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Probing conformational landscapes of binding
and allostery in the SARS-CoV-2 omicron variant
complexes using microsecond atomistic
simulations and perturbation-based profiling
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modulators of allosteric signaling and epistatic
relationshipsy
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In this study, we systematically examine the conformational dynamics, binding and allosteric communi-
cations in the Omicron BA.1, BA.2, BA.3 and BA.4/BA.5 spike protein complexes with the ACE2 host
receptor using molecular dynamics simulations and perturbation-based network profiling approaches.
Microsecond atomistic simulations provided a detailed characterization of the conformational
landscapes and revealed the increased thermodynamic stabilization of the BA.2 variant which can be
contrasted with the BA.4/BA.5 variants inducing a significant mobility of the complexes. Using the
dynamics-based mutational scanning of spike residues, we identified structural stability and binding
affinity hotspots in the Omicron complexes. Perturbation response scanning and network-based
mutational profiling approaches probed the effect of the Omicron mutations on allosteric interactions
and communications in the complexes. The results of this analysis revealed specific roles of Omicron
mutations as conformationally plastic and evolutionary adaptable modulators of binding and allostery
which are coupled to the major regulatory positions through interaction networks. Through perturbation
network scanning of allosteric residue potentials in the Omicron variant complexes performed in the
background of the original strain, we characterized regions of epistatic couplings that are centered
around the binding affinity hotspots N501Y and Q498R. Our results dissected the vital role of these
epistatic centers in regulating protein stability, efficient ACE2 binding and allostery which allows for
accumulation of multiple Omicron immune escape mutations at other sites. Through integrative
computational approaches, this study provides a systematic analysis of the effects of Omicron mutations
on thermodynamics, binding and allosteric signaling in the complexes with ACE2 receptor.

Introduction
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The SARS-CoV-2 spike glycoprotein is a key molecule involved
in the virus’s entry into host cells. It is composed of two
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subunits, S1 and S2, and is responsible for binding to the host
cell surface and for mediating fusion of the viral and cellular
membranes."® The S protein of SARS-CoV-2 has a complex
architecture consisting of an amino (N)-terminal S1 subunit
that experiences functional motions between the open and
closed forms, and a structurally rigid carboxyl (C)-terminal S2
subunit. S1 subunit is comprised of the N-terminal domain
(NTD), the receptor-binding domain (RBD), and two structu-
rally conserved subdomains, SD1 and SD2."°*® The biophysical
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studies have extensively characterized the thermodynamic and
kinetic properties of the SARS-CoV-2 S trimer revealing a
complex interplay between subdomain movements and long-
range interactions which couple the S1 and S2 subunits to
modulate the RBD equilibrium and population-shifts between
the RBD open (up) and closed (down) conformations."®™*® The
RBM (Receptor Binding Motif) loop in the RBD is a critical
region involved in binding to the ACE2 receptor and is a target
for immune recognition by antibodies (Fig. S1, ESIt). The
abundance of cryo-EM and X-ray structures of SARS-CoV-2 S
variants of concern (VOCs) in various functional states and
complexes with antibodies has allowed for an in-depth under-
standing of molecular mechanisms and binding epitopes that
underlie the binding affinity of the S protein with different
classes of antibodies.'®® The cryo-EM structures of the S
Omicron BA.1 variants in different functional states revealed
that the dynamic equilibrium between the open and closed S
states can induce immune evasion by altering antibody epi-
topes while simultaneously maintaining structurally stable
RBD conformations that allows for the occlusion of highly
immunogenic sites.””?® The biophysical analysis of protein
stability for the Wu-Hu-1, Delta, and Omicron variants using
differential scanning fluorimetry (DSF) assay showed that the
transition to the folding state for the Omicron BA.1 variant was
shifted to the lower temperatures as compared to the Wu-Hu-1
and Delta variants, suggesting a reduced protein stability of
the S Omicron BA.1 variant.”>*° The thermostability of the
S-D614G, S-BA.1, and S-BA.2 protein ectodomains evaluated in
DSF assays confirmed the reduced stability of the BA.1 protein
and greater stability of the BA.2 variant which is still less stable
than the original Wu-Hu-1 protein.*"*> It was also found that
the S371L, S373P and S375F Omicron substitutions can promote
stabilization of the RBD-up conformation while preventing expo-
sure of other two RBDs to ACE2 binding.** Other structural
investigations on the Omicron BA.1 variant yielded similar
findings, showing that mutations in the Omicron strain tend to
enhance both the inter-domain and inter-subunit packing to
stabilize 1 RBD-up form of the S protein.****

Structural studies provided insights into the evolutionary
forces driving the development of the Omicron variant by eluci-
dating the thermodynamic factors that influence the interplay
between the ACE2 binding affinity and immune escape.**™*°
The cryo-EM study of the S Omicron BA.1 variant examined
binding and antigenic properties by bio-layer interferometry
showing that most of Omicron modifications (T478K, Q493R,
G496S, and Q498R) enhance ACE2 binding while K417N and
E484A can decrease the affinity.”’ Atomic force microscopy
(AFM) studies quantified the importance of mechanical stabi-
lity in mediating immune evasion, showing that a combination
of mechanical forces, protein stability, and binding interac-
tions play an important role in controlling the virus’s fitness
advantage and immune escape mechanisms.**>™**

The Omicron BA.2 subvariants of SARS-CoV-2 have been
associated with the increased transmissibility and vaccine
evasion capacity.*>*® Structural and biophysical studies of the
RBD-ACE2 complexes for the BA.1.1, BA.2, and BA.3 variants
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revealed that the binding affinity of the Omicron BA.2 with
ACE2 is stronger than the affinities of the BA.3 and BA.1
subvariants.”® Consistent with these findings, Omicron BA.2
trimer showed a significantly higher ACE2 binding affinity
compared to both the S Wu-Hu-1 trimer and the Omicron BA.1
trimer.*® The surface plasmon resonance (SPR) studies exam-
ined binding of the Omicron BA.4/5 RBD showing only a
slightly higher binding affinity for ACE2 than the ancestral
Wu-Hu-1 strain and the BA.1 variant.”” The cryo-EM structures
and biochemical analysis of the S trimers for BA.1, BA.2, BA.3,
and BA.4/BA.5 subvariants demonstrated that the BA.2 variant
has a higher binding affinity than the other variants, while the
BA.4/BA.5 variants revealed the moderately decreased binding
affinity.*® Other structural studies of the Omicron BA.1, BA.2,
BA.2.12.1, BA.4, and BA.5 subvariants confirmed the increased
ACE2 binding affinity and a stronger evasion of neutralizing
antibody responses for BA.2 as compared to the Wu-Hu-1 and
other Omicron sublineages.”’ The structural studies of the
S-BA.4/5 binding with human ACE2 (hACE2) and mouse ACE2
(mACE2) showed that N501Y, Q493R, G496S, and Q498R increase
the number of interactions with mACE2, while the F486V muta-
tion results in the loss of hydrophobic contacts with hACE2
residues.’® Several studies examined how Omicron BA.4/BA.5 S
variants could affect binding affinity to ACE2 and neutralizing
antibodies, showing that a reversion of R493Q and F486V in the
BA.4/5 S protein contributes to the increased immune evasion as
compared to BA.1 and BA.2.>'* At the same time, the L452R
mutation in BA.4/BA.5 compensates for the decreased ACE2
binding affinity caused by F486V resulting in the ACE2 binding
affinity for BA.4/5 that is comparable to BA.2 variant.”® Structural
studies of the RBD binding with mACE2 showed that the
Omicron RBD is adapted to mACE2 better than to hACE2 with
mutations Q493R, Q498R and Y505H providing stronger inter-
actions to mACE2.”®

