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Abstract

During replication, some mutations occur in SARS-CoV-2, the causal agent of COVID-19,
leading to the emergence of different variants of the virus. The mutations that accrue in dif-
ferent variants of the virus, influence the virus’ ability to bind to human cell receptors and
ability to evade the human immune system, the rate of viral transmission, and effectiveness
of vaccines. Some of these mutations occur in the receptor binding domain (RBD) of the
spike protein that may change the affinity of the virus for the ACE2 receptor. In this study,
several in silico techniques, such as MD and SMD simulations, were used to perform com-
parative studies to deeply understand the effect of mutation on structural and functional
details of the interaction of the spike glycoprotein of SARS-CoV-2, with the ACE2 receptor.
According to our results, the mutation in the RBD associated with the Omicron variant
increase binding affinity of the virus to ACE2 when compared to wild type and Delta variants.
We also observed that the flexibility of the spike protein of the Omicron variant was lower
than in comparison to other variants. In summary, different mutations in variants of the virus
can have an effect on the binding mechanism of the receptor binding domain of the virus
with ACE2.

Introduction

Many variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causal
agent of coronavirus disease 2019 (COVID-19), have emerged. Increased viral replication
increases the likelihood of the creation of new SARS-CoV-2 mutations. It is believed that some
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variants are of particular importance due to their potential for increased transmissibility [1],
higher virulence, and/or reduced effectiveness of vaccines [2, 3]. These variants contribute to
the continuation of the COVID-19 pandemic. The term “variant of concern” (VOC) for
SARS-CoV-2 refers to viral variants that have mutations in their spike protein receptor-bind-
ing domain (RBD), which improve the binding affinity of RBD with thehACE2 complex caus-
ing the faster spread of the virus in populations [4]. The World Health Organization (WHO)
has considered Alpha, Beta, Gamma, Delta, and Omicron [5-7] as variants of concern.

The Delta variant (B.1.617.2) was initially discovered in India in late 2020 and then spread
to over 163 countries by August 24, 2021. In June 2021, the WHO stated that Delta was going
to be the most prevalent strain in the world [8]. Therefore, the Delta variant was changed from
a variant of interest (VOI) to VOC. According to the present evidence, the Delta VOC was
40%-60% more transmissible than the Alpha (B.1.1.7) VOC and is probably associated with an
increased risk of hospitalization. The Delta VOC mostly threatened those who were unvacci-
nated or partially vaccinated [9].

Another variant identified as a VOC was B.1.1.529, commonly known as Omicron. Follow-
ing the discovery of Omicron, the Technical Advisory Group on SARS-CoV-2 Virus Evolution
(TAG-VE) announced that this variant consisted of several mutations that might impact viral
spread or the severity of the clinical symptoms of COVID-19. To date, 30 mutations, 15 of
which occur in the RBD, as well as 3 small deletions and 1 minor insertion, have been identi-
fied as variants of the spike protein [6, 7]. These mutations alter the behavior of the virus, such
as its pathogenicity and transmission. Therefore, the analysis of different variants will help us
to discover the role of mutations in the pathogenesis of COVID-19 and how these mutations
may impact the faster spread of the virus.

In our previous study, we tried to discover critical residues that participate in the interac-
tion of SARS-CoV-2 with ACE2 [10]. We showed that mutations are able to alter the affinity
of the virus for the ACE2 receptor. Wu et al. demonstrated that the Omicron variant exhibited
a weaker binding affinity for the ACE2 receptor compared to the Delta variant [11]. In another
study, Kumar and colleagues reported that the Omicron variant had a significant number of
mutations in the RBD. These mutations in the Omicron variant have a greater affinity for
human ACE2 than the Delta version, suggesting a higher risk of viral transmission [12].
Because there are conflicting reports about the effect of mutations on affinity of the different
variant of virus for the ACE2 receptor, in the current study, we used MMPBSA and also SMD
to discover the role of mutation on binding affinity of SARS-CoV-2, Delta, and Omicron vari-
ants with ACE2. We also try to discover more details about the binding mechanism between
the receptor binding domain of the SARS-CoV-2 spike protein with ACE2 in tree variants.

Results
Analysis of mutations between SARS-CoV-2, Omicron, and Delta variants

Initially, differences in the genome sequences between SARS-CoV-2, Omicron, and Delta vari-
ants were compared and analyzed (Fig 1 and S1 Table). The results indicated that most muta-
tions occurred in the receptor-binding motif (RBM) of SARS-CoV-2 and play an essential role
in spike-receptor interactions.

