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ABSTRACT

The SARS-CoV-2 Omicron variant containing 15 mutations, including the unique Q493R, in the spike protein
receptor binding domain (S1-RBD) is highly infectious. While comparison with previously reported mu-
tations provide some insights, the mechanism underlying the increased infections and the impact of the
reversal of the unique Q493R mutation seen in BA.4, BA.5, BA.2.75, BQ.1 and XBB lineages is not yet
completely understood. Here, using structural modelling and molecular dynamics (MD) simulations, we
show that the Omicron mutations increases the affinity of S1-RBD for ACE2, and a reversal of the unique
Q493R mutation further increases the ACE2-S1-RBD affinity. Specifically, we performed all atom, explicit
solvent MD simulations using a modelled structure of the Omicron S1-RBD-ACE2 and compared the tra-
jectories with the WT complex revealing a substantial reduction in the Ca-atom fluctuation in the Omicron
S1-RBD and increased hydrogen bond and other interactions. Residue level analysis revealed an alteration in
the interaction between several residues including a switch in the interaction of ACE2 D38 from S1-RBD
Y449 in the WT complex to the mutated R residue (Q493R) in Omicron complex. Importantly, simulations
with Revertant (Omicron without the Q493R mutation) complex revealed further enhancement of the in-
teraction between S1-RBD and ACE2. Thus, results presented here not only provide insights into the in-
creased infectious potential of the Omicron variant but also a mechanistic basis for the reversal of the
Q493R mutation seen in some Omicron lineages and will aid in understanding the impact of mutations in

SARS-CoV-2 evolution.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

membranes.[4-7] This is then followed by cleavage of spike protein
by the host cell transmembrane serine protease 2 (TMPRSS2) at the

SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2),
the causative agent of COVID-19, has caused more than 660 million
infections resulting in more than 6.7 million deaths globally by mid-
January 2023 [COVID-19 Map - Johns Hopkins Coronavirus Resource
Center (jhu.edu)].[1-3]| The virus binds the host cell through the
receptor binding domain (RBD) with its S1 subunit to the angio-
tensin converting enzyme 2 (ACE-2) receptor expressed on host cell
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domain; SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; MD simula-
tions, Molecular dynamics simulations
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furin cleavage site (S1/S2 subunit), permitting the fusion of the viral
envelope and the cellular membrane of the host, facilitated by the S2
subunit, and later entry of the virus by endocytosis.[8,9] Importantly,
numerous variants have been registered since the onset of COVID-19
pandemic in 2019. Of these, Alpha (B.1.1.7), Beta (B.1.351), Gamma
(P1) and Delta (B.1.617.2) are designated as variants of Concern
(VOCs) whereas Lambda (C.73) and Mu (B.1.621) as variants of in-
terest (VOIs) by the World Health Organization (WHO). Former VOlISs,
Kappa (B.1.617.1), Iota (B.1.526) and Eta (B.1.525) have been re-
grouped to Variants under monitor (VUM) as the evidence of phe-
notype and epidemiology is still unclear.[10-13] In continuation
with these, a new variant named Omicron (B.1.1.529) was reported to
cause a COVID-19 outbreak in the Gauteng province, South Africa
during late November 2021. Further, on 26th of November, WHO’s
Technical Advisory Group on SARS-CoV-2 Virus Evolution (TAG-VE)
labeled B.1.1.529 a “Variant of Concern” (VOC), the supreme
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Sequence Alignment of WT & Omicron S1-RBD
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Fig. 1. SARS-CoV-2 Omicron variant & mutations in the S1-RBD. (A) Schematic graph showing the emergence of the Omicron variant with a much higher reported cases (Relative
Variant Genome Frequency) compared to the Delta variant. Source: GISAID; https://www.gisaid.org/hcov19-variants/). (B) Amino acid sequence alignment of B.1.1.529/1-194
(Omicron) and Parental/1-194 (WT) S1-RBD (residues 333-526) with the mutations highlighted with a light blue background. (C) Cartoon representation of the WT (PDB: 6M0J)
and Omicron variant (modelled structure) ACE2-S1-RBD complex (WT - ACE2, deep blue & S1-RBD, light blue; Omicron - ACE2, fire brick & S1-RBD, salmon) showing the relative
positioning of interfacial residues in ACE2 and in S1-RBD (green, WT; red, Omicron variant).