These studies indicated that Omicron subvariants may have
emerged by protecting mutational hotspots that provide strong
ACE2 binding while evolving new mutations in the flexible RBD
sites to enhance immune evasion potential without compro-
mising ACE2 affinity. Overall, the body of structural-functional
studies of the Omicron subvariants revealed that these muta-
tions exerted various impacts on viral molecular characteristics
producing a balance of the increased ACE2 binding, the
enhanced immune evasion from current antibodies, and the
increased replication rates manifesting in rapid virus spread
and transmissibiliy.>®

Computer simulations of the SARS-CoV-2 S proteins have
allowed for a better understanding of the molecular mechan-
isms of viral entry and receptor binding.>’"®> Through simula-
tions, it was revealed that glycosylation plays an important role
in modulating the binding of ACE.?”*® Molecular simulations
also provided insights into the conformational changes of the S
protein in the viral membrane, as well as its interactions with
other viral and cellular components.>”"*° Using computational
approaches it was suggested that the S protein could function
as an allosteric regulatory machinery controlled by stable
allosteric hotspots acting as regulators of spike activity.*® >
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All-atom MD simulations of the S Omicron trimer and the
Omicron RBD-ACE2 complexes revealed that the Omicron
mutations may enhance the infectivity of the virus by improv-
ing the RBD opening, increasing the binding affinity with
ACE2, and optimizing the capacity for antibody escape.”> MD
simulations of the Omicron RBD-ACE2 complexes showed that
the K417N and G446S mutations reduce the ACE2 binding
affinity due to the introduction of polar residues that disrupt
the hydrophobic environment that is necessary for the binding
of Omicron RBD and ACE2.”* On the other hand, the $447N,
Q493R, G496S, Q498R, and N501Y mutations were observed to
improve the binding affinity with the ACE2 receptor.”*””

By combining atomistic MD simulations with mutational
scanning and network analysis, our studies revealed that
the SARS-CoV-2 S protein can exploit allosteric interactions
between structurally stable hotspots of the S2 subunit and
dynamic RBD regions to modulate specific regulatory and
binding functions.”®’” The dynamics-based network studies
of the S-RBD Delta and Omicron variants showed that a
constellation of mutational sites (G496S, Q498R, N501Y and
Y505H) form key binding energy hotspots that mediate allo-
steric communications between S-RBD and ACE2 while other
mutational sites could allow for immune evasion at different
epitopes.”® Using the ensemble-based global network analysis,
we recently introduced a community-based topological model
of the Omicron RBD interactions that characterized functional
roles of the Omicron mutational sites in mediating non-
additive epistatic effects of mutations.”” This study demon-
strated that non-additive contributions to the binding affinity
may be mediated by R493, Y498, and Y501 sites and are
greater for the Omicron BA.1.1 and BA.2 complexes that dis-
play the strongest ACE2 binding affinity among the Omicron
subvariants.”” A network-based community model for the
analysis of epistatic contributions in the Omicron complexes
was recently developed revealing the key role of the binding
energy hotspots R498 and Y501 in mediating long-range
cooperativity with other Omicron sites that creates a complex
functional landscape of virus transmissibility.”® These network-
based computational studies suggested allosteric cooperativity
between the Omicron mutational sites where the effects of
mutations are propagated and can be amplified through a
coordinated interaction network that enables modulation of
host receptor binding and immune evasion.

In the current study, we expand on this hypothesis and
employ a combination of atomistic MD simulations and per-
turbation profiling approaches to systematically examine and
compare the conformational dynamics, binding and allosteric
communications in the Omicron BA.1, BA.2, BA.3 and BA.4/BA.5
S-RBD complexes with ACE2. Microsecond atomistic simulations
provide a detailed characterization of the conformational land-
scapes and revealed the increased thermodynamic stabilization
of the BA.2 variant which is contrasted with the BA.4/BA.5
variants inducing a significant mobility of the complexes. Using
ensemble-based mutational scanning of binding interactions,
we characterized binding affinity and structural stability
hotspots in the Omicron complexes. Perturbation response
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scanning and network-based mutational profiling approaches
are introduced to probe the effect of the Omicron variants on
allosteric communications and characterize roles of Omicron
mutations in modulating dynamics, binding and allostery.
Perturbation network scanning of allosteric residue potentials
performed in the background of the original strain revealed
that the key Omicron binding affinity hotspots N501Y and
Q498R mediate allosteric interactions and epistatic couplings.
Through integrative computational approaches, this study pro-
vides a systematic analysis and comparison of the effects of
Omicron subvariants BA.1, BA.2, BA.3, and BA.4/BA.5 on con-
formational dynamics, binding and allosteric signaling in the
complexes with the ACE2 receptor. The results suggest a
mechanism in which several RBD hotspots that are linked
through epistatic couplings may play a significant role in
maintaining efficient ACE2 binding and modulating allosteric
interactions in the RBD-ACE2 complexes. This may contribute
to a compensatory balance between multiple fitness tradeoffs
which encompasses viral stability, enhanced transmissibility
and the ability of the Omicron variants to accommodate a
diverse spectrum of immune-escape mutations compared to
earlier variants.

Materials and methods

Structural modeling and refinement

The crystal structures of the BA.1 RBD-hACE2 (pdb id 7WBP),"’
BA.2 RBD-hACE2 (pdb id 7XB0),"> BA.3 RBD-hACE2 (pdb id
7XB1),*” and BA.4/BA.5 RBD-hACE2 complexes (pdb id 7XWA)**
(Fig. 1) were obtained from the Protein Data Bank.”® During
structure preparation stage, protein residues in the crystal
structures were inspected for missing residues and protons.

Hydrogen atoms and missing residues were initially added
and assigned according to the WHATIF program web inter-
face.®® The protonation states for all the titratable residues of
the ACE2 and RBD proteins were predicted at pH 7.0 using
Propka 3.1 software and web server.®"%

The missing segments in the studied structures of the SARS-
CoV-2 S protein were reconstructed and optimized using
template-based loop prediction approach ArchPRED.® The side
chain rotamers were refined and optimized by SCWRL4 tool.®*
The protein structures were then optimized using atomic-level
energy minimization with composite physics and knowledge-
based force fields implemented in the 3Drefine method.®*

All-atom molecular dynamics simulations

The CHARMMS36 force field®® with the TIP3P water model®”
were employed to perform all-atom MD simulations for each of
the Omicron RBD-hACE2 complexes. The structures of the
SARS-CoV-2 S-RBD complexes were prepared in Visual Molecular
Dynamics (VMD 1.9.3).%% The protein systems were solvated in
130 A x 85 A x 75 A water boxes. In each system, sodium and
chloride ions were added to maintain an ionic strength of 0.1 M.
The energy minimization was first performed for 10000 steps
with hydrogen bonds constrained and respective protein
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Fig. 1 Structural organization and binding epitopes of the SARS-CoV-2-RBD Omicron complexes with human ACE enzyme. (A) The structure of the
Omicron RBD BA.1-ACE2 complex (pdb id 7WBP). The RBD is in cyan surface and ACE2 is in pink ribbons. (B) The RBD-BA.1 binding epitope residues are
shown in green surface. The ACE2 binding residues are shown in pink sticks. (C) The structure of the Omicron RBD BA.2-ACE2 complex (pdb id 7XBO0).
The RBD is in cyan surface and the ACE2 is in pink ribbons. (D) The RBD-BA.2 binding epitope residues are highlighted in green surface. The ACE2 binding
residues are shown in pink sticks. (E) The structure of the Omicron RBD BA.3-ACE2 complex (pdb id 7XB1). The RBD is in cyan surface and the ACE2 is in
green ribbons. (F) The RBD-BA.2 binding epitope residues are highlighted in purple surface and the ACE2 binding residues are shown in green sticks.
(G) The structure of the Omicron RBD BA.4/BA.5-ACE2 complex (pdb id 7ZXWA). The RBD is shown in cyan surface and the ACE2 is in orange ribbons.
(H) The RBD-BA.4/BA.5 binding epitope is shown in dark-pink surface and the ACE2 binding residues are shown in green sticks.