Analysis of binding free energy

Binding free energy analysis was performed for three complexes of SARS-CoV-2, namely
SARS-CoV-2, Omicron, and Delta variants, and the obtained results are depicted in Table 1.
The Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) method was utilized
to calculate the binding energies of the three variants of SARS-CoV-2. The Omicron variant
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Fig 1. Sequence alignment of SARS-CoV-2, Omicron, and Delta variants (A). Location of mutations in RBD of virus structure (B).

https://doi.org/10.1371/journal.pone.0291210.9001

had the lowest binding energy of -95.6496+ 0.7364 kcal.mol . Notably, the electrostatic inter-
actions play an essential role in binding affinities between SARS-CoV-2 and its cognate recep-
tor. The binding free energy for the Delta variant was -81.2079+ 0.7013 kcal.mol ™', which was
lower compared to the wild type SARS-CoV-2. The highest binding free energy was detected
with the SARS-CoV-2 variant with -69.2554+ 0.6696 kcal.mol ™. It seems that some mutations
in the RBM might play a crucial role in increasing the affinity of Delta and Omicron variants
to ACE2. More details on the interaction between the spike protein and ACE2 is seen with the
free energy decomposition analysis performed for the three complexes (Fig 2).

Free energy decomposition analysis

This analysis helps find the contribution of a single residue by summing its interactions across
all residues. We divided the RBM of the spike into three sections, CR1 (residues 455-490),
CR2 (residues 450-454 and 491-495), and CR3 (residues 445-449 and 496-506), to under-
stand more about the specific interactions between the spike protein and ACE2 in each of
these complexes (S2 Fig). These three regions are involved in the interaction of SARS-CoV-2
with the ACE2 receptor. Mutations were found in all three regions; however, most differences
in free energy decomposition were observed in two regions containing residues 491-495 and
496-505 (CR2 and CR3, respectively). The free energy decomposition of Gln484 in the CR1
region also showed a significant difference between the three variants. The amount of unfavor-
able free energy for GIn484 in SARS-CoV-2 was 6.79417+0.142 kcal.mol ', which was
decreased to 1.5252+0.0629 kcal.mol ™" in the Delta variant. In the Omicron variant, this resi-
due was mutated to Ala with a free energy decomposition of 0.09169+ 0.0214 kcal.mol .
These changes in the decomposition of GIn484 in total binding free energy might explain its
critical role in the interaction of CR1 with ACE2. Steered molecular dynamic (SMD) simula-
tion was applied to understand more detail on the role of mutations in the interaction between
the spike protein and the ACE2 receptor.

Table 1. The binding energies (kcal.mol ™) of the three variants of SARS-CoV-2 when bound to ACE2.

Variants of SARS-CoV-2

SARS-CoV-2
Delta

Omicron

https://doi.org/10.1371/journal.pone.0291210.t001

AG-bind ENPOLAR EGB EEL VDWAALS
-69.2554+ 0.6696 -10.9821 694.8892 -656.3850 -96.7775
-81.2079+ 0.7013 -11.5792 1222.641 -1197.0871 -95.1829
-95.6496+ 0.7364 -11.4915 1754.392 -1740.7825 -97.7676
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Fig 2. The free energy decomposition of the spike protein residues in the spike-ACE2 complex: (A) SARS-COV2, (B)
Delta, and (C) Omicron variants.