categorization for an evolving coronavirus variant. Initially, South
Africa’s fourth COVID-19 wave was dominated by three Omicron
lineages (BA.1, BA.2, and BA.3) and was hastily swapped by BA.4 and
BA.5 by the first week of April, 2022.[14,15] As of January 2023,
Omicron infection is a matter of global concern.[16-18] In fact, the
Omicron variant has dominated the Delta variant globally with re-
spect to number of infections within a short span of time (Fig. 1A)
(https://covariants.org/per-variant).[ 19,20].

Of the 36 mutations reported in the Omicron variant, 30 are in its
spike protein alone. These include the E484A, K417N, N440K and
Q493R mutations, which have been reported to be associated with
helping the virus to escape antibody detection.[13, 21-28] Ad-
ditionally, a number of Omicron mutations have been reported to
increase the affinity of the spike protein for ACE2, thus, providing
some basis for the increased infectivity of the variant. For instance,
the N501Y mutation has been reported to display a stable interaction
compared to the wild type (WT) S1-RBD [29] likely providing a
reason for the increased affinity of the N501Y mutant S1-RBD for
ACE2 receptor.[30,31] Furthermore, the S477N mutation located at
the ACE2-S1-RBD interface has arisen independently multiple times
in clade 20B [32] and contributes to the increased affinity to the host
receptor.[31,33] It is important to note that several other mutations
in the Omicron S1-RBD such as the G339D, S371L S373P, S375F,
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G4468S, T478K, Q493R, G496S, Q498R, Y505H are also present in the
ACE2-S1-RBD interface.[ 13, 27, 34-37] It also has been reported that
the experimental Kp value of the Omicron (B1.1.529) variant is
20.63 nM compared to a value of 26.37 nM for the WT (Wuhan)
strain while a predicted Kp value ~12.98 nM for the BA.2 variant.[38]
Overall, it appears that these mutations in combination can poten-
tially alter the structural properties of the protein that may result in
an altered interaction between Omicron S1-RBD and ACE2 re-
ceptor.[39-44].

In the current study, we utilized structural modelling and all-
atom, explicit solvent MD simulations of the Omicron variant S1-
RBD with the ACE2 receptor to gain insights into the mechanism
underlying its increased affinity for ACE2 and higher transmission
rate. Comparison of simulation trajectories of the WT reported
previously[29] and the Omicron variant S1-RBD in complex with
ACE2 showed a decreased residue level dynamic and free energy
change alongside an increased number of H-bond, van der Waals and
electrostatic interactions in the Omicron S1-RBD. Additionally, a
substantial difference in the salt bridge interactions were observed
in the Omicron S1-RBD including at the ACE2-S1-RBD interface.
Importantly, the analysis also revealed the formation of unique salt
bridge interactions formed by the R493 (Q493 in the WT; Q493R
mutation) with the D38 (most stable), E35 and E37 residue in ACE2
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and reversion of this single mutation to the original Q resulted in a
further increase in ACE2-S1-RBD affinity as indicated by a decrease
in the free energy change likely providing a basis for the prevalence
of Omicron variant with this reversion.

2. Materials & methods

2.1. Structural modeling of Omicron mutations in the ACE2-S1-RBD
complex

We generated a structural model of the Omicron variant S1-RBD
spanning residues from T333 to G526 of the SARS-CoV-2 spike (S)
glycoprotein and containing all mutations in complex with ACE2
spanning residues from S19 to D615 of human ACE2.[26, 45-49]. For
this, we utilized the available crystal structure of the ACE2-S1-RBD
complex (PDB ID: 6MO0J) [50] and the homology-based protein
structure modelling program, Modeller 9.19(51]. Briefly, sequences
of ACE2 and WT and Omicron variant S1-RBD were aligned and a
homology-based models were generated with very slow MD re-
finement. Finally, the lowest energy model was selected and as-
sessed for quality using the Procheck program. [https://
servicesn.mbi.ucla.edu/PROCHECK/] [52] (Supp. Fig. 1). The struc-
tural model of ACE2 with the Revertant S1-RBD complex was gen-
erated using the Omicron ACE2-S1-RBD and the “Mutagenesis” tool
in PyMOL.