atoms fixed. In the second stage, minimization was performed
for 10000 steps with all protein backbone atoms fixed and an
additional 10 000 steps without any constraints.®*’

After energy minimization, the systems were first heated up
from 100 to 300 K with a temperature increment of 20 K per
50 picoseconds (ps). Consequently, the systems were subjected
to 1.5 nanoseconds (ns) isothermal-isobaric (NPT) equilibra-
tions at 300 K (equilibrium run), followed by 1 microsecond (is)
of NVT simulations (production run) at 300 K. Snapshots of the
production run were saved every 100 ps. In all simulations, the
SHAKE constraint was used to constrain bonds associated with
hydrogen atoms in the solvent molecules and the proteins.”
The nonbonding interactions within 10 A were calculated
explicitly. The Lennard-Jones interactions were smoothed out
to zero at 12 A. The long-range electrostatic interactions were
calculated using the particle mesh Ewald method®" with a cut-
off of 1.0 nm and a fourth order (cubic) interpolation. The
simulations were conducted using OpenMM (version 7.6.0).%>
For each system, MD simulations were conducted three times
in parallel to obtain comprehensive sampling. Each individual
simulation of the studied systems BA.1 RBD-hACE2, BA.2 RBD-
hACE2, BA.3 RBD-hACE2 and BA.4/BA.5 RBD-hACE2 complexes
stored 10 000 frames, thus we collected 30 000 frames for each
of the complexes. While the production stage of MD simula-
tions is often performed under the NPT ensemble to enable
a more accurate comparison with the experimental data, the
NPT ensemble often needs significantly longer time to reach
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convergence because both temperature and volume fluctuate
during the simulations, especially for large systems like SARS-
CoV-2 spike glycoprotein complexes. In the current study,
we employed an alternative and widely used approach in
which the equilibration simulations are conducted in the
NPT ensemble to allow the total energy and volume of the
system fluctuate to reach conditions suitable for the target
pressure. This alternative protocol takes advantage of the NVT
ensemble for better convergence than the NPT ensemble given
the same length of simulations. A detailed comparison of
MD simulations using different force fields and ensembles
(including NAMD with the CHARMM36 force field and NVT for
the production phase) produced models and equilibrium
ensembles that are in similar agreement with experimental
results.®

The root mean square deviations (RMSD) between the
reference state and a trajectory of conformations were computed
using MDTraj Python library®*®* and MDAnalysis Python
toolkit (https://www.mdanalysis.org) utilizing the fast QCP
algorithm:**>°

RMSD(x, x*/) = (1)

Both tools yielded similar results and we report RMSD values
from the MDTraj calculations. The root-mean-square-fluctuation
(RMSF) is calculated according to the equation below, where R; is
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the mean atomic coordinate of the ith C, atom and R; is its
instantaneous coordinate:

o=/ (R = (R))) @

The RMSF analysis and structural changes. By analyzing the
trajectories of the system, we also calculate the dynamic correla-
tion between all atoms within the molecule. This dynamic cross-
correlation (DCC) between the ith and jth atoms is defined by the
following equation:

(Ar; - Ary)

Cj=—T—_—"—"-"—
VA{Ar?) - \/ <Ar./2>

with Ar; the displacement from the average position of atom i,
and () the time average over the whole trajectory.”” The DCC
values are calculated between —1 and 1, where 1 corresponds to
complete correlation, —1 to complete anti-correlation; and 0
indicated no correlation. The generated DCC heatmap between
the C, atoms of selected frames in a trajectory is used to identify
dynamic couplings and collective motions in the protein system.

&)

Mutational scanning and sensitivity analysis

We conducted mutational scanning analysis of the binding
epitope residues for the SARS-CoV-2 RBD-ACE2 complexes.
In the context of RBD-ACE2 complexes, the binding epitope
residues refer to the specific amino acid residues within the
RBD and the ACE2 receptor that directly interact with each
other during the binding process. The binding epitope residues
typically include those in the RBD that directly contact the
ACE2 receptor and vice versa. These residues are crucial for
establishing the specific protein—-protein interactions that allow
the virus to attach to the host cell and initiate infection.
BeAtMuSiC approach®® was employed that is based on statis-
tical potentials describing the pairwise inter-residue distances,
backbone torsion angles and solvent accessibilities, and con-
siders the effect of the mutation on the strength of the inter-
actions at the interface and on the overall stability of the
complex. In this approach, the binding interface residues are
defined based on the condition that the difference between a
residue’s solvent accessibility in the complex and apo-protein is
at least 5%.°® The solvent accessibility is defined as the ratio
of the solvent-accessible surface in the considered structure
relative to an extended tripeptide Gly-X-Gly.”® Each binding
epitope residue was systematically mutated using all substitu-
tions and corresponding protein stability and binding free
energy changes were computed. We employed rapid calcula-
tions based on statistical potentials to compute the ensemble-
averaged binding free energy changes using equilibrium
samples from simulation trajectories. The binding free energy
changes were computed by averaging the results over 1000
equilibrium samples that were evenly distributed along each
of the three independent MD simulations for each of the
studied systems. Hence, a total of 3000 protein snapshots
were employed in the computations of the mutation-induced
binding free energies for each of the studied system.

This journal is © the Owner Societies 2023
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Perturbation response scanning

The Perturbation Response Scanning (PRS) approach™®*'%% is a

method used to estimate the response of individual residues in
a protein system to external forces systematically applied to
each residue. PRS performs a residue-by-residue scanning of
the initial conformation, by exerting multiple factious external
forces of both random direction and magnitude on each
residue in the protein structure. After external force perturba-
tion, the subset of residues/forces that invoke a conformational
change closest to the target structure are recorded. The PRS
analysis was done using ProDy open-source Python software
package for protein dynamics analysis.'"®® The implemented
approach quantifies how perturbations in one region of the
protein can propagate and affect the functional movements
of other regions and follows a protocol originally proposed
by Bahar and colleagues.'®'% and detailed in our previous
studies.®°

The PRS approach utilizes 3N x 3N Hessian matrix H where
N represents the number of residues in the protein. The
elements of the Hessian matrix represent the second deriva-
tives of the potential energy at the local minimum and are
obtained from MD simulation trajectories for each protein
structure, with residues represented by C, atoms and the
deviation of each residue from an average structure was calcu-
lated by AR;(¢) = R;(f) — R;(t), and corresponding covariance
matrix C was then calculated by ARAR”. The 3N-dimensional
vector AR of node displacements in response to 3N-dimensional
perturbation force follows Hooke’s law F = H x AR connecting
the perturbation forces applied to the protein residues to the
resulting displacements of the residues. In the PRS implementa-
tion, a perturbation force is applied to one residue at a time. The
response of the protein system is measured by the displacement
vector AR’ = H 'F?) which represents the changes in the positions
of the residues due to the applied force. In the present imple-
mentation, each residue in the S protein structures is sequentially
perturbed by applying a total of 250 random forces to each
residue. These random forces mimic a sphere of randomly
selected directions. Using the residue displacements upon multi-
ple external force perturbations, the magnitude of the response of
residue k can be computed as (|ARY||?) by averaging over
multiple perturbation forces F thus yielding the ikth element
of the N x N PRS matrix. The average effect of the perturbed
effector site i on all other residues is computed by averaging
over all sensors (receivers) residues j and can be expressed as
(ARi)effectorZ. In turn, the jth column of the PRS matrix descri-
bes the sensitivity profile of sensor residue j in response to
perturbations of all residues and its average is expressed as

(ARi)SenSOI‘Z .

