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Abstract

SARS-CoV-2 is a coronavirus that has created a global pandemic. The virus
contains a spike protein which has been shown to bind to the ACE2 receptor on the
surface of human cells. Vaccines have been developed that recognize elements of the
SARS-CoV-2 spike protein and they have been successful in preventing infection.
Recently, the omicron variant of the SARS-CoV-2 virus was reported and quickly
became a variant of concern due to its transmissibility. This variant contained an
unusually large number (32) of point mutations, of which 15 of those mutations are in the
receptor binding domain of the spike protein. In order to assess the differential binding
ability of the wild type and omicron variant of the RBD spike protein to human ACE2
receptors, we conducted 2 ps of molecular dynamics simulation to estimate the binding
affinities and behaviors. Based upon MM-GBSA binding affinity, center of mass distance
measurements, ensemble clustering, pairwise residue decomposition and hydrogen
bonding analysis, we can conclude that the 15 point mutations in the receptor binding
domain do not increase the affinity of the spike protein for the human ACE2 receptor.
The MM-GBSA binding estimations over a 2 us trajectory, suggest that the wild type
binds to ACE2 with a value of -29.69 kcal/mol while the omicron mutant binds with an
energy value of -26.67 kcal/mol. These values are within the error estimates of the MM-
GBSA method. While some mutations increase binding, more mutations diminish

binding, leading to an overall similar picture of binding.



Introduction

Coronavirus disease-2019 (COVID-19) is a global pandemic caused by infection
with the severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2).!”* The virus
has been circulating globally since late 2019, and has evolved genetically.* In the first 11
months of the pandemic, viral mutations were occurring at a relatively slow rate;
however, since late 2020 mutational variants of concern (VOC) have been identified.
VOC:s such as the alpha, beta, delta and omicron may be associated with enhanced viral

fitness, and typically display increased transmissibility and infectivity characteristics.*

The SARS-CoV-2 virus encodes for a spike protein that contains a receptor-
binding domain (RBD) that binds favorably to the ACE2 receptor present on the surface
of human throat cells, and lung epithelial cells.”® This binding creates a fusion between
the human cell membrane and the spike protein, allowing the viral genetic material to be

replicated within the human host cell.’

In December 2020, the United States Food and Drug Administration issued
emergency use authorization (EUA) for mRNA vaccines developed by Pfizer-BioNTech
and Moderna, followed quickly by EUAs for the adenovirus (viral vector) vaccines
developed by Johnson & Johnson and Astra-Zeneca.!” These vaccines produced multiple
antibodies to various regions of the SARS-CoV-2 spike protein including antibodies that
targeted the RBD of the Spike protein, thereby preventing the virus from anchoring to the
human ACE2 receptor and preventing host cell entry.!!"!2 The vaccines were extremely
effective; reducing hospitalizations and deaths among the vaccinated.'>-'4
Table 1. Summary and timeline of SARS-COV-2 Mutational Variants with a particular

focus on the Spike RBD.* 13-16 The sequence of the Wuhan Hu-1 Spike RBD!7 against
which all current vaccines are prepared is shown in the Figure S1.

WHO Detected S-RBD Mutation(s) Comments
Designation
alpha Sept 2020 N501Y increased transmission'®



K417N, E484K, N501Y

Binds ACE2 receptor

beta Oct 2020 with 4.62 times greater
affinity than original Hu-
1 spike RBD.® 19-20
Increased transmission
rates?!
delta late 2020 K417N, L452R, T478K Increased transmission
gamma Jan 2021 L452R, T478K Increased transmission
G339D, S371L, S373P, Concerning number (15)
S375F, K417N, N440K, of mutations in the Spike
omicron Nov 2021 G4468S, S477N, T478K, protein RBD