2.2. ACE2-S1-RBD MD simulations

Briefly, Nanoscale Molecular Dynamics (NAMD) 2.13 software
[53] and CHARMMS36 force field [54] were utilized to perform the
MD simulations as described previously [55-57]. The ACE2-S1-RBD
models were used as inputs to generate the biomolecular simulation
systems. The topology and parameter files for the simulations were
prepared using the QwikMD plugin [58] available in Visual Mole-
cular Dynamics (VMD) 1.9.3 software. Briefly, proteins were solvated
in explicit solvent using TIP3P [59] cubic water box that contains
0.15M NaCl with Periodic Boundary Conditions applied. The simu-
lation systems consisted of 453089, 416106, and 416103 atoms for
WT, Omicron, and Revertant, respectively. Before running produc-
tion simulations, energy minimization and thermal equilibration
were performed as described previously.[57,60] Production simula-
tion runs were performed for 100 ns in duplicates for all simulation
systems. A 2-fs integration time step was selected for all simulations
where trajectory frames were saved every 10,000 steps. A 12 A cut-
off with 10 A switching distance was chosen to handle short-range
non-bonded interactions, while long-range non-bonded electrostatic
interactions were handled using Particle-mesh scheme at 1A PME
grid spacing.

2.3. ACE2-S1-RBD MD simulation trajectory analysis

Following MD simulations, trajectory analysis was carried out
using the available VMD plugins. Independent calculations of root-
mean-square deviation (RMSD) of backbone atoms were carried out
using “RMSD trajectory Tool” in VMD. Measurements of root-mean-
square fluctuations (RMSF) of Ca atoms were performed after
aligning the trajectories using Ca atoms from both ACE2 and S1-RBD
(whole complex), and plotted separately for ACE2 and S1-RBD.
Hydrogen bond analysis was performed at a switching angle of
20°and a cut-off distance between ACE2 and S1-RBD of 3.5 A using
“Hydrogen Bonds” extension in VMD [61]. The H-bond analysis was
done for all individual residues pairs rather than unique pairs using
the plugin. Salt bridge analysis was performed using the “Salt
bridges” extension with an Oxygen-Nitrogen cut off of 3.2A and
further analysis was narrowed down to the set of unique salt bridges
acquired from each complex.[62] Inter residue (ACE2:WT/Omicron/
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Revertant(Omicron+Q493)) salt bridge distances were calculated
using the inter residue distance calculation script.[63] Furthermore,
binding free energy changes were calculated using the molecular
mechanics Poisson-Boltzmann surface area method (MM-PBSA)
[64,65] using the CaFE 1.0 tool.[66] Residues at the ACE2-S1-RBD
interface were determined at cut-off distance of 5A using PyMOL,
“NAMD Energy” VMD plugin was used to perform energy calcula-
tions. Center-of-mass distances between paired selections were de-
termined using VMD.[62] The interfacial residues determined by us
previously were utilized to determine the interfacial inter-residue
distances over the simulations (3 runs each of WT, Omicron and
Revertant), that were then normalized with their respective average
distances and plotted as a ratio of Omicron to WT and Revertant to
WT ACE2-S1-RBD complexes.[29] Python scripts were used to obtain
the above-mentioned average distances and standard deviation of
the interfacial residue distance values.

The composite snapshot images were prepared from 11 re-
presentative trajectory frames captured 10 ns apart and compiled
using PyMOL.[67] Trajectory movies representing 100 ns simulations
were prepared from 500 trajectory frames (10 frames/ns) generated
using VMD Movie Maker plugin [62] and compiled at 60 fps using
Fiji distribution of Image] software [67].

2.4. Data analysis and figure preparation

Microsoft Excel and GraphPad Prism (version 9 for macOS,
GraphPad Software, La Jolla California USA; www.graphpad.com)
were used for data analysis and graph preparation. Figures were
assembled using Adobe Illustrator.

