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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) B.1.1.529 variant (Omicron), represents a
significant deviation in genetic makeup and function compared to previous variants. Following the BA.1 sub-
lineage, the BA.2 and BA.3 Omicron subvariants became dominant, and currently the BA.4 and BA.5, which are
quite distinct variants, have emerged. Using molecular dynamics simulations, we investigated the binding
characteristics of the Delta and Omicron (BA.1) variants in comparison to wild-type (WT) at the interface of the
spike protein receptor binding domain (RBD) and human angiotensin converting enzyme-2 (ACE2) ectodomain.
The primary aim was to compare our molecular modelling systems with previously published observations, to
determine the robustness of our approach for rapid prediction of emerging future variants. Delta and Omicron
were found to bind to ACE2 with similar affinities (—39.4 and —43.3 kcal/mol, respectively) and stronger than
WT (—33.5 kcal/mol). In line with previously published observations, the energy contributions of the non-
mutated residues at the interface were largely retained between WT and the variants, with F456, F486, and
Y489 having the strongest energy contributions to ACE2 binding. Further, residues N440K, Q498R, and N501Y
were predicted to be energetically favourable in Omicron. In contrast to Omicron, which had the E484A and
K417N mutations, intermolecular bonds were detected for the residue pairs E484:K31 and K417:D30 in WT and
Delta, in accordance with previously published findings. Overall, our simplified molecular modelling approach
represents a step towards predictive model systems for rapidly analysing arising variants of concern.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 is the aetiological
agent that causes coronavirus disease 2019 (COVID-19) and is believed
to have originated in Wuhan, Hubei Province, China [1]. Since the
beginning of the pandemic, a number of SARS-CoV-2 variants have
emerged and this will continue to occur as the virus evolves and adapts
to the human population [2]. According to the World Health Organi-
zation (WHO), a variant is considered to be “of concern” if it meets one
or more of the following criteria: increased transmissibility or detri-
mental change in the epidemiology of COVID-19, increased virulence or
change in the clinical presentation of the disease, and reduced effec-
tiveness of public health and social interventions or the availability of

diagnostics, vaccines, and therapeutics [3,4]. The Omicron variant
(Pango lineage B.1.1.529) consists of several sublineages and is now the
predominant SARS-CoV-2 variant circulating globally [3,5].
Coronaviruses are positive sense single-stranded RNA viruses and
mutations arise due to the large size of the genome, low fidelity of the
RNA-dependent RNA polymerase, and high frequency of recombination
[2,6-9]. Although most mutations are expected to be neutral or mildly
deleterious, a small minority may enhance the fitness of the virus and
impact its virulence, infectivity, transmissibility, and antigenicity [10].
SARS-CoV-2 utilises the trimeric spike protein to enter the host cell and
the RBD interacts with the N-terminal peptidase domain of the human
ACE2 receptor [11,12]. Mutations that occur in the spike protein could
result in physiochemical and structural changes that consequently affect
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Fig. 1. Structures of the Delta and Omicron SARS-CoV-2 variants. The cryo-EM structure of the wild-type (WT) full-length trimeric spike protein (PDB ID: 7A98) was
mutated to generate the Delta (A) and Omicron variants (B). The mutated residues for the Delta and Omicron variants are labelled for chain A and are shown in
orange and brown, respectively. The receptor binding domain (RBD) mutations are highlighted.

the binding affinity and interaction with ACE2, as well as the efficacy of
neutralising antibodies [10,13].

Additionally, the furin cleavage site at the boundary of the S1 and S2
subunits of the SARS-CoV-2 spike protein consists of a unique insertion
of amino acids (PRRA) [14]. Studies have reported that mutations of
residue P681 result in enhanced furin cleavage and increased syncytia
formation [14-18]. The Delta variant contains the P681R mutation and
this has been found to enhance viral replication and infection by
increasing S1/S2 cleavage [19]. Similar to the Alpha variant, Omicron
consists of the P681H mutation and although this may contribute to
increased spike protein cleavage compared to the WT virus, it has been
shown that the mutation alone does not significantly impact fitness or
transmission [19-21].

The mutations that are present in the spike protein of the Delta
variant include T19R, T95I, G142D, AE156-F157, R158G, L452R,
T478K, D614G, P681R, and D950N (Fig. 1) [5]. The mutated residues
L452R and T478K are located in the RBD. In comparison to the WT
SARS-CoV-2, the Delta variant has greater transmissibility and there is
data to suggest that the disease is more severe in unvaccinated in-
dividuals [4,22].