https://doi.org/10.1371/journal.pone.0291210.g002

SMD simulation analysis

In the SMD simulation, the spike glycoprotein was pulled out against the ACE2 receptor. The
residues involved in the interaction between ACE2 and RBD are exhibited in S2 Table. In the
pulling step, RBD residues, including K417-1418, G446-F456, Y473-A475, and N487-Y505, were
pulled out against ACE2 residues, including S19-S43, T78-P84, Q325-N330, G352-1358, and
P389-R393. The results of the SMD simulation showed that the amount of initial force necessary
for the initiation of the dissociation process was higher for SARS-CoV-2 and Delta variants (740
kJ/mol/nm and 780 kJ/mol/nm, respectively) compared to the Omicron variant (590 kJ/mol/
nm). CR2 (residues 450-454 and 491-495) and CR3 (residues 445-449 and 496-506) regions
from SARS-CoV-2 and Delta variants were initially dissociated from the ACE2 receptor (Figs
3A-3D, 4A-4D and 5A-5D). The results also revealed that the CR1 region (residues 455-490)
was the last region that retained the interaction between RBD and ACE2 during the SMD simu-
lation (Figs 3E-3I, 4E-4H and 5E-5H). A minor peak is also visible for the initiation of CR1 dis-
sociation, which is above 200 kJ/mol/nm for both Delta and Omicron variants, while such a
force value for SARS-CoV-2 is gradually increased up to 200 kJ/mol/nm prior to dissociation. Of
note, interactions in the CR2 and CR3 regions initially dissociated, and the spike-ACE2 complex
remained bound as a result of CR1 interactions until the complex was completely dissociated.
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the centers of masses (COM) of selected ACE2 and RBD residues (red graph), and the marked lines represent the conformational state of RBD and
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The number of contacts, as well as secondary structure elements, was analyzed in these
regions. The number of total contacts and number of H-bonds between spike-ACE2 complex
inCR1, CR2, and CR3 regions during SMD simulation also verifies the dissociation process, as
shown in the pulling force graph. Based on the total contacts and H-bond graphs (Figs 6 and
7), CR2 and CR3 regions were dissociated around 2 ns of the simulation, whereas CR1
remained connected for longer during the simulation. The CR2 region of the Omicron variant
had higher initial total contacts and H-bonds compared to the SARS-CoV-2 and Delta variants
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Fig 6. The number of total contacts between the residues of the ACE2 receptor with CR1 (A), CR2 (B), and CR3 (C) regions of the RBD during 7 ns of SMD
simulations; SARS-CoV-2 (green color), Delta (red color), and Omicron (blue color) variants.

https://doi.org/10.1371/journal.pone.0291210.9006
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color), Delta (red color), and Omicron (blue color) variants.
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(Figs 6B and 7B). In contrast, the Omicron variant had fewer initial total contacts and H-
bonds in the CR3 region (Figs 6C and 7C), and these contacts were decreased earlier than
SARS-CoV-2 and Delta variants. The number of contacts and H-bonds during SMD simula-
tion in the CR1 region in the three complexes verified that this region remained bound to the
ACE2 receptor for up to 5 ns in Delta and Omicron variants and 6 ns in the SARS-CoV-2 vari-
ant. Our results showed that CR1 had a high number of contacts and H-bonds with the ACE2
receptor in the three structures and thus may play critical roles in the interactions of the virus
with its cognate receptor.

RMSE values of spike and ACE2 were obtained and are represented in Fig 8. According to
RMSF graphs, local flexibilities for ACE2 were almost the same except for regions 27-30 for
Omicron and 320 for Delta variants. The CR1 region of the three structures showed more flex-
ibility than that of the CR2 and CR3 regions. The RBD of SARS-CoV-2 was more flexible than
Delta and Omicron variants. The flexibility of CR1 may explain the resistance of this area dur-
ing the dissociation process, as this region maintains its interaction with ACE2 for a longer
simulation time. Also, the higher flexibility of CR1 in SARS-CoV-2 could explain how this
region retains its contact until 6 ns of simulation, while CR1 of Delta and Omicron variants
maintain their contact until 5 ns of simulation.

Additionally, the secondary structure contents of the RBD have been analyzed within 7 ns
of SMD simulation (S1 Fig). The results showed that the secondary structure in the CR1 region
(SIA, S1D, and S1G Fig) was different between the three variants. The biggest difference in the
CRI region was observed in residues 473-475, 480-485, and 485-490. In residues 473-475,
the bridge structure in the Delta variant was more than the two other variants. The secondary
structure in residues 480-485 of the Delta and Omicron variants were similar to each other,
while it was different for the wild type. In residues 485-490 of the wild type, the most frequent
structure was detected to be the “turn” structure, while it was the “bridge” structure in the
Delta variant. In this region, the frequency of the B-bridge structure in the Delta and Omicron
variants was higher compared to the SARS-CoV-2 wild type. The secondary structure in the
CR2 region (S1B, SIE, and S1H Fig) of the three variants was similar. In the CR3 region (S1C,
S1F, and S1I Fig), the secondary structure of wild type and Omicron variants were similar,
while it was different for the Delta variant. Our results indicated that the affinity of the
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Omicron variant for the ACE2 receptor was greater than Delta and SARS-CoV-2 variants, but
the stability of the spike-ACE2 complex against dissociation was lower than that of the others.
Moreover, we showed that the CR1 region plays a critical role in the interaction between the

spike protein and ACE2. The RMSD graphs also verify that the Omicron variant had the low-

est conformational motions during the SMD

simulation (Fig 9).

