53]. Thus, our findings show that N439K,
S477 N, and T478K have stable dynamics and have evolved stably,
further increasing their unusual virulence. The RMSDs of all the com-
plexes in triplicate are shown in Fig. 4.

3.4. Analysis of structural compactness

The radius of gyration (Rg) was employed for the measurement of
protein structural compactness during simulation. This analysis helped
to understand whether the interacting molecules got along with each
other and whether the molecules remained in equilibrium and were not
high-energy molecules that would push the system to be highly unstable.
A higher Rg value is an indication of a highly unstable system, whereas a
lower Rg implies a stable and equilibrium system. As shown in Fig. 5,
both the wild-type and mutant complexes followed the same pattern of
Rg and underwent oscillation in the Rg values during the simulation
time. The average Rg value was 31.0 A for the wild type, 31.5 A for
N439K, 31.0 A for S477 N, and 32.0 A for T478K. During the entire
simulation, the Rg values for the mutants N439K and T478K remained
higher than those for the wild type, but the average value for the mutant
S477 N was comparable with that for the wild type. The fluctuation of
Rg value during the simulation was due to binding and unbinding of one
or both ends of the spike receptor-binding domain, also reported by
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Fig. 5. The figure represents the Rgs of all the complexes. The Rgs of the
wild-type is shown in black colour while the other mutants are given in
different colours. (a) show the comparative Rg of the wild type and N439K,
(b) show the comparative Rg of the wild type and S477 N while (c) show the
comparative Rg of the wild type and T478K.

previous findings [9,10,50].

3.5. Flexibility analysis of residues

To give insights into the dynamic function relationship of protein
motions caused by evolutionary divergence, the root mean square
fluctuation (RMSF) value of C-alpha carbon was analyzed and compared
(Fig. 6). Residual flexibility plays an imperative role in different bio-
logical processes, such as molecular recognition, macromolecular com-
plex association, catalysis, and rigidity. The RMSF value visualizes the
flexibility of the different regions. A lower RMSF value indicates a less
flexible region, whereas a higher RMSF value indicates maximal
movements in its average position during simulation. As shown in Fig. 6,
regions 20-70, 140-160, 180-200, 280-320, 470-520, and 580-600
exhibited higher flexibility in all the complexes. In the case of the T478K
variants, a higher fluctuation was observed in the 140-160 residues,
which was not experienced by other systems. Surprisingly, the T478K
mutant showed a higher fluctuation in the 180-200 amino acids. Fluc-
tuation in this region is considerably higher than in other regions, and it
is due to the distribution of three important loops vital for binding with
ACE2, thus implicating the functional relevance of the mutant com-
plexes. Three loops in the spike RBD domain, yl (474-485), y2
(488-490), and y3 (494-505), which are crucial for binding with ACE2,
have higher fluctuation in the mutant systems but not in the wild type
[9,10,22,35,50]. The residue Lys417 is essential for binding with ACE2,

10 T T T T T T T
—— Wild Type
3 N439K | 4

—— S477N

0 100 200 300 400 500 600 700 800
Total Number of residues

Fig. 6. This figure represents the residual flexibility (RMSF) index of the wild-
type and mutant complexes.
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which shows limited fluctuation. These findings are similar to previous
studies that reported ACE2-RBD dynamics [9,10]. The S477 N complex
also showed an unusual fluctuation at 280-320, and no noticeable dif-
ferences were observed in the other regions.

3.6. Hydrogen bonding analysis

The hydrogen bonds were analyzed to verify the specificity of the
wild-type and mutant complexes for the ACE2 receptor as a result of
biological processes driven by hydrogen bonding. This is also important
to derive stable connections that allow intermolecular contact for a
longer duration and to carry out a functional role. The wild-type spike
and variations are linked to the AC2 receptor by hundreds of hydrogen
bonds in each frame of the MD simulations, as shown in the hydrogen
bond graphs. The preceding MD simulation study was confirmed, and
the systems were categorized as extremely stable. In each complex, the
average hydrogen bonds were calculated. The average hydrogen bonds
were 382 in the wild type, 387 in N439K, 385 in S477 N, and 386 in
T478K (Fig. 7). These findings indicate that the mutations in the above-
mentioned variants have changed their hydrogen-bonding contacts,
suggesting that the increased binding affinity is associated with varia-
tions in the hydrogen bonding network.

3.6.1. MM/GBSA based binding energies

The strength of intermolecular binding determined by docking
studies is usually misleading, as the binding pose generated may result
in false positives. Therefore, there is a need to conduct an in-depth
atomic-level interaction energy analysis to assess the degree of bind-
ing between the receptor and the ligand molecule. The MM/GBSA is a
popular post-simulation method because it is computationally less
expensive, and the results are comparable with experimental data.

“woEwildType o0 [ d kb o
F‘Mr’ﬂ*‘ R AT wsw»wwag
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Fig. 7. The figure represents the total number of hydrogen bonds of all the
complexes. The total number of hydrogen bonds of the wild-type is shown
in black colour while the other mutants are given in different colours. (a)
show the comparative total number of hydrogen bonds of the wild type and
N439K, (b) show the comparative total number of hydrogen bonds of the wild
type and S477 N while (c) show the comparative total number of hydrogen
bonds of the wild type and T478K.
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Therefore, to determine the binding stability of the complexes and to
highlight the strength of the hotspot residues in the binding, the MM/
GBSA approach was used on the generated simulation trajectories. The
MM/GBSA is mostly used to re-evaluate the docking conformation and
affinities of the binding complexes. Due to the high credibility of this
method, we analyzed the effect of the reported mutations in the RBD
domain (N439K, S477 N, and T478K) on the interaction network with
the human receptor ACE2. Table 4 shows the various energy compo-
nents calculated using the MM/GBSA approach for the wild-type and
mutant complexes. Free energy was computed using 25,000 structural
frames. According to the MM/GBSA analysis, the reported mutations
(N439K, S477 N, and T478K) enhanced the binding affinity toward the
ACE2 receptor compared with the wild-type RBD complex. The total
binding energies of the wild type and mutant complexes were —61.86,
—67.85, —69.82, and —69.64 kcal/mol. These findings are consistent
with prior research, which found that electrostatic interactions are the
driving force behind greater binding and higher infectivity [9,54].
Furthermore, the total binding energy corroborated with the docking
scores. The electrostatic, van der Waals, and other calculated compo-
nents of the binding free energy are given in Table 4. This shows that the
binding affinity toward the host cellular receptor increased but not
significantly, thus altering infectivity.

4. Conclusions

In conclusion, the current study revealed the binding differences of
some reported variants (N439K, S477 N, and T478K) of the SARS-CoV-2.
Our results yield that N439K, S477 N, and T478K variants have a higher
binding affinity towards the ACE2 receptor. This was inferred from the
molecular docking data that predicted the formation of extra salt
bridges, hydrogen bonds, and non-bonded contacts. These broad-
spectrum interactions network enable the mutants to bind strongly to
the ACE2 receptor, giving more structural stability and equilibrium of
the systems. The MM/GBSA approach is a highly accepted endpoint
technique in estimating binding free energies; the role of ligand-water
interactions and protein-water interactions are often skipped. The
binding energy estimated that enhanced binding of the mutants is the
outcome of better electrostatic, van der Waals, and non-polar solvation
energies that collectively contributed favorably to the net binding en-
ergy of the mutants. Conclusively this shows that the binding affinity
towards the host cellular receptor is increased though not significantly
and alters the infectivity.
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Total Binding energy —61.86 —67.85 —69.82 —69.64

vdW = Van Der Waal; GB = Generalized Born; SA = Surface Area.
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