For the BA.1 Omicron variant, an array of mutations are located in
the spike protein and they include A67V, A69-70, T95I, A142-144,
Y145D, A211, L2121, ins214EPE, G339D, S371L, S373P, S375F, K417N,
N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y,
Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K,
Q954H, N969K, and L981F (Fig. 1) [5]. In comparison to Delta, Omicron
BA.1 has 15 substitutions in the RBD [23]. Studies have shown that the
large number of mutations in the spike protein RBD results in greater
transmissibility, as well as reduced vaccine-elicited and monoclonal
antibody-mediated neutralisation of Omicron sublineages [21,23-27].
In comparison to the earlier D614G, Alpha, Beta, and Delta variants,
Omicron has been found to replicate more readily in the upper respi-
ratory tract, indicating that the reduced replication efficacy in the small
airways is an important contributing factor to the reduced disease
severity with this variant [28].

Molecular docking and molecular dynamics (MD) simulations are in

silico methods that can aid in the drug discovery and development
process [29-34]. Drug discovery is further aided by the availability and
accessibility of databases consisting of the chemical structures of po-
tential therapeutic small molecules and protein targets [35-41].
Computational approaches have been widely used to predict binding
affinities and evaluate the interactions that occur between
protein-ligand and protein-protein complexes at the molecular level [39,
42-46]. In the context of SARS-CoV-2, several studies have utilised MD
simulations and machine learning methods to assess the effects of mu-
tations in the spike protein RBD on the interaction with the ACE2
interface [23,47-53]. There has been interest in developing computa-
tional pipelines that can be employed to predict the interaction energies
and contacts at the RBD:ACE2 interface [54]. This may alert us to the
binding characteristics of emerging future variants in a time effective
manner.

Here, we explored the potential contribution of differences at the
RBD:ACE2 binding interface landscape in accounting for the increased
transmissibility of the Delta and Omicron variants, compared to WT. In
this study, in silico tools were used to examine and compare the WT,
Delta, and Omicron spike protein RBD:ACE2 complexes. The aims were
to predict the dynamics, interactions, and energy contributions of the
interface residues, including the mutations, and evaluate the difference
in binding characteristics between each variant RBD to ACE2. Impor-
tantly, in this work we used the WT structure as a template to manually
introduce the relevant Delta and Omicron mutations in the spike RBD.
This enabled comparison and analysis relative to published crystal
structures, allowing us to interrogate the quality of our molecular
modelling systems. Therefore, our primary aim was to determine the
robustness of our molecular modelling approaches as a predictive tool
for emerging future variants in real-time, following knowledge of the
relevant sequence and prior to the release of the crystal structures.
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Fig. 2. Classical molecular dynamics (MD) simulation of SARS-CoV-2 variant spike receptor binding domains (RBD) bound to human angiotensin converting
enzyme-2 (ACE2). SARS-CoV-2 variant spike RBDs examined were wild-type (grey), Delta (blue), and Omicron (yellow). Simulations were performed for 100 ns in
triplicate. Data is shown for the RBD protein backbone as the average of triplicate runs, with data shown every 100 ps for all time series plots. (A) Average root mean
square deviation (RMSD) with respect to its initial structure. (B) Radius of gyration. (C) Principal component analysis of protein motion along the first two ei-
genvectors. Trajectories were concatenated following equilibration. (D) Solvent accessible surface area. (E) Number of hydrogen bonds between variant spike RBDs

and human ACE2 throughout the simulation.
2. Materials and methods
2.1. Protein structure preparation

The crystal structure of the WT SARS-CoV-2 spike protein RBD in
complex with the ACE2 receptor ectodomain was obtained from the
RCSB Protein Data Bank (PDB ID: 6MO0J) [11,55]. To construct the
variant spike RBD structures, mutations were introduced using Maestro
[56]. The Delta variant was generated with L452R and T478K mutations
on the RBD of the spike protein. The Omicron variant (BA.1) was
generated by introducing the mutations G339D, S371L, S373P, S375F,
K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R,

N501Y, and Y505H in the RBD.

2.1.1. Molecular dynamics simulations

Molecular dynamics simulations of the variant spike RBDs in com-
plex with the human ACE2 receptor were carried out using GROMACS
2021.2 software [57,58]. The CHARMMS36 force field [59] was used to
describe the molecular interaction energies. The RBD:ACE2 complexes
were solvated in a dodecahedral box with TIP3P water [60], with a
minimum distance of 5.0 nm between any protein atom to the box edge.
The solvated system was neutralized and salted to 0.15 M NaCl. Energy
minimisation was performed using the steepest-descent gradient method
until the maximum force was less than 1000 kJ/(mol-nm). Systems
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underwent 100 ps of NVT equilibration, followed by 100 ps of NPT
equilibration. Temperature was maintained at 310 K with a modified
Berendsen thermostat [61] and pressure at 1.0 bar with the
Parrinello-Rahman barostat [62]. Bond lengths were constrained using
the LINCS algorithm [63]. Long-range electrostatic forces were calcu-
lated using the particle-mesh Ewald scheme (PME) [64] with a grid
spacing 0.16 nm. Cut-off ratios of 1.2 nm for Coulomb and van der Waals
potentials were used for the calculation of short-range nonbonded in-
teractions. Production runs were carried out for 100 ns in triplicate for
each system with a time-step of 2 fs. Simulated trajectories were
visualised and analysed using Visual Molecular Dynamics 1.9.3 [65].