Dynamic network modeling

A graph-based representation of protein structures'®’'%® is

used to represent residues as network nodes and the inter-
residue edges to describe non-covalent residue interactions.
The weights of the network edges in the residue interaction
networks are determined by dynamic residue cross-correlations
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obtained from MD simulations'®® and coevolutionary couplings
between residues measured by the mutual information scores."*°
Residue Interaction Network Generator (RING) program'''~''3
was employed for generation of the initial residue interaction
networks. The edge lengths in the network are then adjusted
using the generalized correlation coefficients associated
with the dynamic correlation and mutual information shared
by each pair of residues. Network edges are weighted for
residue pairs within at least one independent simulation.
Network analysis was performed using the python package
NetworkX."*

The short path betweenness of residue i is defined to be the
sum of the fraction of shortest paths between all pairs of
residues that pass through residue i:

Cotmy = 32 @
j<k ok

where g denotes the number of shortest geodesics paths
connecting j and k, and gy(7) is the number of shortest paths
between residues j and k passing through the node n;. Residues
with high occurrence in the shortest paths connecting all
residue pairs have a higher betweenness values. For each node
n, the betweenness value is normalized by the number of node
pairs excluding n given as (N — 1)(N — 2)/2, where N is the total
number of nodes in the connected component that node n
belongs to.

Network-based mutational profiling of allosteric residue
potentials and epistasis

By applying mutations of protein residues, we compute
dynamic couplings of residues and changes in the short path
betweenness centrality (SPC), and the average short path length
(ASPL) averaged over all modifications in a given position. The
details of this approach were described in our recent
studies’>’”’® Here, we briefly outlined the key elements of this
approach. The change of SPC or ASPL upon mutational changes
of each node is done by systematically removing nodes from the
network.

AL; = (|ALT*()]1?) (5)

where i is a given site, j is a mutation and (---) denotes
averaging over mutations. AL}*‘°(j) describes the change of
SPC or ASPL parameters upon mutation j in a residue node i.
AL; is the average change of ASPL triggered by mutational
changes in position i.

Table 1 Mutational landscape of the Omicron subvariants in the S-RBD
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Z-Score is then calculated for each node as follows:**>*¢

AL — (AL)
a ag

Zi (6)
(AL) is the change of the SPC or ASPL network parameters
under mutational scanning averaged over all protein residues
in the S-RBD and ¢ is the corresponding standard deviation.
The ensemble-averaged Z score changes are computed from
network analysis of the conformational ensembles using 10 000
snapshots of the simulation trajectory. Through this approach,
we evaluate the effect of mutations in the RBD residues on
long-range allosteric couplings with the other residues in the
RBD-ACE2 complex. We used a measurement based on the
Jensen-Shannon divergence (JS) for measuring the similarity
between the two distributions of mutation-induced ASPL
changes in the Omicron variants relative to the Wu-Hu-1 strain.
Given two distributions, p and g, both with g categories, the
Kullback-Leibler (KL) divergence is defined as follows:

g
KL(p |l q) = pe log;ﬁ (7)
i=1 g

Given two distributions, p and ¢, both with g categories, the JS
divergence is defined as follows:

18(,) = 0.5KL(p | f%) +0.5KL(g | ’%) (8)

Results

Microsecond MD simulations of the omicron RBD-ACE2
complexes reveal distinct dynamic signatures of stable BA.2
RBD and highly mobile BA.4/BA.5 RBD proteins

Mutational landscape of the Omicron subvariants is character-
ized by a considerable diversity (Table 1). Nonetheless, struc-
tural analysis of the RBD complexes with ACE2 for BA.1 (Fig. 1A
and B) BA.2 (Fig. 1C and D) BA.3 (Fig. 1E and F) and BA.4/BA.5
complexes (Fig. 1G and H) revealed highly similar RBD con-
formations, the same binding mode of interactions with the
host receptor and virtually identical topography of the binding
interface.

To characterize conformational landscapes and dynamic
signatures of the Omicron variants, we conducted several
independent microsecond MD simulations of the RBD-ACE2
complexes (Fig. 2 and 3). Despite structural similarities
between the RBD-ACE2 complexes, we found that the Omicron
mutations may lead to distinct dynamic profiles in the BA.2 and
BA.4/BA.5 RBDs (Fig. 2). Moreover, Omicron mutations affect
conformational dynamics not only through locally induced

Omicron variant Mutational landscape

BA.1 G339D, S371L, S373P, S375F, K417N, N440K, G4468S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H
BA.2 G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H
BA.3 G339D, S371F, S373P, S375F, D405N, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H
BA.4/BA.5 G339D, S371F, S373P, S375F, T376A, D405N, R408S,K417N, N440K, L452R, S477N, T478K, E484A, F486V, R493Q reversal,

Q498R, N501Y, Y505H
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Fig. 2 Conformational dynamics profiles obtained from all-atom MD simulations of the Omicron RBD BA.1, BA.2, BA.3 and BA.4/BA.5 complexes with
hACE2. The RMSF profiles for the RBD residues obtained from 3 microsecond MD simulations of the Omicron RBD BA.1-hACE2 complex, pdb id
7WBP (A), Omicron RBD BA.2-hACE2 complex, pdb id 7XBO (B), Omicron RBD BA.3-hACE2 complex, pdb id 7XB1 (C) and Omicron RBD BA.4/BA.5-
hACE2 complex, pdb id 7XWA (D). The RBD core region, RBM motif and RBM tip residues are indicated by arrows on panels (A)—(D).
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Fig. 3 Conformational dynamics profiles of the ACE2 residues obtained from MD simulations of the Omicron RBD BA.1, BA.2, BA.3 and BA.4/BA.5
complexes with hACE2. The RMSF profiles for the ACE2 residues obtained from 3 microsecond MD simulations of the Omicron RBD BA.1-hACE2
complex, pdb id 7WBP (A), Omicron RBD BA.2-hACE2 complex, pdb id 7XB0 (B), Omicron RBD BA.3-hACE2 complex, pdb id 7XB1 (C) and Omicron RBD
BA.4/BA.5-hACE2 complex, pdb id 7XWA (D).

changes but could also induce distinct protein responses over The conformational flexibility of the Omicron RBD was
long-range (Fig. 2) (Table 2). analyzed by calculating the RMSD values (Fig. S2 and S3, ESI¥)
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Table 2 Structures of the Omicron RBD-hACE2 complexes examined in
this study

PDB  System Per simulation # Simulations

7WBP Omicron RBD BA.1-hACE2 1us 3
7XB0 Omicron RBD BA.2-hACE2 1us 3
7XB1 Omicron RBD BA.3-hACE2 1us 3
7XWA Omicron RBD BA.4/BA.5-hACE2 1 us 3

and the RMSF distributions for the protein residues (Fig. 2A).
The RMSD profiles for the RBD residues reflected convergence
of the MD trajectories, particularly for the BA.2, BA.3 an BA.4/
BA.5 complexes where two out of three trajectories reached the
equilibrium after about 500-600 ns of simulation (Fig. S2B-D,
ESIT). A more heterogeneous character of the MD trajectories
for the BA.1 complex (Fig. S2A, ESIt) manifested in larger
departures from the crystal structure where several trajectories
started to show steady fluctuations after 800 ns. The RMSD
evolution of the ACE2 residues similarly showed more hetero-
geneity and greater departures from the crystallographic con-
formations in the BA.1 and BA.4/BA.5 complexes, while smaller
deviations from the experimental structures in the BA.2 and
BA.3 complexes (Fig. S3, ESIf). The five-stranded antiparallel
B-sheet in the RBD (residues 350-360, 375-380, 394-403) and
the interfacial RBD positions (residues 440-456 and 490-505
of the binding interface) showed small RMSF fluctuations
(Fig. 2A). These regions of high structural stability were also
seen in our earlier simulation studies of the RBD Wu-Hu-1 and
Omicron complexes,”®’” further confirming that these seg-
ments remain mostly rigid across all examined RBD complexes
with hACE2. The RBM region in the RBD is the intrinsically
flexible region that modulates differential binding with the
ACE2 receptor and antibodies (Fig. S1, ESIt). We observed the
differential mobility of the flexible RBM regions (residues 475-
490) which ranges from marked stabilization of these residues
in the BA.2 RBD (Fig. 2B) to the increased mobility in the BA.4/
BA.5 variants (Fig. 2D). In all complexes, the conformational
dynamics profiles revealed the stability of the hydrophobic core
regions including F400, 1402, F490, Y453, L455, A475, and Y489
residues (Fig. 2). These residues form a network of hydrophobic
interactions that play a vital role in the recognition and binding
of ACE2 receptors. Conformational fluctuations of the RBD core
and interfacial RBD residues were significantly restricted in
the Omicron complexes. The trajectories also highlighted the
stability of important intermolecular interactions including
hydrogen bonds formed by S19 of hACE2 with A475 and N477
of RBD as well as Q24 of hACE2 with N487 of RBD (Tables S1, S2
and Fig. 2 and 3, ESIt). Among important stabilizing inter-
actions preserved in simulations are salt bridges between E35
of hACE2 and R493 from RBD in the BA.1, BA.2 and BA.3
complexes. The stability of these interfacial contacts in simula-
tions are consistent with the key role of these contacts in the
binding affinity of the Omicron RBD-ACE2 complexes shown
experimentally."®