E484A, Q493K, G4968S,
Q498R, N501Y, Y505H

The vaccines continued to provide protection from mutated forms of the virus.*
Breakthrough infections were known, but hospitalizations and deaths among the
vaccinated remained low. In November 2021, a mutant variant was detected in a variety
of locations around the world. This mutant, labeled as Omicron by the World Health
Organization, contained a much larger number of mutations than had previously been
observed in the SARS-CoV-2 virus and initial reports displayed a concerning rate of

transmission.2223



Figure 1. Omicron SARS-CoV-2 RBD - hACE2 interaction. Omicron SARS-CoV-2 RBD is
displayed in blue and hACE?2 is displayed in a lighter blue. In green are the omicron SARS-CoV-
2 RBD residue mutations: G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N,
T478K, E484A, Q493K, G496S, Q498R, N501Y, and YS505H. The binding site for the RBD -
hACE?2 interaction and the residues K417N, G446S, S477N, T478K, E484A, Q493K, G496S,
N501Y, and Y505H are shown in the inset.

There is concern that mutations in the RBD region of the spike protein may
increase the ability of the spike to bind to the human ACE2 receptor or allow it to evade
polyclonal antibody recognition. A number of spike protein residues in the original
Wuhan Hu-1 RBD (Lys417; Glu484, GIn493, GIn498, Gly496, Asn501, Tyr505 and
Gly446) that were mutated in the omicron variant have previously shown persistent
interactions with the hACE2 receptor.® 2* Mutations at positions 498 and 501 are
particularly worrisome as in-vitro evolution studies suggest that such mutations increase
the binding between the spike protein and hACE2.% Tyr449 may also be an important
residue for interaction with ACE22* while the N439K spike protein variant may increase
ACE2 affinity by the formation of a new salt bridge at the RBD-ACE2 interface with
Glu329 of hACE2.26



In this report, we utilize molecular dynamics, structural analysis and MM-GBSA
binding estimations to compare the binding properties of the Wuhan Hu-1 and omicron
RBD spike protein to the hACE2 receptor. Molecular simulations play a critically
important role in understanding the atomistic nature of protein dynamics and protein-
ligand binding affinities.?’3° Since the pandemic began, there have been multiple reports
describing the use of molecular dynamics and MM-GBSA to understand SARS-COV-2
behavior. MM-GBSA has been used to estimate hACE2 binding with a.) the original
SARS-CoV-2 spike protein RBD,’! b.) SARS-CoV and SARS-CoV-2,%*32-3 ¢) in vitro
single point spike mutations,> d.) alpha, kappa and delta mutants,* and e.) RBD hotspot
mutations.’® MM-GBSA has also been used for an evaluation of the binding affinity
between the SARS-CoV-2 spike RBD and the ACE2 receptor from various mammals

(human, monkey, hamster, ferret, dog, cat).’’

In this study, we analyze how the omicron mutations affect the binding of the
spike protein to the hACE2 receptor by performing molecular dynamics and binding free
energy computations on the wild type (WT) and omicron mutant versions. We find that in
spite of the significant number of mutations in the RBD of the spike protein, the binding
affinity between the original Hu-1 virus and the omicron variant are similar. We do see
structural differences, and these are described in some detail; however, these do not lead

to an overall increase in hACE2 affinity.

Methods

Protein Retrieval and Preparation

An hACE2 - SARS-CoV-2 RBD crystal structure was obtained from the Protein
Data Bank (PDB Code 6LZG).*® Chains A (hACE2) and B (SARS-CoV-2 RBD) were
selected from 6LZG, and all waters were removed. Schrodinger’s Protein Preparation
Wizard was used to add missing hydrogen atoms, assign bond orders according to the

CCD database, fill missing side chains using Prime, predict side chain protonation states



using Epik with a pH range of 7 = 2, and optimize H-bonds using PROPKA at a pH of

7394041 Restrained minimization was then performed using the OPLS3e force field.*

Molecular Dynamics Simulations

Unrestrained molecular dynamics (MD) were performed on the binary complex of
SARS-CoV-2 RBD with hACE2 using the GPU-accelerated pmemd code of
AMBERI18.%%, The ff14SB and Glycam06;j force fields were used to model the
glycoproteins.*®*” All models were neutralized with Na* ions and explicitly solvated in a
TIP3P unit cell using the program tleap.*® Further details describing the MD protocol can
be found in the Supplemental Information. Initially, 20 100 ns trajectories were
generated, each using different seeds to speed surface coverage. We concatenated the 10
seeds from each of the different spike RBD structures to obtain 1 us ensembles for wild
type and mutant binary complexes, initiated using the 6LZG experimental structure. We
then extended these seeds by another 100 ns (200 ns total) and produced concatenated 2

us ensembles for the wild type and mutant complexes as well.