2.2. Dynamic analysis of RBD:ACE2 complexes

Tools included within GROMACS 2021.2 were utilised for analysis
[57,58]. Root mean square deviation (RMSD) was calculated based on
the protein backbone for RBD and ACE2 separately for each system using
gmx rms. Subsequent analysis was performed following system equili-
bration based on RMSD analysis, after 10 ns in the trajectory. Data is
shown as an average of triplicate runs. Root mean square fluctuation
(RMSF) was also calculated separately for both RBD and ACE2 protein
chains using gmx rmsf. For the variant spike RBDs, radius of gyration
and solvent accessible surface area (SASA) was calculated using gmx
gyrate and gmx sasa, respectively. The number of hydrogen bonds
formed between RBD and ACE2 protein chains throughout the simula-
tions were calculated using gmx hbond. The minimum distance between
selected pairs of residues throughout the simulation at the RBD:ACE2
interface was calculated using gmx mindist. Residue pairs analysed were
K417N:D30, E484A:K31, Q493R:D38, Q493R:E35, G496S:K353, and
G502:K353.

Equilibrated trajectories were concatenated for principal component
analysis (PCA) and cluster analysis, with a simulation time of 270 ns
used for analysis in each system. Principal component analysis was
performed using essential dynamics analysis to study large-scale
concerted motions of the variant RBD bound to ACE2 [66]. The RBD
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Fig. 3. Root mean square fluctuation (RMSF) analysis
of SARS-CoV-2 variant spike receptor binding do-
mains (RBD) bound to human angiotensin converting
enzyme-2 (ACE2). Variant spike RBDs examined were
wild-type (WT) (grey), Delta (blue), and Omicron
(yellow). (A) Average (RMSF) of the RBD protein
backbone. (B) 3D representation of WT spike RBD to
illustrate secondary structure. (C) Difference in RMSF
for variant spike RBDs following subtraction of WT
values. Mutations labelled are present in the Omicron
variant, with the exception of L452R (*) found in the
Delta variant only, and T478K (**) present in both
Delta and Omicron variants. (D) 3D representation of
WT spike RBD to illustrate secondary structure. For
3D representations, the protein is represented as rib-
bons. Individual residues are highlighted in van der
Waals representation, and regions of residues are
shown as sticks. Colours indicate secondary structure:
alpha helices (purple), extended beta sheets (yellow),
turn (cyan), beta bridge (tan), and coil (white).

"\ S477

T478

protein backbone was used to construct a covariance matrix using the
gmx covar tool, which was diagonalized to obtain a set of eigenvectors
and associated eigenvalues. Using gmx anaeig, the covariance matrix
was used to calculate 2D projections with respect to selected eigenvector
components.

Clusters of similar structures were calculated with gmx cluster using
the algorithm described by Daura et al. [67]. In this method, the number
of neighbours is counted using a cut-off. The structure with the largest
number of neighbours, along with its neighbours, are defined as a cluster
and eliminated from the pool. This process is repeated for remaining
structures in the pool. A cut-off of 0.1 nm was selected to define struc-
tures as neighbours, producing approximately 120 clusters for each
system where the top three clusters encompassed approximately 70% of
all frames throughout the analysed trajectories. The middle structure of
the first three clusters for each system was written for subsequent
analysis.