The crucial difference in the dynamic signatures was a
considerable stabilization of the RBD in the BA.2 complex
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(Fig. 2B) and BA.3 complex (Fig. 2C) as opposed to BA.1 and
BA.4/BA.5.

In the BA.2 complex, all three MD trajectories displayed a
striking reduction in the mobility of the intrinsically flexible
RBM loop. Only one of the microsecond trajectories exhibited
larger fluctuations (Fig. 2B). MD trajectories of the BA.2 RBD-
ACE2 complex showed a considerable degree of convergence in
the RMSF values that remained small for the RBD core (RMSF
< 1.0 A) as well as the RBM regions (RMSF < 1.5 A) including
the curtailed fluctuations of the Omicron RBM positions
S477N, T478K. The flexibility of the RBM residues was also
curtailed in the BA.3 complex in which two trajectories yielded
RMSF < 2.5 A for this region (Fig. 2C). At the same time, the
flexibility of the RBM region (residues 475-490) increased in
BA.1 (Fig. 2A) and especially BA.4/BA.5 (Fig. 2D). In the BA.4/
BA.5 RBD-ACE2 complex, the RBD core residues also showed
greater mobility, with some additional local mobility peaks
seen for the residues 410-420, 440-450, 470-475. The confor-
mational ensembles revealed that the RBM tip in the BA.2 RBD-
ACE2 complex is maintained in a stable fold conformation that
can be described as a hook-like folded RBD tip and is similar to
the crystallographic conformations. Interestingly, in the BA.1
and especially in a more flexible BA.4/BA.5 RBD, the RBD tip
becomes more flexible and often moves away from the “hook”
conformation to a more dynamic state in which the RBD tip
circulates between a variety of partly disordered conformations.
A partly disordered RBM tip can be observed in the BA.4/BA.5
RBD-ACE2 conformations which is reflected in the appreciably
increased RMSFs for this system (Fig. 2D). Our analysis also
showed that the BA.2 RBD/hACE2 binding interface has the
largest number of highly stable intermolecular contacts and
hydrogen bonds (Tables S1 and S2, ESI¥).

The RMSF analysis of the ACE2 residues showed similar
profiles across all the examined variants (Fig. 3). The highly
stable ACE2 residues corresponding to the rigid core and the
binding interface positions centered around K353 and H34
(Fig. 3). The key ACE2 binding motifs correspond to an alpha-
helix (residues 24-31) and a beta-sheet (residue 350-356) that
display moderate RMSF values in all complexes. The important
polar/charged residue interactions at the interface are formed
with ACE2 residues D30, K31, H34 and E35 that display small
thermal fluctuations. Other ACE2 residues Q24, M82, Y83, D38,
Y41, N330, K353 that anchor various parts of the RBD-ACE2
binding interface remained stable in all MD trajectories (Fig. 3).

To further examine the character of dynamic couplings and
quantify correlations between motions of the RBD regions we
performed the dynamic cross correlation (DCC) residue analy-
sis and reported the DCC maps for the Omicron RBD-ACE2
complexes (Fig. 4). The DCC maps demonstrated subtle but
crucial differences in the dynamic couplings, particularly stron-
ger positive dynamic correlations in the RBD core regions
(residues 333-445) for BA.2 (Fig. 4B) and BA.3 (Fig. 4C).

Interestingly, we noticed the presence of negative cross-
correlation between motions of the RBM tip (residues 475-485)
and other RBD regions (residues 400-470, 490-520) (Fig. 4B).
This reflects a more stable RBD in the BA.2 complex yielding
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Fig. 4 The DCC for the RBD residues in the Omicron RBD BA.1-hACE2 complex, pdb id 7WBP (A), Omicron RBD BA.2-hACE2 complex, pdb id 7XBO (B),
Omicron RBD BA.3-hACE2 complex, pdb id 7XB1 (C), and Omicron RBD BA.4/BA.5-hACE2 complex, pdb id 7XWA (D). The RBD core region, RBM motif

and RBM tip residues are indicated by arrows.

strong dynamic couplings between the RBD core and various
parts of the binding interface. A weaker but similar pattern of
the inter-correlated motions was also seen in the BA.1 and BA.3
complexes (Fig. 4A and C). Consistent with the conformational
dynamics analysis, we found that the correlated motions
become appreciably weaker in the BA.4/BA.5 RBD-ACE2
complex (Fig. 4D), reflecting the elevated level of mobility in
the RBM region and the increased thermal fluctuations in the
RBD core.

To summarize, we found evidence of distinct dynamic
patterns in the structurally similar complex conformations.
Consistent with the experimental data, our results showed that
BA.2 mutations may induce the increased stabilization of the
RBD in the complex with ACE2 which may be directly linked
with the higher binding affinity, while a considerably greater
flexibility may be the important dynamic attribute of the BA.4/
BA.5 variants that have the decreased binding affinity.*®
Furthermore, the recent experiments demonstrated that BA.4/
BA.5 variants escaped both the vaccine-induced and BA.1
infection-induced antibodies more than BA.1 and BA.2 sub-
lineages."” The experimentally observed distinct antigenic pro-
files for BA.1, BA.2 and BA.5 subvariants''” may be linked to
their distinct dynamic signatures where the increased immune
escape of BA.4/BA.5 variant could be enabled by the elevated
mobility of the BA.4/BA.5 RBD protein.

Mutational sensitivity analysis identifies structural stability
and binding affinity hotspots in the omicron RBD-ACE2
complexes

In silico mutational scanning of the interfacial RBD residues
was done using BeAtMusSiC approach®® that demonstrated high

This journal is © the Owner Societies 2023

accuracy in several independent benchmark studies of both
protein stability and binding affinity.'"®'® Structure-based
comparisons of BeAtMuSiC approach with more rigorous,
physics-based FoldX"*° and Rosetta approaches'*" showed similar
differentiation of stabilizing and destabilizing mutations as well
as robust agreement with the experimental stability and binding
affinity energies. To provide a systematic comparison, we con-
structed mutational heatmaps for the RBD interface residues in
each of the studied Omicron RBD-hACE2 complexes (Fig. 5).
Consistent with deep mutagenesis experiments**>*?* the binding
energy hotspots correspond to hydrophobic residues F456, F486,
Y489 and Y501 that play a decisive role in binding for Omicron
BA.1 (Fig. 5A) and BA.2 complexes (Fig. 5B).