3. Results & discussions

3.1. Omicron variant S1-RBD structural modeling in complex with ACE2
and mapping of mutations

The Omicron variant has been recognized by WHO as a variant of
concern (VOC) with a much higher transmission rate compared to
other variants such as the Delta (Fig. 1A), suggesting an increased
affinity for the variant S1-RBD for ACE2. To understand the me-
chanism underlying the increased affinity of the Omicron variant S1-
RBD, we generated a homology-based structural model of the ACE2-
S1-RBD complex containing all mutations (Fig. 1B) using the pre-
viously described ACE2-S1-RBD structure (PDB ID:6MO]J) (Fig. 1C) for
subsequent use in MD simulations. These include 8 mutations in the
ACE2-S1-RBD interface (K417N, G446S, E484A, Q493R, G496S,
Q498R, N501Y, Y505H) (Fig. 1C) and 7 mutations (G339D, S371L,
S373P, S375F, N440K, S477N, T478K) in other parts of the protein.

3.2. Altered S1-RBD dynamics in the Omicron variant

To understand the impact of these mutations in the interaction
with ACE2, we performed MD simulations using the structural
model of the Omicron ACE2-S1-RBD complex. We utilized previously
reported trajectories of the WT ACE2-S1-RBD complex for the pur-
pose of comparison.[57] A evaluation of the MD simulation trajec-
tories of the Omicron variant complex did not show any noticeable
difference in the dynamics in ACE2, either in terms of whole struc-
ture or in RMSD values (Fig. 2A, B). However, Omicron-S1-RBD
showed noticeable decreases in structural fluctuation, as assessed
from the RMSF values (Fig. 2A, B). Comparison of RMSF values of
individual amino acid residues in ACE2 indicated some differences
such as a decrease in RMSF values across residues 118-184, 219-419
and 500-600 in the Omicron complex compared to WT ACE2 over
the entire trajectory (Fig. 2C, D). However, a similar analysis of S1-
RBD residues revealed substantial decrease (Fig. 2C, D), indicating a
change in the structural dynamics of S1-RBD in the Omicron variant
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Fig. 2. Decreased structural dynamics in the Omicron S1-RBD in complex with ACE2. (A) Cartoon representation of the WT (left panel) and the Omicron variant (right panel)
ACE2-S1-RBD complex showing structural evolution of the complexes over time in a 100 ns MD simulation. Images were captured every 10 ns. (B,C) Graph showing backbone (Ca)
RMSD (B) and RMSF (C) values of ACE2 (left panel) and S1-RBD (right panel) obtained from three independent 100 ns WT and Omicron variant ACE2-S1-RBD complex MD
simulations. Note the general decrease in the fluctuations in the Omicron S1-RBD. (D) Graph showing percentage mean differences in RMSF values of ACE2 and S1-RBD of WT and
Omicron variant ACE2-S1-RBD complexes.

over the entire trajectory. Specifically, residue positions from 375- 3.3. Increased H-bond and other non-covalent interactions
382, 431-450 and 493-509 showed a substantially reduced RMSF
values in the Omicron complex (Fig. 2C, D). Overall, these results To understand the mechanism underlying reduced dynamics of

indicate a decrease in the structural dynamics in S1-RBD in the residues in the Omicron variant, we first analyzed the trajectories for
Omicron variant suggesting an enhanced interaction between ACE2 H-bond formation using cutoffs of 3.5 A and 20° for H-bond distance
and S1-RBD in the Omicron variant. and A-D-H angle, respectively. This analysis showed that most of the
mutated residues are located within the H-bond formation bound-
aries with ACE2 and show significantly alter H-bond formation and %
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Table 1
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Altered H-bond interaction between interfacial residues in the Omicron variant ACE2-S1-RBD complex. Table showing percentage occupancy of listed H-bonds formed by
interfacial residues determined from three independent MD simulations of the WT and the Omicron variant ACE2-S1-RBD complexes. The H-bonds formed by residues mutated in
Omicron and those that are not mutated in Omicron were ranked according to the mean difference (descending order) in percentage occupancy. Note the alteration in H-bond
formation by non-mutated residues (T500, G502, A475, Y449) in the Omicron complex and that D38 and Q493(R in the Omicron variant) form multiple H-bonds leading to a

cumulative occupancy of > 100%.