2.3. Analysis of interactions at the spike protein RBD:ACEZ2 interface

Using the top three most prevalent structures obtained from cluster
analysis, residue interactions at the RBD:ACE2 interface were analysed
for each variant. The WT, Delta, and Omicron variant protein complexes
were uploaded to the Proteins, Interfaces, Structures and Assemblies
(PDBePISA) server [68]. The hydrogen bonds and salt bridges that were
predicted to occur at the interface of each complex were examined
(Tables 1 and S1). The pyDock Energy per-Residue (pyDockEneRes)
server [69] was used to evaluate the contribution of each residue at the
interface of the RBD:ACE2 complex to the binding energy. pyDock uses
electrostatics, desolvation, and van der Waals energy terms to score
docking poses that are generated by different sampling methods [70].
The pyDock scoring function has been evaluated in community-wide
assessment experiments and the protocol is being increasingly used for
the modelling of protein interactions and multimolecular assemblies
[70-72]. The contribution of each residue to the binding energy was
provided and the data can be found in the Supplementary Information
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Fig. 4. Cluster analysis of SARS-CoV-2 variant spike receptor binding domains (RBDs) bound to human angiotensin converting enzyme-2 (ACE2). Analysis was
performed on the RBD protein backbone using a root mean square deviation (RMSD) cut-off of 0.10 nm to define structures within each cluster. The cluster number
over time throughout concatenated triplicate trajectories is represented as a heat map for 27,000 frames (left), with the six most prevalent clusters shown in colours
indicated by the legend. Frames assigned to clusters seven and beyond are shown in black. The top three clusters for each system are depicted schematically (right),

with the proportion of frames assigned to each cluster indicated as a percentage.

(Tables S2 to S4). Venny 2.1 was also used as a tool to compare the
intermolecular bonds that were predicted to occur in the representative
protein structures from cluster 1 [73].

3. Results and discussion

3.1. Overall dynamics of SARS-CoV-2 variant RBD:ACE2 protein
complexes

Molecular dynamics simulations were performed with the WT, Delta,
and Omicron variant RBD:ACE2 complexes in triplicate for 100 ns.
Based on RMSD analysis of the RBD protein backbone, the first 10 ns for
each system was excluded as equilibration from analysis (Fig. 2A).
Average RMSD values were similar between the systems: 0.13 nm for
WT and Delta, and 0.14 nm for Omicron (Figure S1A). Similar RMSD
values were also observed between the individual runs for each variant
(Figure S1B-D). Compactness of the RBD was not greatly influenced by
mutations, with an average radius of gyration (Rg) of 1.83 nm for all
variants (Fig. 2B). Principal component analysis of the RBD backbone
showed minimal variation in collective motion for all systems with
similar trace values (WT = 4.99, Delta = 4.65, Omicron = 4.41; Fig. 2C).
This indicates that overall movement and compactness of the protein is
similar between the variants.

The SASA of the Omicron RBD was slightly higher, with average
values of 109.45 nm? for Omicron, compared to 107.18 and 107.94 nm?

for WT and Delta, respectively (Fig. 2D). As expected, this demonstrates
that the large number of mutations in the RBD of the Omicron variant
contributes to an increase in SASA [74]. The Omicron variant also forms
a higher number of hydrogen bonds compared to Delta and WT: average
of 6.67 for WT, 6.13 for Delta, and 7.21 for Omicron (Fig. 2E). Regarding
ACE2, there is a slight difference between the overall backbone RMSD
when bound to the variants (Figure S2A). Root mean square fluctuation
analysis indicates backbone fluctuations mostly occur in exterior loop
residues of ACE2 distant from the RBD-binding interface (Figure S2B).
Subsequent dynamic analyses were performed on the RBD backbone
only following equilibration for each system.

Root mean square fluctuation analysis revealed fluctuations in
clusters of residues 371-373, 445-447, 476-486, and 518-521 in the
RBD for all variants examined (Fig. 3A). The largest fluctuations at
residues 370-373 and 518-521, occur in random loops or coils, whereas
regions at residues 445-447 and 476-486 form turns at the RBD:ACE2
interface (Fig. 3B). Changes in conformation after convergence were
examined by calculating the RMSD of the RBD protein at the end of the
simulation with respect to its starting structure (Figure S3). Structural
rearrangements were minor, with an RMSD of 0.12 nm for both WT and
Delta, and 0.13 nm for Omicron. Per-residue RMSD shows similar trends
to RMSF data, with residues in regions 366-373 and 517-526 having the
greatest RMSD following simulation. Higher RMSD values were
observed at mutated residues, including residue 440 for Omicron and
478 for both Delta and Omicron (Figure S3).
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B PDB ID: 6M0J

Spike protein receptor binding domain
in complex with the ACE2 ectodomain

Wild-type
spike protein
RBD

Fig. 5. Structures of the wild-type (WT) SARS-CoV-2 spike protein. The WT full-length trimeric spike protein (PDB ID: 7A98) is depicted with chains A, B and C
coloured blue, yellow, and grey, respectively (A). The crystal structure of the spike protein receptor binding domain (RBD) in complex with the human angiotensin
converting enzyme-2 (ACE2) receptor (PDB ID: 6M0J) can be seen. The key RBD:ACE2 ectodomain interface residues are labelled, with the italicised residues located
on the ACE2 protein (B). For reference, experimental affinity constants (Kp) for the variants are shown, highlighting binding in the low nanomolar range.