Mutational heatmaps clearly showed that all substitutions
in these key interfacial positions can incur a consistent and
considerable loss in the stability and binding affinity with
ACE2. According to the mutational heatmaps, Y489 and Y501
mutational positions correspond to the key energetic binding
hotspots as all mutations in these positions induce significant
destabilization changes (Fig. 5A and B). The heatmaps high-
lighted several other RBD energetic hotspots such as Y453
and F456 that are less prominent that Y489/Y501 but also
contribute significantly to the RBD stability and ACE2 binding
(Fig. 5A and B). At the same time, mutational scanning of R493
and R498 positions typically yielded moderate destabilization
changes as these sites are less sensitive to perturbations
than Y489 and Y501 hotspots. It should be noticed that the
Omicron RBD BA.2 complex featured a larger binding interface
as compared to the BA.1 complex in which the mutation-
induced destabilization is distributed over more residues
(Fig. 5C and D).
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Fig. 5 Mutational profiling of the RBD intermolecular interfaces in the Omicron RBD-hACE2 complexes. The mutational scanning heatmaps are shown
for the interfacial RBD residues in the Omicron BA.1 RBD-hACE2 (A), Omicron BA.2 RBD-hACE2 complexes (B), Omicron BA.3 RBD-hACE2 (E) and
Omicron BA.4/BA.5 RBD-hACE2 complexes (F). Structural mapping of the RBD binding epitopes of the Omicron BA.1-hACE2 complex (C), BA.2
RBD-hACE2 (D), BA.3 RBD-hACE2 (G) and BA.4/BA.5 RBD-hACE2 (H). The RBD binding epitope is shown in green-colored surface. The Omicron RBD
mutational sites are shown in red surface. The ACE2 binding residues are in pink sticks. The standard errors of the mean for binding free energy changes
and are within ~0.07-0.18 kcal mol™ using averages based on a total of 3,000 samples obtained from the three MD trajectories for each system.

The difference between the BA.2 RBD and the BA.1 RBD is
that BA.2 contains S371F, T376A, D405N, and R408S mutations,
whereas BA.1 contains the G446S and G496S mutations. Inter-
estingly, among these mutations, only the G496S mutation is in
the RBD-ACE2 interface. The binding interface position S496 in
BA.1 is tolerant to mutational changes, producing only moder-
ate destabilization changes (AAG = 0.5-0.7 kcal mol ') (Fig. 5A).
Despite a larger binding interface in BA.2 which featured R403,
V445 and G446 residues, these positions are tolerant to pertur-
bations and cause only modest destabilization (Fig. 5B). MD
simulations showed that BA.2 RBD with G446/G496 was more
stable than BA.1 RBD with S446/S496. It appeared that the
hydrogen bond interactions between ACE2 D38 and RBD resi-
dues R498/Y449 may be weakened in the presence of S496 for
the BA.1 RBD. This may also contribute to the experimentally
observed stronger binding affinity of the BA.2 RBD-ACE2 as
compared to the BA.1 RBD-ACE2 complex.*’

Mutational scanning analysis revealed that the binding
energy hotspots Y453, L455, F456, Y489, and Y501 are shared
between BA.2 (Fig. 5B) and BA.3 complexes (Fig. 5E), while the
interfacial positions A475, G476 and N477 are more tolerant in
the BA.3. In addition, positions 502-506 in the BA.3 variant
(Fig. 5E) are more tolerant to mutations than the respective
sites in the BA.2 (Fig. 5B). The mutational maps for BA.3 and
BA.4/BA.5 variants revealed common patterns of energetic
changes and pointed to shared binding hotspots (Fig. 5E and F)
reflecting similarity of the binding interface residues in these
complexes (Fig. 5G and H). However, we also found some notice-
able differences in the mutational scanning of BA.4/BA.5 RBD
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complex. Notably, the R403, N417, V445, A475, G476, N477, V486
and N487 sites become much “softer” and more tolerant to
substitutions as mutations in these positions induce very
minor changes and could be moderately stabilizing in the
BA.4/BA.5 complex (Fig. 5F). Overall, the observed differences
in the mutational scanning map of the BA.4/BA.5 RBD complex
showed a broadly distributed weakening of binding interactions
across various segments of the binding interface. At the same
time, highly destabilizing mutation-induced changes were
observed in positions Y453, L455, F456, Y489, T500, Y501 and
H505 (Fig. 5F).

In agreement with deep mutational scanning experiments
we predicted that the F486V mutation would only slightly reduce
the affinity of the BA.4/BA.5 RBD with ACE2. Indeed, according
to the mutational scanning analysis, modifications in the V486
position of BA.4/BA.5 RBD induce small dynamic and energetic
changes, (Fig. 5F). At the same time, the reversal R493Q can
reestablish a hydrogen bond interaction with ACE2 K31 residue
in the BA.4/BA.5 complex that was lost due to the charge
repulsion between R493 and K31. As a result, mutational
changes in Q493 position of the BA.4/BA.5 RBD-ACE2 complex
are moderately destabilizing (Fig. 5F). The experimental data
showed that the reversal R493Q mutation combined with
F486V/L452R changes in BA.4/BA.5 may enhance the immune
escape while maintaining the binding affinity comparable to
the Omicron BA.1 variant.>*”! According to our analysis,
L452R does not belong to the binding interface in the BA.4/BA.5
complex and therefore may cause relatively small effect on the
ACE2 binding. Combined with the observed small compensatory

122,123
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energetic changes induced by F486V and R493Q mutations, it
appeared that a combination of L452R, F486V and R493Q muta-
tions may be exploited by the Omicron BA.4/5 variant to promote
the immune escape potential without incurring appreciable
reduction of ACE2 binding.

In summary, we found that mutational scanning maps of
binding interactions for BA.2 and BA.3 variants were still quite
similar, which is consistent with the structural studies and
binding affinity measurements. At the same time, more signi-
ficant differences were observed for BA.4/BA.5 RBD where
functional sites become more tolerant to substitutions, reflect-
ing a more dynamic and conformationally adaptable RBD
structure in this Omicron subvariant.

Perturbation response scanning reveals variant-specific
modulation of allosteric communication routes in the
RBD-ACE2 complexes

Using the PRS method, we probed the allosteric effector and
sensor potential of the RBD residues in RBD-ACE2 complexes.
In this model, the local maxima along the effector profile can
serve as indicators of allosteric hotspots that can influence
dynamic changes in other residues and may control signal
transmission in the system. The effector peaks corresponding
to the RBD sites with a high allosteric potential (residues
338-340, 348-353, 400-406, 420-422, 432-436, 450-456, 505-
512) are conserved across all RBD-ACE2 complexes (Fig. 6A and B)
The highest peaks are aligned with the hydrophobic RBD core
residues 399-402 and a B7 core RBD segment (residues 506-512)
that connects N501Y and Y505H interfacial positions with the
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central RBD core. The major allosteric effector clusters were found
in the RBD core (residue 348-353) and functionally important
segment 450-456 connecting the central core with the binding
interface (Fig. 6A and B). The effector cluster peaks were more
pronounced for BA.2 and BA.3 RBDs indicating that the allosteric
potential of these RBD residues is enhanced in these variants.
Together, these observations suggest that BA.2 and BA.3 RBD may
feature a robust network of stable allosteric centers that could
mediate an ensemble of well-defined signaling paths from the
RBD core to the interface regions connecting to the hotspots near
R498/Y501 mutational sites. A more dynamic nature of the BA.1
and especially BA.4/BA.5 complexes yielded the effector profile
with a more “diffuse” distribution of weak allosteric mediators
(Fig. 6A and B). By mapping positions of the BA.2 mutational sites
on the PRS profiles (Fig. 6A), we noticed that the effector centers
are typically not targeted by Omicron mutations, as these hotspots
usually correspond to structural stable positions essential for
allosteric communication and signal transmission between the
RBD and ACE2 proteins. However, a stronger allosteric potential
was found for Q493R, Q498R, and especially N501Y and Y505H
residues in the BA.2 and BA.3 variants (Fig. 6). These findings
suggested that BA.2 mutations can induce the increased stabili-
zation of the RBD and also amplify the allosteric potential of
the key binding hotspots, thereby increasing the efficiency of
long-range communications between the RBD and ACE2 proteins.