WT Omicron Difference
# ACE2 | RBD Run 01 Run 02 Run 03 Run 01 Run 02 Run 03 mean+ S.D (p value)
1 Residues mutated in Omicron D38-Side | Q493(R)-Side* 0.0 0.0 0.0 138.6 74.0 131.8 114.8 + 13.1 (0.005)
2 S$19-Main | S477(N)-Side* 2.5 13 8.6 29.9 222 49.2 29.6 + 6.7 (0.0237)
3 K353-Main | Y505(H)-Side 0.0 0.0 0.0 38.5 16.0 15.7 23.4 + 5.9 (0.0362)
4 Y41-Side | Q498(R)-Side 2.3 7.9 2.6 0.0 0.0 0.0 -4.3 + 2.5 (0.0803)
5 K31-Side | Q493(R)-Side 5.7 5.7 11.5 0.0 0.0 0.0 -7.6 £ 3.4 (0.0172)
6 Q42-Side | Q498(R)-Side 16.3 8.0 10.5 4.2 6.4 0.0 -8.1 £ 3.5 (0.0599)
7 K353-Side | Q498(R)-Side 114 6.2 13.6 0.0 0.0 0.0 -10.4 £ 3.9 (0.0091)
8 E37-Side | Y505(H)-Side 27.7 43 42.0 0.0 1.6 0.0 -24.1 + 6 (0.093)
9 E35-Side | Q493(R)-Side 45.6 239 45.8 6.8 0.0 0.0 -36.1 £ 7.4 (0.009)
10 D30-Side | K417(N)-Side 37.8 376 53.1 0.0 0.0 0.0 -42.8 + 8 (0.0011)
11 Residues not mutated in Omicron D355-Side | T500-Side 2.8 141 231 49.2 50.9 50.5 36.9 + 7.4 (0.0033)
12 K353-Main | G502-Main 36.1 0.0 49.0 441 50.2 238 11 + 4.1 (0.5458)
13 Q24-Side | A475-Main 2.8 43 6.0 12.7 15.9 134 9.6 + 3.8 (0.002)
14 S19-Side | A475-Main 24.0 20.8 18.7 321 22.7 23.7 5+ 2.7 (0.2106)
15 D38-Side | Y449-Side 5.6 15.3 6.0 0.0 0.0 0.0 -8.9 + 3.7 (0.0476)

occupancy at the interface (Table 1). Newly formed H-bonds in the
Omicron variant ACE2-S1-RBD interface include D38-Q493R and
K353-Y505H (Fig. 3B, D), whereas K417N mutation in Omicron led to
loss of D30-K417H-bond found in the WT (Fig. 3A). In addition, there
was a noticeable increase in the % occupancy of H-bonds formed by
$19-N477 and K353-H505 in Omicron (Table 1, Fig. 3B). The unique
mutations Q493R and Y505H showed an increased H-bond occu-
pancy in both the Omicron runs while in the WT do not show any
interaction. On the other hand, we observed that the % occupancy of
other H-bonds formed by non-mutated RBD residues were notably
increased in the variant ACE2-S1-RBD interface, including D355-
T500, S19-A475, K353-G502 and Q24-A475 (Tablel, Fig. 3C) in the
Omicron variant. We hypothesized that these increase in the occu-
pancy of H-bonds in the Omicron variant as an effect of interfacial
mutated residues that potentially drive the two chains closer at the
interface. This is supported by the fact that all H-bonds that showed
substantial decrease in the % occupancy were only those formed by
residues that were mutated in the Omicron variant (except for D38-
Y449, which showed a decreased % occupancy). Overall, these data
suggest an increase in the number of H-bonds formed at the inter-
face in the Omicron S1-RBD complex compared to the WT complex
(Fig. 4A). Additionally, we observed changes in the van der Waals
energy and electrostatic interaction energies in the Omicron variant
compared to the WT complex (Fig. 4B-D), suggesting an increased
binding affinity of the Omicron variant compared to the WT. We note
that the loss of two charged residues due to the K417N and E484A
mutations in Omicron variant S1-RBD, which might have a role to
play in immune escape [68-70], could minimally impact its inter-
action with ACE2 as these residues do not appear to be involved in
salt-bridge formation in the WT complex.