To examine the differences between backbone fluctuation (ARMSF)
of the RBD for each variant, WT RMSF values were subtracted from those
of the variants (Fig. 3C). Overall, both variants had minor differences in
backbone fluctuation compared to WT, indicating that mutations do not
greatly affect overall protein motion for the variants studied. The
greatest ARMSF was —0.06 nm observed at residues 370 and 371 for
both Delta and Omicron. Although a S371L mutation occurs in the
Omicron variant, RMSF was similar for both variants. A larger ARMSF
was observed for the Omicron variant residues 383-390 and 465-468
composed of turns and coils distant from the RBD:ACE2 interface
(Fig. 3D). S477N and T478K mutations in the Omicron variant produced
a ARMSF of —0.02 nm, both of which compose coils. While the T478K
mutation also occurs in the Delta variant, RMSF was similar to WT
(ARMSF = 0.00 nm). Additionally, the L452R mutation unique to the
Delta variant also had a ARMSF of 0.00 nm, suggesting that the Delta
variant is more similar to WT compared to Omicron.

To examine conformations of the RBD:ACE2 complex that may occur

more frequently, cluster analysis was performed. For each system,
equilibrated trajectories were concatenated to form a single 270 ns
trajectory for analysis. A range of cut-off values were explored for
clustering analysis, with selection based on the distribution of structures
captured. Using a cut-off value of 0.10 nm, more than 100 clusters were
identified for each system (WT = 130, Delta = 101, Omicron = 121).
From a total of 27,000 frames, the three most prevalent clusters were
found to encompass more than 70% of frames, with cluster 1 structures
accounting for almost half of all frames in each system (Fig. 4). Repre-
sentative structures for the top three clusters were extracted for subse-
quent analysis of interactions at the RBD:ACE2 interface.

3.2. Mutations in SARS-CoV-2 variants result in differential contacts at
the RBD:ACE2 interface

The crystal structure of the WT SARS-CoV-2 spike protein RBD in
complex with the human ACE2 ectodomain (PDB ID: 6M0J) was used in
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Table 1

Comparison of the hydrogen bonds and salt bridges at the receptor binding
domain: angiotensin converting enzyme-2 interface of the WT, Delta, and Om-
icron complexes (representative structures from cluster 1).

Hydrogen Bonds Salt Bridges

WT B: G496 [O] — A: K353 [HZ1] -
B: N487 [HD21] - A: Q24
[OE1]
B: Q498 [HE22] — A: Q42
[OE1]
Delta B: G496 [0O] — A: K353 [HZ2] B: K417 [NZ] — A: D30
B: G502 [N] - A: G354 [0O] [OD2]

B: Y505 [HH] - A: E37 [OE1]

Omicron B: N477 [OD1] - A: S19 B: R493 [NH1] - A: E35
[OG] [OE1]
B:N477 [HD22] - A:S19[0]  B: R493 [NH2] - A: E35
B: R493 [HH22] - A: E35 [OE1]
[OE1] B: R493 [NH1] - A: E35
B: R493 [HH21] - A: D38 [OE2]
[OD1] B: R493 [NH2] — A: D38
[OD1]
B: R493 [NE] - A: D38
[OD1]
WT, Delta, and B: A475 [O] - A: S19 [OG] -
Omicron B: N487 [OD1] — A: Y83
[HH]
B: G502 [N] - A: K353 [O]
WT and Delta B: K417 [HZ2] - A: D30 B: K417 [NZ] - A: D30
[OD1] [OD1]
Delta and Omicron B: N487 [HD22] — A: Q24 -
[OE1]

this study. The receptor binding motif (RBM), which is a key component
of the RBD, consists of residues S438 to Q506 and they are involved in
the binding to ACE2 [11]. Structural studies have also revealed that the
T470-F490 loop and residues Q498-Y505 on the RBD play an important
role in the interaction with ACE2 [75]. Lan et al. reported that several
hydrogen bonds were present at the WT RBD:ACE2 interface between
residues N487:Q24, K417:D30, Q493:E35, Y505:E37, Y449:D38, T500:
Y41, N501:Y41, G446:Q42, Y449:Q42, Y489:Y83, N487:Y83, G502:
K353, and Y505:R393 (Fig. 5) [11]. Salt bridges were also found be-
tween the RBD residue K417 and the ACE2 residue D30 [11].