Finally, secondary structure analysis was carried out using the DSSP method in order to
track all changes during 100 ns of MD simulation (Fig 10) for the three structures. Our results
showed that the secondary structure contents of RBD had local differences between the three
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Fig9. The RMSD of the backbone carbon atoms of selected ACE2 residues during SMD simulations (A) and RBD of the spike protein (B); SARS-CoV-2

(green), Delta (red), and Omicron (blue) variants.

https://doi.org/10.1371/journal.pone.0291210.g009
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structures. For example, the secondary structure content in the CR3 region (residue 440-450)
of the Omicron variant was mostly o-helix, but for Delta and SARS-CoV-2 variants was
“bend.” Also, in the Omicron variants, there was a “bridge” structure in CR2 (residues
450-455). The secondary structure content of CR1 (residue 482-486) was "bridge" in the
SARS-CoV2 and Omicron variants, but it was an “ext” structure in the Delta variant. The sec-
ondary structure in CR3 (residue 495-510) was different between the three variants. In this
region, there is a "bridge" structure that is converted into a “bend” structure in the Delta vari-
ant during the simulation process.
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Protein structure and flexibility

In the last step, the flexibility of the spike protein was analyzed during 100 ns MD simulation.
According to the RMSF graph (Fig 11), flexible regions and their patterns differed between the
three variants. The results showed that the overall flexibility of the spike protein was higher in
Delta and SARS-CoV-2 variants when compared to the Omicron variant. The highest flexibil-
ity in the RBM of the three variants was observed in CR1 (residues 443-487), which was
related to the Delta variant. Based on the SMD results, the CR1 region was the last part to be
dissociated from the ACE2 receptor, and the dissociation energy for this part was lower for the
Omicron variant compared to other variants. According to our results, the amount of flexibil-
ity in the three variants play roles in the interaction between spike-ACE2. Also, the RMSD
graph for the three variants during simulation (S3 Fig) shows that the Omicron variant had a
higher RMSD value than the wild type and Delta variants.

To study the effect of mutations on the overall spike structure and flexibility, free and land-
scape (FEL), principal component (PCA) and dynamic cross-correlation matrix (DCCM)
analyses have been performed (S4 Fig). Based on the FEL and PCA results (S4A1, S4B1 and
S4C1 and S4A2, S4B2 and S4C2 Fig), the functional motions and energy landscape of the Omi-
cron and Delta variants were different from SARS-CoV-2. The differences in the conforma-
tional and local motions of the Delta variant were more considerable that the Omicron. The
results from DCCM also showed that these mutations affected on the global motions of the
spike, as the correlation patterns in SARS-CoV-2 (residues 420-430 and 455-465 in CR1
region) have changed in the Delta and Omicron variants.

Discussion

According to epidemiological studies, more than 5 million deaths are thought to be related to
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 efficiently uses
several human host factors for viral attachment and entry [13]. The spike protein of SARS-
CoV-2 can attach to the host cell receptor, human angiotensin-converting enzyme 2 (ACE2),
more efficiently than the other closely related coronaviruses, such as SARS and MERS [14].
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This newly discovered coronavirus has an unusually large number of mutations, several of
which are novel and a significant number of which affect the spike glycoprotein [15].

Some of the mutations occurring in this variant are similar to other variants, while a num-
ber of mutations are also unique to this variant, responsible for the rapid transmission and vir-
ulence of the virus [16].

Another variant of SARS-CoV-2 that causes COVID-19 is known as the Omicron type. It
was first reported to the World Health Organization (WHO) on 24 November from South
Africa [17]. On 26 November 2021, the WHO designated it as VOC and then named it
"Omicron,” the fifteenth letter of the Greek alphabet [18]. The Omicron variant is much more
transmissible than previous variants of SARS-CoV-2, such as the Delta variant [19]. Therefore,
analyzing the interaction of the ACE2 receptor with the Delta and Omicron variants of SARS-
CoV-2 is necessary to discover the role of mutations in increasing the affinity of the virus to its
host receptor.