3.4. Salt bridge analysis reveals novel interactions through the Q493R
mutation in the Omicron ACE2-S1-RBD complex

While we observed a generally increased H-bond formed by
some residues in the Omicron ACE2-S1-RBD complex, we also ob-
served a decreased fractional occupancy of the D38-Y449H-bond
apparently due to D38 shifting orientation at the interface to form a
salt bridge interaction with the Q493R in the Omicron RBD.
Therefore, we performed a comprehensive analysis and comparison
of salt bridge interactions formed in the WT and the Omicron variant
ACE2-S1-RBD complexes. This is particularly relevant since the
Omicron variant possesses 6 mutations that results in a gain of
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charged residues (G339D, N440K, T478K, Q493R, Q498R, and Y505H)
in the S1-RBD, which raises the possibility of increased number salt
bridges formed in the variant complex. This analysis revealed the
loss of several WT ACE2 intra-chain salt bridge interactions
(D201:K456, E312:K313, D398:R355, D509:R460, D597:K596), while
new salt bridge interactions (E435:K416, E495:K174, D335:K341,
D494:K474, D350:R393, D303:A306 and many more) were formed in
ACE2 of the Omicron variant complex (Fig. 5A) including some of the
charged residues forming additional partners such as D405 interacts
with R408 and R403 in the Omicron and Revertant complex. These
likely reflect an alteration in the conformation of ACE2 in the com-
plex. Similarly, the intrachain salt bridge interaction between re-
sidues in ACE2 and D442:K444 was newly formed in S1-RBD in the
Omicron variant complex and were lost in the Revertant complex
suggesting a crucial role played by the Q493R mutation (Fig. 5A, D-
F). Remarkably, three interfacial salt bridge interactions formed by
ACE2 and S1-RBD residues D30 and K417, K31 and E484 and E37 and
R403 were lost while three new salt bridge interactions were formed
by E37, E35 and D38 residues in ACE2 and R493 residue in the S1-
RBD in the Omicron variant complex (Fig. 5A-F). E23 and K458 ACE2-
S1-RBD complex were found in the WT, Omicron and Omicron+Q493
(Fig. 5A). Thus, amongst the six mutations resulting in the sub-
stitution of charged residues, only Q493R mutation appears to drive
the increased salt bridge interaction-dependent ACE2-S1-RBD in-
teraction in the Omicron variant.

3.5. Unraveling the vital role of R493 using Revertant-S1-RBD in
complex with ACE2

Given the three new interfacial salt bridge interactions formed by
the R493 residue in the Omicron variant ACE2-S1-RBD complex, we
attempted to understand if indeed it can play a significant role in
driving the increased interaction of the Omicron S1-RBD with ACE2.
For this, we performed three independent, 100 ns long all-atom MD
simulation runs with the Omicron S1-RBD containing all but without
the Q493R mutation (henceforth referred to as Revertant). Trajectory
analysis revealed a greater RMSD value for ACE2 in the Revertant
(227 + 0.26 A) compared to either the WT (191 * 0.23A) or the
Omicron variant (2.01 + 0.26 A) suggesting a general increase in the
structural dynamics in ACE2 in the Revertant complex (Supp. Fig. 2,
Fig. 3B,C). Additionally, the S1-RBD RMSD fluctuation was seen to be
lowest in the Omicron complex (1.24 + 0.16 A) followed by the Re-
vertant (1.37 + 0.13A) and WT (1.40 + 0.23 A) suggesting that the
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Fig. 3. Altered interfacial residue interaction in the S1-RBD and ACE2 in the Omicron variant. (A) Cartoon representation of ACE2-S1-RBD complexes in the WT and the Omicron
variant S1-RBD showing the loss of H-bond interaction between D30 (ACE2) and the WT K417 (S1-RBD) in the Omicron variant (N417) S1-RBD. (B) Cartoon representation of ACE2-
S1-RBD complexes in the WT and the Omicron variant S1-RBD showing gain of H-bond interaction due to mutated residues left panel; N477 and H505 in the Omicron variant S477
and Y505 in the WT with S19 and K353 residues in ACE2 and (C) non-mutated residues (right panel; A475, G502 and T500 in S1-RBD with S19, K353 and D355 in ACE2,
respectively). (D) Cartoon representation of ACE2-S1-RBD complexes in the WT and the Omicron variant S1-RBD showing switching of interaction R493 in Omicron variant S1-
RBD with D38 in ACE2 from Y499 in WT S1-RBD with the same residue in ACE2.
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Fig. 4. Enhanced interaction of the Omicron S1-RBD with ACE2. (A) Histogram showing the number of H-bonds formed by the WT, Omicron ACE2-S1-RBD over three individual
100 ns of MD simulation. An increase in the number of H-bonds were observed in Omicron. (B,C,D) Histograms showing the distribution of van der Waals (vdW) energy (B),
electrostatic energy (Ele) (C) and total interaction energy (D) of the WT, Omicron in complex with ACE2 obtained from three independent 100 ns MD simulations. Note the