Molecular Dynamics Analyses

Trajectory visualization was conducted using UCSF Chimera and UCSF
ChimeraX.*-% Using the AmberTools MMPBSA.py package, MM-GBSA binding free
energies (calculated for every frame) and pairwise decomposition energies (calculated for
frames at a 1 ns interval) were obtained.’! Hydrogen bonding, center-of-mass distance
(COM), root-mean-squared deviation (RMSD), root-mean-squared fluctuation (RMSF),
secondary structure, backbone atom RMSD-based clustering, and non-hydrogen atom
pairwise distance-based clustering analyses were conducted using the AmberTools

cpptraj module.* Each clustering method resulted in 10 families per model.

Results and Discussion

Our overarching goal is to compare the hACE2 binding behavior of the RBD in
the Hu-1 spike protein (Wild Type (WT)) relative to the mutated omicron RBD spike

protein. To that end, we built an omicron spike RBD by making in silico mutations of the
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RBD in the Hu-1 spike-ACE2 experimental structure (6LZG). Our approach assumes that
the 15 mutations present in the omicron variant are not changing significantly the
conformation of the spike RBD, and that atomic relaxation via local minimization is
enough to stabilize our in silico mutated structure. Using the initial Hu-1 structure
(6LZG), as well as the computationally mutated 6LZG structure, we first performed 100
ns of molecular dynamics simulation using 10 different, randomly selected, initial seeds.
This generated 1 us ensembles for each molecular system. MM-GBSA binding free
energy analysis (Table 2) over each 1 us ensemble suggests similar hACE2 binding
behavior between the WT and Omicron RBD. We then extended these 10 seeds by
another 100 ns (for a total of 200 ns per each seed) and conducted this same analysis on
the resultant 2 us ensembles. No significant differences in MM-GBSA binding free
energy from the 1 us ensembles are reported (Table 2). As such, all further analyses were
conducted on the 1 us ensembles for computational efficiency.

Table 2. MM-GBSA Binding Energy (kcal/mol) of each 1 and 2 pus ensemble of WT and mutant
SARS-CoV-2 RBD with hACE2.

I us 2 us
MM-GBSA Avg. Std. Dev. MM-GBSA Avg. Std. Dev.
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
WT -28.45 11.33 -29.69 10.61
Omicron -25.61 7.57 -26.67 7.31

To assess conformational dynamics and simulation convergence, we computed the
RMSD of each ensemble conformation, relative to the corresponding initial structure.
Apart from a brief increase in RMSD between 20 and 40 ns of WT seed 1 (Figure S3)
and increased RMSD from 30 ns onwards in seed 5 of the omicron mutant (Figure S3),
RMSD analysis shows that both the WT and omicron mutant complexes do not sample
conformations significantly different from the initial structure, and are relatively well
converged across each seed, with RMSD values ranging from 2 to 3.5 A. There are no

significantly notable differences in the RMSD behavior of the WT and omicron mutant.



This suggests thorough sampling of the dynamics of each complex and that the

ensembles we are using to estimate binding free energy are conformationally converged.

We also performed root mean square fluctuation (RMSF) per residue analysis on
each 1 us ensemble (Figure 2). This analysis indicates that the fluctuations of individual
residues are also well conserved between seeds. Comparison of the RMSF trajectories for
the WT and omicron mutant suggest relatively similar residue movements with the only
area of marked difference occurring between spike residues 384 to 390. This region does
not contain any omicron mutations, and is relatively distant from spike residues
responsible for hACE2 binding, but is notably 10 residues away from the proline point
mutation S373P. Secondary structure analysis indicates that the decrease in RMSF for
omicron residues 384 - 390 results from the formation of a 3-10 helix involving residues
L387, N388, and D389. Within the omicron ensemble, this helix occurs with a frequency
of 69.26% while the corresponding region of the WT complex shows helical secondary