In this study, we employed in silico methods to compare the interaction of the spike protein
of SARS-CoV-2, Delta, and Omicron variants with the ACE2 receptor in order to discover the
role of mutations in the biological process by which the virus infects the host cells. The
MM-PBSA method was applied to compare the free energy between the three complexes. Our
results indicated that the highest and lowest binding affinities of spike for ACE2 were related
to Omicron and SARS-CoV-2 variants, respectively. Electrostatic interactions play the most
significant role in the interaction between the virus and the ACE2 receptor in three forms of
the complex. Pitsillou et al. reported that the Delta and Omicron variants bind to the ACE2
receptor with similar affinities (-39.4 and -43.3 kcal.mol ™', respectively), and their binding
affinity was stronger than the SARS-CoV-2 variant (-33.5 kcal.mol ™) [20]. Khan and col-
leagues indicated that the Omicron variant had the highest binding affinity (-52.50 kcal.mol ")
for the ACE2 receptor. However, consistent with our findings, these values were -29.21 kcal.
mol ' and -26.62 kcal.mol™* for the Delta variant and SARS-CoV -2 variants, respectively [21].

Henrique et al. demonstrated that mutations in the RBD of the Omicron variant accelerated
the affinity of spike protein for ACE2 receptor and may explain the high transmissibility of
this variant in comparison with other SARS-CoV-2 variants. In agreement with our results,
the stabilization effect of the RBD-ACE2 receptor complex of the Omicron variant is mainly
due to the substitution of uncharged residues by positively charged residues (Lys and Arg) in a
key position [22].

The values of free energy decomposition for all residues in binding regions of the spike pro-
tein and receptor were analyzed. The RBD has two subdomains, including a core structure
formed by a five-stranded antiparallel B-sheets covered with short connecting a-helices on
both sides, and an extended loop named the ‘receptor-binding motif’ (RBM), which wraps
around one edge of the core structure and makes all the contacts with ACE2. In our previous
study, we reported that there are three regions in the receptor-binding motif that are involved
in the spike-ACE2 interaction. Two regions were located at the beginning and the end of the
receptor-binding motif. The third region was located in the middle area of the receptor-bind-
ing motif of the spike protein, and most mutations occur in these regions [9]. Based on the
interaction of the receptor-binding motif with the ACE2 receptor, this region is divided into
three parts, namely CRI1 (residues 455-490), CR2 (residues 450-454 and 491-495), and CR3
(residues 445-449 and 496-506). Several differences in the interaction pattern between the
spike protein and ACE2 receptor have been observed in the three complexes. The most signifi-
cant difference was detected in two regions, including residues 491-495 and 496-505, located
in the CR2 and CR3 regions, respectively, and GIln484 in CR1. In fact, several mutations in the
receptor-binding motif of the spike protein led to a change in the binding free energy contri-
bution of each residue in the interaction between the ACE2 receptor and the spike protein of
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SARS-CoV-2, Delta, and Omicron variants. Da Costa et al. indicated that a number of muta-
tions, including N440K, T478K, Q493R, and Q498R in the RBD of the Omicron variant, cause
favorable interactions between the RBD and ACE2 receptor [23].

In the next step, the dissociation process of the spike-ACE2 complex for three complexes
was investigated using SMD simulation in order to assess the role of each residue in maintain-
ing the interaction until each complex was completely detached. According to our results, the
amount of pulling force to initiate the dissociation process in SARS-CoV-2 and Delta variants
during SMD simulation was nearly the same, and this force was higher than that of the Omi-
cron variant. Abidi et al. reported that the dissociation force of RBD-ACE2 for SARS-CoV-2
and Delta variants were close to each other [24].