increased non-covalent interaction energies in the Omicron variant.

key residue plays an important role in the S1-RBD structural stability
in the Omicron complex. Further, many of the H-bond interactions
seen in the Omicron variant complex were lost in the Revertant
complex (Fig. 5, Supp. Table 1). However, the van der Waals

1972

interaction was increased in the Revertant ACE2-S1-RBD complex
(-70.99 + 577 kcal/mol)  compared to either the WT
(—63.42 £ 7.83 kcal/mol) or the Omicron variant (-67.62 + 6.51 kcal/
mol) ACE2-S1-RBD complex (Fig. 6A, Supp. Fig. 4). Furthermore, salt
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Fig. 5. Increased salt bridge interactions in the Omicron variant ACE2:5S1-RBD complex. (A) Table summarizing the inter and intra-salt bridge analysis of WT, Omicron and
revertant (Omicron+Q493) S1-RBD complexed with ACE2. The asterisk indicates mutated S1-RBD residues in Omicron. (B,C) Graph showing distance between ACE2:K31 and S1-
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(left panel) and the Revertant (Omicron+Q493) complex.

bridge analysis revealed that the interfacial salt bridge interactions
observed in the Omicron variant ACE2-S1-RBD complex (E37, E35
and D38 residues in ACE2 and R493 residue in S1-RBD) were lost in
the Revertant complex (Fig. 5A,D-F), although certain new intrachain
salt bridge interactions were formed such as between E516 and R357
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residues in the S1-RBD (Fig. 5A). These results suggest that the
Q493R mutation in the Omicron variant ACE2-S1-RBD complex
drives the enhanced interaction between ACE2 and S1-RBD. While
these results suggest that the Q493R mutation as the driver for the
increased interaction in the Omicron variant S1-RBD, we note that
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this mutation may not be the sole reason behind the increased af-
finity of the Omicron variant S1-RBD for ACE2. As certain interac-
tions that were observed in the Omicron variant S1-RBD such as the
H-bond between D335 in ACE2 and T500 in S1-RBD, few salt bridges
E340:K356, D398:K386, D467:R454, E406:R403 and D405:R408 re-
mained preserved in the ACE2-Revertant S1-RBD complex. Inter-
estingly, free energy change (AG) calculations showed an increased
affinity of the Revertant S1-RBD (-50.6 + 11.40) compared to the
Omicron (-43.80 + 12.00) (one-way ANOVA using the Dunnett’s
multiple comparison test adjusted p-value = 0.0418 for Omicron vs
Revertant (Omicron+Q493) (Fig. 6A). To gain insight into the un-
derlying mechanism, we focussed our attention on the interfacial
residues and calculated the pair-wise residue distances that form the
ACE2-S1-RBD interface. This included 25 residues in ACE2 and 22
residues in S1-RBD resulting in overall 550 interfacial residue pairs
at the interface. The analysis method was adopted from our previous
study[29] as follows: the average distance (mean) and standard
deviation of each residue pair across the 5000 trajectory frames
were calculated for WT, Omicron and Revertant. The respective
standard deviation (averaged over all 3 MD simulation runs) was
normalized with the mean distances for each residue pair over three
MD simulation runs. Finally, the ratio of the standard deviations
obtained for interfacial residue distances for Omicron/WT complex
and Revertant/WT complex we compared. A value lesser than 1 in-
dicated decreased interfacial distance fluctuation, suggesting a sta-
bilizing effect at the ACE2-S1-RBD interface (Fig. 6B). The heat maps
revealed that the Revertant showed a relatively lesser fluctuation
compared to the Omicron. This likely is a manifestation of the
greater free energy change observed with the Revertant complex.
Interestingly, the stabilizing effect in the Revertant complex were
prominent with the residues that were sequentially near to the Q493
residue (R498, T500, N501, G502, V503) and few residues that were
structurally closer (V445 and L455) (Fig. 6B). Overall, the structural
analysis shows a broad stabilizing spanning over the entire interface
in Revertant whereas Omicron shows increased interactions clus-
tered at certain areas at the interface (Fig. 6C). Furthermore, this
analysis elaborates potential mechanism underlying the evolution of
SARS-CoV-2 Omicron lineages to BA.4, BA.5, BA.2.75, BQ.1 and XBB
reverting R493Q mutation.