To examine the hydrogen bonds and salt bridges at the interface of
the WT, Delta, and Omicron complexes, representative protein struc-
tures for the top three clusters were extracted from the trajectories and
were analysed using the PDBePISA server. When comparing the repre-
sentative structures for the clusters, several hydrogen bonds at the RBD:
ACE2 interface were predicted to be retained in WT, Delta, and Omicron
(Table 1). In comparison to the Delta variant, a number of the mutated
residues on the RBD interface of the Omicron variant were predicted to
form hydrogen bonds with the ACE2 ectodomain (Fig. 6). This included
N477 and R493. Interestingly, the mutated residue R493 in the Omicron
variant was predicted to form salt bridges with the ACE2 interface. In a
recent paper comparing the cryo-EM structures of the Delta and Omi-
cron variants, it was revealed that R493 forms a salt bridge with E35,
R498 forms a new salt bridge with D38 and maintains a hydrogen bond
with Q42, and S496 forms a new hydrogen bond with K353 in ACE2
[76]. The importance of residue 493 has been highlighted in recent work
and is in accordance with our findings [23,50]. Conversely in the WT
and Delta structures, K417 was the main residue that formed salt
bridges. The interacting residue K417 is outside of the RBM and Lan
et al. found that K417 contributed to a positively charged patch that was
detected in the SARS-CoV-2 RBD but absent in the SARS-CoV RBD [11].

The L452R and T478K mutations of the Delta variant were not pre-
dicted to form hydrogen bonds or salt bridges at the interface. Although
L452 does not directly form contacts with ACE2, previous studies have
shown that it forms part of a hydrophobic patch on the RBD with F490
and L492 [11,77]. The T478K mutation results in the substitution of an
uncharged amino acid with one that is positively charged, altering the
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electrostatic surface of the spike protein [77]. A recent paper comparing
the Omicron and Delta variants highlighted that Omicron has a greater
number of charged residues that can contribute to the formation of salt
bridges [78]. For both the Delta and Omicron variants, the positive
electrostatic potential at the RBD interface increased compared to WT,
favouring the interaction with the negatively charged ACE2 receptor
[78-82].

Favourable energy contributions from variant spike RBD residues
enhance ACE2 binding.

Evaluating the binding energies of the representative protein struc-
tures for the top three clusters using pyDockEneRes, it was found that
the spike protein RBD of the Delta and Omicron variants had a stronger
binding affinity for the ACE2 receptor compared to WT (Table 2) across
the top three clusters. The results for cluster 1 revealed that the WT,
Delta, and Omicron RBD had a binding affinity of —33.5, —39.4 and
—43.3 kcal/mol, respectively. Similarly, for clusters 2 (—35.5, —38.8,
—41.2 kecal/mol for WT, Delta, and Omicron) and 3 (—29.0, —39.2 and
—46.6 kcal/mol for WT, Delta, and Omicron), the spike protein RBD of
the variants had a stronger binding affinity in comparison to WT. Elec-
trostatic interactions provided the greatest contribution to total binding
energy for clusters 1, 2, and 3 (Table 2).

Using biolayer interferometry (BLI), Liu et al. showed that there was
a modest increase in the binding of the Delta variant RBD (Kp: 57 nM) to
ACE2 compared to a Wuhan-related strain that was isolated early in the
pandemic (Kp: 75 nM) [83]. In a study by McCallum et al., the
enzyme-linked immunosorbent assay (ELISA) results revealed that the
binding of the Delta variant RBD to immobilised ACE2 was roughly
similar to the WT RBD [84]. The findings were subsequently confirmed
using surface plasmon resonance and BLI analysis of the monomeric
ACE2 ectodomain to immobilised RBDs [84]. There is also evidence to
suggest that the Omicron (BA.1) variant still requires ACE2 to enter cells
and that the binding affinity of the RBD is comparable to the Beta and
Delta variants [16,17,76].

To explore the structural changes at the RBD:ACE2 interface of the
WT, Delta, and Omicron complexes, the binding energy contributions
and minimum distance between key residue pairs at the interaction site
were examined. Despite the presence of various mutations in the RBD of
the Omicron variant, interface residues largely retain similar binding
energy contributions across all systems studied (Fig. 7A). Residues F456,
F486, and Y489 had the strongest energy contribution to ACE2 binding
in the representative structures for the top three clusters and similar
affinities were maintained across the variants: F456 (-7.4, —7.9, —7.0
kcal/mol), F486 (—10.9, —12.5, —12.0 kcal/mol), Y489 (5.1, —-5.2,
—6.6 kcal/mol for WT, Delta, and Omicron, respectively). Similar results
were obtained for residues R403, Y453, R454, and L455 (Fig. 7A).
Furthermore, unfavourable energy contributions were preserved for
D405, E406, D420, D442, and N487 across all variants: D405 (2.0, 2.4,
1.9 kcal/mol), E406 (2.0, 2.8, 2.1 kcal/mol), D420 (1.2, 1.5, 1.3 kcal/
mol), D442 (1.2, 1.4, 1.4 kcal/mol), N487 (1.3, 1.2, 1.3 kcal/mol for
WT, Delta, and Omicron, respectively). As similar residue energy con-
tributions are observed for the majority of RBD residues, the binding
interface with ACE2 is maintained as a whole (Tables S2 to S4). With the
exception of the representative WT protein structure for cluster 3, resi-
dues N487 and G502 were predicted to form hydrogen bonds with the
ACE2 ectodomain: G502 (0.2, —0.4, 0.3 kcal/mol for WT, Delta, and
Omicron, respectively). To investigate the interactions at the RBD:ACE2
interface further, the minimum distance between residue pairs was
calculated. A similar minimum distance of 0.21 nm was observed be-
tween the RBD residue G502 and the ACE2 residue K353 throughout the
simulation (Fig. 8A).