Nguyen et al. also reported that the Omicron variant binds to hACE2 more strongly than
the SARS-CoV-2 variant [25]. The results of SMD showed that the SARS-CoV?2 and Delta vari-
ants exhibit more resistance to dissociation from the ACE2 receptor. This result also revealed
that the interactions in the RBD-ACE2 receptor complex remained stable by the CR1 region
during SMD simulation. In fact, other interactions (CR2, CR3) were broken at first, and the
interactions in this region continuously remained until the complexes were totally dissociated.
It seems that CR1 plays a critical role in the interactions between the ACE2 receptor and spike
protein, but most mutations were observed in the CR2 and CR3 regions (residues 491-495
and 496-505). These mutations led to a decrease in the binding free energy of residues 491-
495 and 496-505 in Omicron and Delta variants when compared to SARS-CoV-2. However,
based on the SMD results, the amount of pulling force in the SARS-CoV-2 and Delta variants
were higher than that of the Omicron variant. We investigated the flexibility of the spike struc-
ture in the three complexes to determine the cause of these events. According to these results,
the flexibility of these regions was different in SARS-CoV-2, Delta and Omicron variants. In
general, proteins have dynamic structures, and their biological functions are dependent on this
flexibility and allowing proteins to change their conformation to respond to the presence of
other molecules and/or variations in the environment [26]. Biochemical processes, such as sig-
nal transduction, antigen recognition, protein transport, and enzyme catalysis, rely on this
ability to change conformation. The adaptability and flexibility of a protein may result in either
subtle change, such as when a few amino acid side chains of an enzyme move to bind a small
substrate, or in more dramatic changes, such as when a large conformation of a protein is trig-
gered by the presence of a ligand [26].

According to the above statements, and consistent with our findings, the flexibility of the
spike protein plays an important role in the interaction between the spike protein and the
ACE2 receptor. Based on our results, the Omicron variant possesses the highest binding affin-
ity for the ACE2 receptor compared to other variants that have been confirmed in other stud-
ies but were easily dissociated during SMD. In this study, we demonstrated that the flexibility
of the spike protein in the Omicron variant was less than other variants, explaining the behav-
ior of this structure in protein-receptor interaction. The SMD analysis (RMSF and RMSD)
also revealed that the spike structure in the Omicron variant had the lowest flexibility com-
pared to the other variants. According to the SMD results, the most flexible part in tree vari-
ants also was in the CR1 region, which is similar to the MD results. It seems that the flexibility
of this region effectively contributes to the interaction between the spike protein and the ACE2
receptor. Also, the more flexible CR1 tends to remain in the receptor interaction longer during
the SMD simulation. Also, FEL and PCA results showed that the Delta variant had more flexi-
ble structure during the simulation.

In addition, the lowest flexibility and binding free energy was related to the Omicron vari-
ant, while the strongest interaction pertained to the SARS-CoV-2 and Delta variants. The
binding affinity in SARS-CoV-2 and Delta variants was lower and could be related to their
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conformational entropy. In other words, higher flexibility in SARS-CoV-2 and Delta structure
leads to an increase in structural entropy which contribute to a more positive binding free
energy [27]. Therefore, the lowest free binding energy and highest affinity were related to the
Omicron variant.

Conclusion

In this study, we evaluated the effect of mutations on structural and binding free energies in
the RBD of the spike protein in three variants of SARS-CoV-2, namely Delta, Omicron and
SARS-COV-2 wild type in complex with the human ACE2 receptor. The binding affinity of
each RBD for the ACE2 receptor was obtained using the MM-PBSA method. The results
showed that the trends in the calculated binding free energies were well correlated with affinity
of each viral variant to ACE2 receptor. The mutation in the RBD of the Omicron variant
increases the affinity of the spike protein for the ACE2 receptor and may explain its high trans-
missibility in comparison with other SARS-CoV-2 variants. In this study, we also indicated
that the flexibility of the spike protein in the Omicron variant was less than in other variants,
and suggest that this could be the reason for the spike protein behavior in the protein-receptor
interaction.

Methods
Sequence and structural analysis of Spike and ACE2 receptor

Crystal structures of the SARS-CoV-2 spike receptor-binding domain bound to ACE2 receptor
(PDB code: 6m0j) were obtained from Protein Data Bank (https://www.rcsb.org), and muta-
tions were extracted from the SND server (http://www-cryst.bioc.cam.ac.uk/~sdm/sdm.php)
to obtain Delta and Omicron variants. In silico studies were then carried out on three variants
to examine the significance of mutations in the receptor-binding motif (RBM) or other regions
of the receptor-binding domain (RBD), as well as the spike affinity for the ACE2 receptors to
better understand the viral affinity to ACE2. The structural analysis was conducted by Swiss-
PDB viewer 4.0.1 and Pymol 1.3 [28, 29]. The FASTA files of variants were obtained from Pro-
tein Data Bank and aligned by ClustalW (https://www.ebi.ac.uk/Tools/msa/clustalo).