4. Conclusion

To conclude, the structural analysis of the Omicron ACE2-S1-RBD
complex performed here combining molecular modelling and MD
simulations provides a mechanistic insight into the vital role of
unique Q493R mutation at the interface and enhanced binding of the
Revertant variant compared to the Omicron S1-RBD. Specifically, we
show that the Omicron S1-RBD forms increased number of H-bond,
van der Waals and electrostatic interactions with ACE2 compared to
the WT S1-RBD (Fig. 6A). Importantly, we demonstrate exceptional
role of the unique Q493R mutation in the formation of new highly
stable interaction, either H-bond or salt bridge, with the D38, E37
and E35 residue in ACE2 and certain S1-RBD intrachain salt bridges.
This is further supported by additional analysis performed using a
Revertant (Omicron+Q493) S1-RBD that showed loss of H-bond and
salt bridges that were prominent in Omicron ACE2-S1-RBD complex.
Interestingly, despite the loss of several covalent and non-covalent
interactions the, AG calculations showed an enhanced free energy of
the Revertant ACE2-S1-RBD complex compared to the Omicron
ACE2-S1-RBD complex (Fig. 6A). The above observation suggests that
the driving factor must be linked to the interfacial dynamic fluc-
tuation associated with the protein-protein interaction entropy
changes. The pair-wise inter-residue distance calculations per-
formed at the interface revealed a decrease in the interfacial residue
interaction of Revertant ACE2-S1-RBD complex compared to the
Omicron ACE2-S1-RBD complex at the interface (Fig. 6B). These
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results are in line with the similar studies that provide a deeper
insights for the prevalence of two Omicron lineages 22 A & 22B (BA.4
& BA.5) and newly emerging 22D (BA.2.75), 22E (BQ.1), 22 F (XBB)
without the Q493R mutation.[71,72] Studies have reported sub-na-
nomolar affinity of BA.2.75 (Kp = 0.45nM), BA.2 with R493Q (Kp =
0.55 nM), Alpha (Kp =1.5nM), BA4/5 (Kp = 2.4nM), BA.2 with R493
(Kp = 4.0 nM), Wuhan (Kp = 7.3 nM), BA/1 (Kp = 7.8 nM) indicating an
increase in affinity to the ACE2 receptor with variants harboring
R493Q mutation.|73,74] We also note that the Revertant Omicron
BA.2.12.1, BA4, and BA.5 subvariants has also been reported to
possess increased immune evasion capability compared to the
Omicron variant [74-76]. We believe that the insights gained from
the current study will aid in understanding the mechanism of in-
creased binding of the Omicron S1 spike protein and thus, in un-
derstanding the increased rate of transmission of the variants [77,78]
besides the possibility of aiding in the development of improved
therapeutic inhibitors of S1 spike protein-ACE2 interaction such as
synthetic peptides and proteins.[4, 79-82].
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