Differences between the RBD:ACE2 interface binding landscape can
be observed in the mutations unique for each variant. The L452R mu-
tation is specific to the Delta variant and the substitution was found to be
energetically favourable for ACE2 binding. The energy contribution of
this residue for Delta (—1.7 kcal/mol) was stronger compared to WT
(—0.04 kcal/mol) and Omicron (—0.07 kcal/mol) (Fig. 7B). Similarly,
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Fig. 6. Key residues at the interface of the wild-type (WT), Delta and Omicron variant receptor binding domain (RBD) complexes with human angiotensin receptor-2
(ACE2). The representative RBD:ACE2 ectodomain structures of the WT (A), Delta (B), and Omicron (C) variants from the top three clusters are shown (clusters
correspond to those defined in Fig. 4). The hydrogen bonds and salt bridges that the RBD residues were predicted to form with the ACE2 ectodomain are highlighted.
The mutated residues in the Delta and Omicron RBDs are marked with an asterisk (*).

Table 2
pyDockEneRes binding energy (kcal/mol) between spike receptor binding
domain of SARS-CoV-2 variants and human angiotensin converting enzyme-2.

Electrostatics Desolvation vdw Total

Cluster 1

WT -13.7 —11.0 -8.8 —33.5
Delta —-21.0 —-9.1 -9.3 —39.4
Omicron —22.5 -11.4 —-9.4 —43.3
Cluster 2

WT -12.6 —14.5 —8.4 —35.5
Delta —-16.5 —-13.3 -9.0 —38.8
Omicron -20.9 -11.8 -8.5 —41.2
Cluster 3

WT —15.6 —-5.7 -7.6 —-29.0
Delta -21.1 -8.8 -9.3 —39.2
Omicron —25.7 -11.5 -9.3 —46.6

HH, hydrogen eta; HZ1, hydrogen zeta 1; HZ2, hydrogen zeta 2; HD21, hydrogen
delta 21; HD22, hydrogen delta 22; HE22, hydrogen epsilon 22; HH21, hydrogen
eta 21; HH22, hydrogen eta 22; N, nitrogen; NZ, nitrogen zeta; NH1, nitrogen eta
1; NH2, nitrogen eta 2; NE, nitrogen epsilon; O, oxygen; OG, oxygen gamma;
OD1, oxygen delta 1; OE1, oxygen epsilon 1; OD2, oxygen delta 2; OE2, oxygen
epsilon 2.

the T478K mutation, present in both Delta (—0.8 kcal/mol) and Omicron
(—0.9 kcal/mol) variants, resulted in a modest change in the strength of
binding compared to WT (—0.1 kcal/mol). Moreover, the N440K,
E484A, G496S, Q498R, and N501Y mutations in the Omicron variant
were predicted to be more energetically favourable than Delta and WT:
N440K (0.0, 0.1, —1.9 kcal/mol), E484A (1.0, 3.6, 0.1 kcal/mol), G496S
(3.5, 4.0, 0.8 kcal/mol), and Q498R (0.8, —3.7, —4.7 kcal/mol for WT,
Delta, and Omicron, respectively). The N501Y mutation was among the
strongest binding residue for the Omicron variant (—7.4 kcal/mol) in
contrast to WT (—5.2 kcal/mol) and Delta (—4.5 kcal/mol). In accor-
dance with our findings, previously published papers have shown that
the N440K, T478K, and N501Y mutations in the Omicron variant
enhanced the binding free energy between the spike protein RBD and the
ACE2 ectodomain [23,85].