structure in only 4.25% of the RBD ensemble (Figure 3).
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Figure 2. Wild Type and Omicron SARS-CoV-2 RBD and hACE2 Root Mean Square
Fluctuation Graphs. [A] RMSF graph of the WT and Omicron RBD concatenated 1 ps
trajectories. Notably, a difference in RMSF in RBD residues 384 - 390 is highlighted in the black
box. [B] The Omicron RBD with the WT RBD superimposed. The most prevalent average
structures of both models are shown. The Omicron RBD is displayed in blue and hACE2 in
lighter blue, while the WT RBB and hACE2 are displayed in the same colors with a transparency

effect applied. Amino acids highlighted in green are mutated residues that are notably close to
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the residues highlighted in red, which are responsible for the increase in omicron mutant RMSF
depicted in A. In orange are WT RBD residues 384 - 390.
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Figure 3. Secondary Structure of Residues 384 - 390. [A] WT secondary structure. [B] Omicron
secondary structure.

Given the similarities in RMSD, RMSF, and MM-GBSA binding free energies, we
can conclude that the 15 point mutations in the RBD of the omicron variant do not
increase the binding affinity for hACE2. This suggests that any noted increase in
infectivity of the Omicron mutant over the WT is likely not due to an enhanced

interaction between the RBD and hACE2.

As previously reported in this journal, molecular dynamics was used by Ali and
Vijayan to characterize residues responsible for the affinity between the WT RBD of the
spike protein and hACE2.2* To better understand the RBD — hACE?2 interactions and the
relative proximity of each monomer, we used the 15 residue contacts of Ali and Vijayan
(listed in Table S1) to perform an averaged center of mass distance analysis between WT
and Omicron RBD and hACE2. Our data suggests few differences between WT and
Omicron interactions. Only the RBD Q493K —hACE2 K31 contact shows a significant
increase in both o carbon (8.53 £ 0.49 A WT; 9.32 + 0.51 A mutant) and end-to-end
distances (4.00 £ 0.99 A WT; 6.88 + 1.11 A mutant), while the RBD K417N — hACE2
D30 contact shows a significant all-atom (8.29 = 0.68 A WT; 9.75 = 0.74 A mutant) and
end-to-end distance increase (4.04 + 1.30 A WT; 7.85 = 1.30 A mutant) (Table S2).

These distance increases corresponding with the Q493K and K417N mutations are



visualized in the graphs of Table S3. These COM increases make sense as the first case
(RBD Q493K — hACE2 K31) a neutral residue (Q493) in the WT interacting with a
positively charged residue (K31) is replaced with a positively charged residue (493K)
leading to an unfavorable electrostatically repulsive interaction. In the second case (RBD
K417N — hACE2 D30), a positively charged residue in the WT (K417) interacting with a
negatively charged hACE2 residue (D30) is replaced in the mutant with a neutral residue
(417N) reducing what was an electrostatically favorable interaction. We also see that,
within the large standard deviations shown for the WT contacts RBD Q498R - hACE2
D38 and RBD Q498R - hACE2 K353, the end-to-end distances increase in the mutant
(6.88 +2.38 A WT; 8.21 = 1.38 A mutant, and 5.51 £2.25 A WT; 8.73 + 1.29 A mutant,
respectively) while the end-to-end distance for RBD K417N — hACE2 H34 decreases in
the omicron mutant (7.93 + 1.78 A WT; 6.66 + 0.87 A mutant). In the case of Q493K
and Q498R, the mutations replace a neutral glutamine residue with a charged lysine or
arginine, whereas for K417N, the mutation replaces a charged lysine with an uncharged
asparagine. This further suggests that the omicron mutations produce both increased
favorable and unfavorable interactions relative to the WT. The graphs in Table S3
suggest that a ~4 A end-to-end distance for contacts between RBD Q498R — hACE2
D38, and RBD Q498R — hACE2 K353, rarely occur with Omicron. Notably, despite not
being subject to mutation, the RDB Y449 — hACE2 D38 interaction also shows an
increased average distance in the mutant (4.50 = 2.53 A WT; 6.85 + 1.58 A mutant) and

little occurrence of a ~4 A end-to-end distance contact in the Omicron trajectory.