The sensor profile and respective distribution peaks high-
lighted residues that have a strong propensity to sense signals
and produce allosteric response through altered dynamics. The
analysis revealed variant-specific modulation of the PRS sensor

Sites

15- @ BA.4/BA.5 Mutational Sites

BA.2 RBD-ACE2  BA.4/BA.5 RBD-ACE2

Fig. 6 The PRS analysis of the SARS-CoV-2 Omicron RBD-ACE2 (A) The PRS effector profiles for the BA.1 RBD (in green lines), BA.2 RBD (in red lines),
BA.3 RBD (in blue lines) and BA.4/BA.5 RBD (in orange lines). The positions of BA.2 RBD mutational sites (G339D, S371F, S373P, S375F, T376A, D405N,
R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H) are indicated by maroon-colored filled circles. (B) Structural maps of the
PRS effector profiles are shown for the BA.2 RBD and BA.4/BA.5 RBD. The color gradient from blue to red indicates the increasing effector propensities.
(C) The PRS sensor/receiver profiles for the BA.1 RBD (in green lines), BA.2 RBD (in red lines), BA.3 RBD (in blue lines) and BA.4/BA.5 RBD (in orange lines).
The positions of BA.4/BA.5 RBD mutational sites (G339D, S371F, S373P, S375F, T376A, D405N, R408S,K417N, N440K, L452R, S477N, T478K, E484A,
F486V, Q493, Q498R, N501Y, Y505H) are indicated by maroon-colored filled circles. (D) Structural maps of the PRS sensor profiles are shown for the
BA.2 RBD and BA.4/BA.5 RBD.
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profiles, in which BA.2 and BA.3 RBDs have similar distribu-
tions and small peaks associated with the flexible RBD regions
that may transmit the allosteric signals from the regulatory
sites (Fig. 6C and D). The PRS results suggested that for BA.2
and BA.3 complexes major allosteric communication routes
would likely proceed through the central binding hub formed
by R498, Y501 and H505 residues.

A different scenario may occur for the BA.4/BA.5 complex in
which a strong peak of the PRS sensor profile was associated
with the flexible RBM region harboring Omicron mutational
sites S477N, T478K, E484A, F486V, and Q493 (Fig. 6C and D).
These findings suggested that allosteric communications
between the RBD and ACE2 in BA.4/BA.5 variant may form a
broad ensemble passing through flexible Omicron sites E484A
and F486V. Given that F486V can moderately reduce the bind-
ing affinity of BA.4/BA.5 RBD with ACE2, this thermodynamic
effect may be counterbalanced by the kinetic preferences,
providing an explanation to the increased transmission of
BA.4/BA.5 variants. Moreover, by increasing the dynamics of
the RBM region, the E484A/F486V mutations may promote
increased flexibility and induce conformational changes that
would limit binding of neutralizing antibodies. To summarize,
the PRS results also indicated that Omicron mutational sites
can be dynamically coupled through both local and long-range
interactions, forming an adaptive allosteric network that con-
trols balance between conformational plasticity, protein stabi-
lity, and functional adaptability.
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Mutational profiling of allosteric communications reveals role
of omicron mutations as mediators of allosteric signaling and
epistatic couplings

We complemented the PRS results with the network-based
mutational profiling of allosteric residue propensities”””"”®
that are computed using topological network parameters SPC
and ASPL (see Materials and Methods) and can characterize
the effect of mutations on long-range interactions and global
network of allosteric communications in the RBD-ACE2 complexes.
Through ensemble-based averaging over mutation-induced
changes in these network metrics, the proposed model can
identify positions in which mutations on average cause network
changes. Allosteric hotspots are identified as residues in which
mutations incur significant perturbations of the global residue
interaction network that disrupt the network connectivity and
cause a significant impairment of global network communica-
tions and compromise signaling. By performing in silico version
of “deep” mutational scans to measure the allosteric effects in
the RBD-ACE2 complexes, we examine the variant-induced
network changes in the background of the original Wu-Hu-1
strain. Using the network-based mutational profiling approach,
we can characterize whether Omicron mutations cause syner-
gistic changes in allosteric communications that may emulate
potential epistatic couplings in the effects of mutations at other
sites. By systematically introducing mutational changes in the
RBD, we computed the ensemble-averaged mutation-induced
changes in the SPC network parameter (Fig. 7). The distributions
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Fig. 7 The dynamic network-based analysis of the Omicron RBD subvariant complexes with ACE2 in the background of the original Wu-Hu-1 strain. The
Z-score of SPC centrality for RBD residues averaged over mutational scan for the BA.1 RBD-ACE2 complex (A), BA.2 RBD-ACE2 complex (B), BA.3 RBD-
ACE2 complex (C) and BA.4/BA.5 RBD-ACE2 complex (D). The distributions for Omicron RBDs are shown in maroon bars and the distribution for the Wu-
Hu-1 RBD is shown in orange bars. The positions of the Omicron mutations are highlighted on the distribution profiles in yellow-colored filled circles.
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revealed several clusters of residues important for mediating
allosteric communications, including the RBD core segments
(340-355, 400-410, 430-450) and binding interface residues
495-505 (Fig. 7).

While in the background Wu-Hu-1 variant the distribution is
dominated by the RBD core clusters (residues 400-410 and 430-
450), Omicron BA.2 (Fig. 7B) and BA.3 variants (Fig. 7C) can
induce changes in the relative contribution of allosteric centers
towards the binding interface region anchored by R498, Y501
and H505 positions. Moreover, the profiles for BA.2 and BA.3
variants displayed a dense cluster of allosteric centers (residues
495-510) that links the RBD core residues with the binding
interface hotspots R498, Y501 and H505. In both BA.2 and BA.3
profiles, we observed a synergistic increase in allosteric pro-
pensities of Omicron mutations R498, Y501 and H505 as
compared to the background distribution. This may exemplify
the enhanced density of allosteric communication routes in
BA.2 passing through the binding hotspots that may act coop-
eratively and exert potential epistatic effects. In contrast, the
distribution for the BA.4/BA.5 complex was more similar to the
Wu-Hu-1 profile (Fig. 7D). Nonetheless, the peaks associated
with R498 and Y501 residues also emerged synchronously and
were appreciably larger than the Z-scores for Q498 and N501 in
the original strain. In this context, the mutation-induced
changes in the network distributions for the Omicron variants
are similar to the experimentally determined profile of the
epistatic shifts dominated by N501Y and Q498R and less
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significant shifts experienced by residues 446-449 and residues
505, 506124125

Perturbation-based profiling of allosteric residue propensi-
ties using mutational scanning of the ASPL changes provided
more information about potential allosteric hotspots by map-
ping a space of network-altering RBD residues (Fig. 8). In this
model, we characterize residues where mutations on average
induce a significant increase in the ASPL metric and therefore
have a dramatic effect on the efficiency of long-range commu-
nications in the allosteric interaction network. This analysis
enables identification of allosteric control points that could
determine the efficient and robust long-range communications
in the complexes. The distributions of the average Z-score of
ASPL over mutations are characterized by a group of conserved
peaks that are shared across all complexes. The commonly
shared allosterically important positions include F338, V341,
F342, F347, V350, F377, F392, 400-403, W436, Y451, L452,
Y495, Y505H, and Y508 (Fig. 8). A significant fraction of these
allosteric hotspots are strategically located in the RBD core and
mediate network of communications between the RBD resi-
dues. Another important revelation was an appreciable corre-
spondence between the PRS effector centers (residues 348-353,
400-406, 420-422, 432-436, 505-512) and the predicted allos-
teric centers.