Molecular dynamics simulation

The molecular dynamics simulation of complex structures was performed to understand the
interaction between the spike and its receptor using AMBER20 [30] and pmemd.cuda GPU
code and ff14SB force-field [31]. The complex was neutralized by adding Cl ions to structures
using the LEaP module. Afterward, the structures were immersed in a truncated octahedron
box filled with a 10 A layer of TIP3P water molecules [30]. Then, the topology and coordina-
tion were saved for the subsequent steps in simulations. The energy minimizing of the solvated
spike-ACE2 complex was performed within two phases. First, the ions and water molecules
were minimized by 3000 steps; then, the entire system was minimized by 5,000 steps employ-
ing the steepest-decent and conjugate gradient algorithms. In the periodic boundary condi-
tion, the cutoff distance was adjusted to 10 A to calculate non-covalent interactions by the
PME. The system was heated from 0 to 300 K for 200 ps, with the NVT ensemble using a Lan-
gevin thermostat at a collision frequency of 2 ps [32]. The bonds, including hydrogen atoms,
were constrained using the SHAKE algorithm [33]. Before implementation of the MD simula-
tion, the equilibration in the NPT group was performed for 1 ns with a Berendsen barostat and
a relaxation time of 2 ps, and the pressure was set to 1 atm. Ultimately, the MD simulation was
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performed for 100 ns with the NPT ensemble. The time-step was set at 2 fs, and the coordi-
nates were stored every 0.8 ps.

Trajectory analysis

The trajectory analysis was carried out using CPPTRA]J [34] and PYTRA]J [34] from Amber-
Tools 20 to analyze the trajectories.

Molecular mechanics Poisson-Boltzmann surface area (MM-PBSA)
calculation

In order to compare the binding affinity of the spike-ACE2 complex in three variants (PDB
code 6m0j), MM-PBSA calculation was conducted with previous procedures by Amber 20 for
100 ns using ff99SB force-field. The analysis of binding free energies was performed by
mmpbsa.py [35].

Steered molecular dynamic (SMD) simulation

SMD simulations were applied to explore key RBD interaction residues with the ACE2 recep-
tor. The initial structures for pulling simulations were obtained from Classical Molecular
Dynamics (CMD) simulations. The simulation box of each complex was changed to a dimen-
sion of 15 x 35 x 15 nm. Water molecules were added, and minimization and equilibration
steps were performed for each system again. At first, 50,000 steps of energy minimization were
carried out using the steepest descent algorithm. All complexes were equilibrated in NVT, and
then the NPT ensemble was used to equilibrate each complex for 1 ns individually while plac-
ing a restraint on the protein backbone atoms. The SMD simulations were carried out with the
harmonic sparing constant of 1000 kJ.mol".nm™ and the pulling rate of 0.0005 nmps . In the
pulling out step, the atoms of several RBD residues, including K417-1418, G446-F456,
Y473-A475, and N487-Y505, were pulled out against atoms of ACE2 residues S19-543,
T78-P84, Q325-N330, G352-1358, and P389-R393. The mentioned ACE2 receptor residues
were kept fixed during the SMD simulations. The pulling direction of RBD was conducted
along the Y-direction. All SMD simulations were performed for 7ns using Gromacs 2022.2
employing CHARMM force-field parameters 20 [36, 37].

Supporting information

S1 Table. List of mutations in receptor-binding motif of SARS-CoV-2 compared to Delta
variant and Omicron variant.
(DOCX)

S2 Table. The residues involved in the interaction between ACE2 and RBD.
(DOCX)

S1 Fig. Changes of the secondary structure elements of CR1 domain (A, D, and G), CR2
domain (B, E, and H), and CR3 domain (C, F, and I) during SMD simulations. SARS-CoV-2
(A, Band C), Delta (D, E and F), and Omicron (G, H, and I).

(TIF)

S2 Fig. Three regions in RBD domain of spike glycoproteins: Three regions were showed
with red, yellow and blue that are CR1 (455-490), CR2 ((450-454 491-495)), CR3 ((445-
449) (496-506)) respectively.

(TIF)
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S3 Fig. RMSD the backbone carbon atoms of selected ACE2 residues and RBD domains.
Wild Type- SARS-CoV2 (green color), Delta (red color), and Omicron (blue color).
(TIF)

S4 Fig. Free energy landscape (FEL), principal component (PCA) and dynamic cross-corre-
lation matrix (DCCM) analysis of spike protein. SARS-CoV-2 (A1, A2, A3), Delta (B1, B2,
B3), and Omicron (C1, C2, C3) variants.

(TIF)
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