Pairwise decomposition analysis is largely consistent with our MM-GBSA results.
A simple summation of each favorable interacting residue pair (Table 3) yields total
energies of -54.68 and -59.63 kcal/mol for the WT and Omicron models respectively.
Likewise, a summation of all pairwise interactions (both favorable and unfavorable)
yields total energies of -117.35 and -110.83 kcal/mol, for the WT and mutant,
respectively. This further suggests little difference in hACE2 binding affinity, within the

limits of the molecular mechanics energy model, for the WT and Omicron RBD. Our data
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suggests that favorable WT interactions lost as a result of mutation appear to be offset by

roughly equally favorable new interactions in the mutant, and vice versa.

Table 3. WT and Omicron SARS-CoV-2 RBD - hACE2 Pairwise Decomposition Energies.

Pairwise decomposition energies that are more favorable (less) than -2.00 kcal/mol are listed.

The pairwise decomposition energies are calculated from the full 1 pus ensemble and are reported
with the corresponding SARS-CoV-2 RBD and hACE2 residues. Spike mutant residues are

shown in red.

SARS-CoV-2 | hACE2 | Pairwise Decomp. SARS-CoV-2 | hACE2 Pairwise
RBD WT Residue | (avg. £ std. dev.) RBD Omicron | Residue [ Decomp. (avg. £
Residue (kcal/mol) Residue std. dev.)
(kcal/mol)
Lys417 Asp30 -5.92+3.34 Lys493 Glu3s -10.25+3.21
Thr500 Asp355 -5.14+2.38 Lys493 Asp38 -8.09 +3.61
Tyr505 Lys353 -5.06 £ 0.54 Thr500 Asp355 -6.44 +2.08
Asn501 Lys353 -5.01+1.47 Tyr501 Lys353 -6.38 +1.00
GIn493 Glu3s -4.84 +1.62 His505 Lys353 -4.96 + 1.45
GIn493 Lys31 -4.10+2.04 Asn477 Ser19 -3.37+2.68
Tyr449 Asp38 -3.26 £2.17 Asn487 Tyr83 -2.98 +0.89
Gly496 Lys353 -3.07+1.74 Lys493 His34 -2.61 +£1.41
Asn487 Tyr83 -3.02+0.92 Ala475 Ser19 246+ 1.54
GIn498 Lys353 -3.00 +£3.33 Phe486 Met82 -2.35+0.79
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Asn487 GIn24 -2.99 £ 0.90 Tyr489 Lys31 -2.16 £ 0.67

Tyr505 Glu37 -2.59+£2.37 Ser496 Asp38 -2.05+2.40

Phe486 Met82 -2.50 £ 0.81

Asn501 Tyr41 -2.13+1.21

GIn493 His34 -2.05+1.34

Several changes in interaction energies occur from the WT to omicron mutant.
The Q493K mutation significantly increases binding. In the WT, neutral GIn493
contributes -4.84 and -4.10 kcal/mol when bound to hACE2 Glu35 and Lys31,
respectively. In the Omicron RBD however, the mutation to a positively charged Lys493
creates very favorable interactions with hACE2 Glu35 (-10.25 kcal/mol), and a new
interaction with hACE2 Asp38 (-8.09 kcal/mol), while the interaction with hACE2 Lys31
is expectedly lost. In the WT, the S477 is not involved in a significant interaction,
however in Omicron the S477N mutation creates an interaction with a binding energy
contribution of -3.37 kcal/mol with hACE2 Ser19. Conversely, one of the strongest WT
interactions between RBD Lys417 and hACE2 Asp 30 (-5.92 kcal/mol) is eliminated by
the K417N mutation in Omicron. Similarly, the G496S and Q498R mutations result in
lost interactions with hACE2 Lys353 (-3.07 and -3.00 kcal/mol respectively). Despite not
being subjects of mutation, WT interactions RBD Tyr449 — hACE2 Asp38 and RBD
Asn487 — hACE2 GIn24 are also diminished in the Omicron model. (Tables 3, S6 - S7)
Many of these changes are supported by COM distance analysis. (Tables S2 - S3)