The distributions revealed significant differences that can
be exemplified by comparison of BA.1 (Fig. 8A) and BA.2
variants (Fig. 8B) in the background of the original strain.
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Fig. 8 The dynamic network-based analysis of the Omicron RBD subvariant complexes with ACE2 in the background of the original Wu-Hu-1 strain.
The Z-score of ASPL for RBD residues averaged over mutational scan for the BA.1 RBD-ACE2 complex (A), BA.2 RBD-ACE2 complex (B), BA.3 RBD-ACE2
complex (E) and BA.4/BA.5 RBD-ACE2 complex (F). The distributions for Omicron RBDs are shown in maroon bars and the distribution for the Wu-Hu-1
RBD is shown in orange bars. The positions of the Omicron mutations are highlighted on the distribution profiles in yellow-colored filled circles.
Structural mapping of the RBD residues with high allosteric potential (in cyan spheres) is shown for the BA.1 RBD-ACE2 complex (C), BA.2 RBD-ACE2
complex (D), BA.3 RBD-ACE2 complex (G) and BA.4/BA.5 RBD-ACE2 complex (H). The Omicron mutational sites are in blue spheres and annotated.
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Strikingly, we found that BA.2 variant mutations induced signi-
ficant redistribution of the Wu-Hu-1 profile, resulting in the
emergence of two major clusters of allosteric sites. The major
allosteric cluster is fairly broad (residues 495-510) and is
anchored by R498, Y501 and H505 BA.2 sites that dominate
the distribution (Fig. 8B). Notably, Y501 is aligned with the
largest peak in this cluster.

These observations highlighted the collective emergence of
these sites as major allosteric mediating centers in the back-
ground of the original strain. In network terms, this implies
strong synergistic couplings between R498, Y501 and H505
centers to preferentially direct allosteric communications
between the RBD and ACE2 molecules. As our analysis is based
on systematic mutational scanning of allosteric residue poten-
tials measuring changes in the average short paths, the syner-
gistic emergence of these peaks in BA.2 may be interpreted as a
sign of epistatic interactions in which residues 496-505 (includ-
ing R498 and H505 sites) can acquire the greater allosteric
potential in the presence of the N501Y. In addition, we also
noticed that a secondary peak of the distribution is located near
residues 446-455. These findings agree with the illuminating
experimental studies showing that strong high-order epistasis
with Q498R/N501Y pair could reduce binding affinity cost of
immune escaping mutations.’*****> According to our results,
epistatic couplings between R498, Y501 and H505 can modu-
late not only the binding affinity to the host receptor ACE2 but
also determine allosteric communications and preferential
routes of signal transmission in the Omicron complexes.

The distribution of the average Z-score of ASPL over muta-
tions in BA.3 (Fig. 8E) is similar to that of BA.2 (Fig. 8B).
However, BA.4/BA.5 mutations induced a distinct modulation
profile (Fig. 8F) resulting in a broader distribution of mediating
centers. These findings provide further support to our hypo-
thesis that allosteric signaling in the BA.4/BA.5 RBD-ACE2
complex may be propagated via a broader ensemble of com-
munication routes. The findings of this analysis also suggested
that epistatic couplings between R498, Y501 and H505 can
synergistically regulate not only ACE2 binding but also affect
allosteric communication and long-range couplings in the
Omicron complexes. The experimental data showed that the
Q498R mutation alone affected the ACE2 affinity only very
moderately’®® but in the background of N501Y, the binding
affinity could significantly increase.'**'**> Our results showed
that epistatic couplings of R498/Y501 may also promote an
efficient long-range communication between RBD and ACE2
which may manifest in the increased transmissibility and allow
accumulation of multiple immune escape mutations at other
sites and corresponding greater virus adaptability for immune
escape.124'125

Structural mapping of the distribution peaks for BA.1
(Fig. 8C), BA.2 (Fig. 8D), BA.3 (Fig. 8G) and BA.4/BA.5 (Fig. 8H)
showed that most of the Omicron mutational sites are located in
the immediate vicinity of major allosteric control points. Hence,
Omicron mutations for all studied variants may avoid direct
targeting of allosterically sensitive sites to retain the spike activity
while leveraging their structural proximity to strategic effector
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positions in the RBD to modulate communication between dis-
tant RBD and ACE2 regions.

Discussion

Although mutations in viruses occur randomly as the virus
replicates where most of these mutations have no significant
effect on the virus’s characteristics, the emergence of Omicron
mutations affecting transmissibility and pathogenicity features
is often interpreted within a trade-off scenario of SARS-CoV-2
evolution which leads to lowered lethality, yet enhanced trans-
missibility.’*”’*® When it comes to immune escape, viruses
may undergo mutations that allow them to evade the immune
responses generated by the host. This can happen through
various mechanisms, such as changes in the viral spike protein
that affect its interaction with antibodies or alterations in other
viral proteins involved in immune recognition. This direction
of evolution might be partly explained by virus adaptation to
enhanced escape from vaccine-induced and natural immunity
formed by other SARS-CoV-2 strains.

The results of this study provided molecular rationale and
support to a mechanism in which the optimized balance
of thermodynamic stability and conformational adaptability
enabled Omicron variants to induce the increased immune
escape and reduced antigenicity that permits evasion of
vaccine-induced immunity, while maintaining strong ACE2
binding affinity. It is important to note that while viruses can
evolve to escape immune responses, it does not necessarily
mean that every mutation will lead to the increased immune
escape. Some mutations may have no effect or even reduce the
virus’s fitness, limiting their spread and impact. Additionally,
the immune system is a complex and adaptable defense
mechanism, and even if a virus evolves to escape one aspect
of the immune response, other components of the immune
system may still provide protection.

Our results provided support to the mechanism in which
binding affinity hotspots N501Y and Q498R have a coordinated
effect on the spike stability, binding, and allostery, allowing
new Omicron subvariants to balance virus fitness in the pre-
sence of immune-escape mutations. Hence, Omicron variants
may have developed mechanisms to evade or reduce the effec-
tiveness of immune responses while still maintaining high
ACE2 affinity and RBD stability required for functionality and
infectivity. These findings highlight the complexity of viral
evolution and the importance of understanding the interplay
between viral genetic changes and protein function in response
to immune pressure.

Conclusions

In this study, we systematically examined conformational
dynamics, stability and binding of the Omicron RBD complexes
with ACE2 using microsecond atomistic MD simulations,
in silico mutational scanning, PRS analysis and network-based
mutational profiling of allosteric communications. Consistent

This journal is © the Owner Societies 2023


https://doi.org/10.1039/d3cp02042h

Published on 02 August 2023. Downloaded by Southern Methodist University Libraries on 8/17/2023 12:19:51 AM.

PCCP

with the experimental data, our results showed that BA.2
mutations may induce the increased stabilization of the RBD
in the complex with ACE2 which may be linked with the higher
binding affinity than the other variants, while a greater flexi-
bility is an important dynamic signature of the BA.4/BA.5
variants. Through perturbation-response scanning approach
and modeling of allosteric interaction networks we examined
the thermodynamic and allosteric factors of RBD-ACE2 binding
across BA.1, BA.2, BA.3 and BA.4/BA.5 variants. Our findings
suggested that BA.2 mutations may not only induce the
increased stabilization of the RBD and enhanced binding
interface, but also amplify the allosteric potential of the key
binding hotspots, thereby increasing the efficiency of prefer-
ential routes for long-range communications with ACE2.
Network-based mutational profiling approaches probed the
effect of the different Omicron variants on allosteric commu-
nications, revealing hidden roles of Omicron mutations as
evolutionary adaptable modulators of stability, binding and
allostery. Through perturbation network scanning of allosteric
residue potentials in the Omicron variant complexes, which is
performed in the background of the original strain, we identi-
fied that the key Omicron binding affinity hotspots N501Y
and Q498R could mediate allosteric interactions and epistatic
couplings. Through integration of synergistic computational
approaches this study provides a systematic analysis of the
effects of Omicron mutations on thermodynamics, binding and
allosteric signaling in the RBD complexes with the ACE2
receptor.
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