A hydrogen bond and salt bridge between E484 and the ACE2 residue
K31 was predicted to occur in the representative WT protein structures
for clusters 2, and a salt bridge was also detected in cluster 3. Although
E484A was found to be more energetically favourable in the Omicron
variant, these bonds were not predicted to form with the ACE2 ecto-
domain. Analysis of minimum distance also revealed that there was a
larger average distance between residues A484 and K31 for the Omicron
variant throughout the trajectories (0.56 nm) compared to E484 for WT
(0.40 nm) and Delta (0.39 nm) (Fig. 8B). The effects of the E484A
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Delta and Omicron variants.

mutation on the interaction with ACE2 and the binding of monoclonal
antibodies continue to be explored [23,86,87]. Moreover, hydrogen
bonds between the RBD:ACE2 residues G496:K353 were present in the
representative WT and Delta protein structures for clusters 1 and 3. In
the Omicron variant, hydrogen bonds were predicted to occur between
S$496:K353 and S496:D38. Analysis of the trajectories indicated that
there was a similar minimum distance between all variants (average
0.28 nm for WT, 0.29 nm for Delta and Omicron) for the G496S:K353
interaction (Fig. 8C).

However, not all mutations in the Omicron variant resulted in
energetically favourable binding compared to WT and the Delta variant.
For example, the Y505H mutation contributed —2.2 kcal/mol to ACE2
binding in the Omicron variant, compared to —5.2 and —4.5 kcal/mol
for WT and Delta. This was also the case for several other mutations,
such as G339D, S477N, and Q493R, where relatively unfavourable en-
ergy contributions to binding with ACE2 were observed: G339D (0.02,
0.02, 0.65 kcal/mol), S477N (—1.6, —0.2, 2.4 kcal/mol), Q493R (-0.9,
—0.3, 0.3 kcal/mol for WT, Delta, and Omicron, respectively) (Fig. 7B).
The mutated R493 residue in the Omicron variant formed several
hydrogen bonds and salt bridges with the ACE2 receptor including E35
and D38. Likewise, Li et al. highlighted that the Q493R mutation re-
duces ACE2 binding by disrupting favourable interactions [85].

The results from the minimum distance analysis indicated that there
was a small average distance in Omicron (0.38 nm) compared to WT
(0.56 nm) and Delta (0.50 nm) for the Q493R:D38 interaction (Fig. S8E).
A marginally smaller average minimum distance was also observed for
the Q493R:E35 interaction in Omicron (0.21 nm), compared to WT
(0.26 nm) and Delta (0.27 nm) (Fig. 8D).

Similar findings have been reported in other studies and the K417N
mutation, for example, is known to decrease the strength of ACE2
binding [10,86]. In this study, the minimum distance analysis demon-
strated that the Omicron K417N mutation resulted in a more stable
larger average distance (0.49 nm) compared to WT (0.22 nm) and Delta
(0.29 nm) (Fig. 8F). Woo et al. reported that the K417N and Y505H
mutations in Omicron resulted in a slight reduction in binding energy
due to the breakage of salt bridges between residue 417 in the RBD and
D30 of the ACE2 ectodomain [86]. This breakage was found to be
compensated by the salt bridge interactions between residue 493 in the
RBD and the ACE2 residue E35 [86]. It has been suggested that the new
mutations in Omicron may have a compensatory effect and this could
explain the similar binding affinities observed [76,78,86]. Taken
together, while some mutations in the Omicron variant have a negligible

or even an unfavourable impact, as described above, a host of mutations
strengthen the interaction with the ACE2 ectodomain to produce a
similar binding affinity to the Delta variant.

4. Conclusion

Overall, the spike protein RBD of the Delta and Omicron variants
were predicted to bind to the human ACE2 receptor with a similar af-
finity, with both variants binding stronger compared to WT, in accor-
dance with previous published observations. General trends in dynamic
behaviour, interactions, and binding energy contributions of non-
mutated residues were shared at the interface of the WT, Delta, and
Omicron RBD:ACE2 complexes. For WT and Delta, hydrogen bonds and
salt bridges were predicted to occur between K417:D30, and E484 was
also found to form salt bridges at the interface of the WT complex,
playing an important role in mediating the interaction between the RBD
and ACE2. The Omicron variant deviates significantly in structure and
function compared to WT and Delta, with the mutations resulting in
favourable changes with respect to binding energy and interactions at
the RBD:ACE2 interface. This included G496S, being energetically
favourable and forming hydrogen bonds with D38 and K353 in Omicron.
In comparison to WT and Delta, the Q493R in Omicron predominantly
formed hydrogen bonds and salt bridges with E35 and D38.

Given the concordance of our findings with previously published in
silico and in vitro observations, our approach represents a working model
for prediction of binding characteristics at the receptor binding inter-
face. Molecular modelling systems, such as the ones employed in this
work, may provide a rapid approximation of the binding characteristics
of emerging SARS-CoV-2 variants prior to the availability of relevant
crystal structures. More generally, with analyses of antibody binding
sites and the furin cleavage site, predictive in silico models may allow for
the rapid determination of binding properties and the potential severity
of emerging SARS-CoV-2 variants of concern.
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