Interactions unaffected or preserved by mutation are also observed. The Q493K
mutation does not disrupt the favorable interaction with His34 in the WT. The mutation
Y505H does not seem to affect binding. In both the WT and omicron mutant, residue 505
interacts similarly with hACE2 residue Lys353 (WT: RBD Tyr505 — hACE2 Lys 353 -
5.06 kcal/mol; Omicron: RBD His505 — hACE2 Lys353 -4.96 kcal/mol), while the

12



interaction with Glu37 doesn’t change significantly with respect to standard deviation.
Similarly, mutation N501Y also does not affect binding. In both the WT and mutant,
residue 501 interacts similarly with hACE2 residue Lys353 (WT: RBD Asn501 —
hACE2 Lys353 -5.01 kcal/mol; Omicron: RBD Tyr501 — hACE2 Lys353 -6.38 kcal/mol)
and Tyr41 (WT: RBD Asn501 — hACE2 Tyr 41 -2.13 kcal/mol; Omicron: RBD Tyr501
—hACE2 Lys353 -1.42 kcal/mol). Interactions not subject to mutation, RBD Thr500 —
hACE2 Asp355, RBD Asn487 — hACE2 Tyr83, and RBD Ala475 — hACE2 Ser19, are
unchanged between the WT and Omicron models. (Table 3, S6 - S7)

Based on hydrogen bonding analysis, there is a decrease in significant (above 5%)
hydrogen bonding interactions between mutated RBD residues and hACE2 residues
compared to WT RBD — hACE2 interactions (Tables 4 and 5). One interaction that is
present in both WT and omicron is the hydrogen bond with the residue Q493K to the
hACE2 residue Glu35 (WT: 68.16%, -4.84 + 1.62 and Omicron: 66.05%, -10.25 + 3.21).
An additional 7 hydrogen bonding interactions are maintained between RBD and hACE2
residues for WT and Omicron (Table 4). Notably, these interactions are between non-
mutated RBD residues for both WT and Omicron. The interaction RBD Thr500 — hACE2
Tyr41 appears to be significant for both WT and Omicron but there is a notable
difference in hydrogen bonding occurrence (WT: 29.74 % and Omicron: 10.26%). Also,
Table 4 shows that the interactions RBD Tyr449 - hACE2 Asp38, RBD Tyr489 - hACE2
Tyr83, and RBD Tyr495 — hACE2 Lys353 are significant hydrogen bonding interactions

for the WT but are not significant interactions for omicron.
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Table 4. WT and Omicron SARS-CoV-2 RBD - hACE2 Hydrogen Bonding Occurrences.
Individual hydrogen bonding percentages (Table S4 — S5) were combined for interactions

between the same residues and rotationally equivalent atoms on each residue. For example, the

hydrogen bonding interactions between RBD Lys 493 and ACE2 Asp 38 (62.53%) are
comprised of individual interactions between OD1 and OD2 with N-H1, N-H2 and N-H3 (Table

S5 rows 10 (11.66%); 15 (10.65%); 18 (10.30%); 20 (10.14%) 21 (10.05%) and 22 (9.73%)).

Unless specified, these consist of sidechain - sidechain interactions. Hydrogen bonding
percentages that are greater than 5% are listed. In red are SARS-CoV-2 mutated residues.

SARS-CoV- | hACE2 Residue H-Bond % SARS-CoV- | hACE2 Residue H-Bond %
2RBD WT Occur. 2 RBD Occur.
Residue Omicron
(avg..) R (avg..)
Tyr83 83.27 Tyr83 72.75
Asn487 Gln24 23.27 Asn487 Gln24 14.15
Gly502 Lys353 77.58 Asp355 67.49
Glu3s 68.07 Thr500 Tyr4l 10.26
His34 7.66 Glu3s 66.05
GIn493 Lys31 42.66 Lys493 Asp38 62.53
Tyr449 Asp38 62.55 Gly502 Lys353 57.00
Lys417 Asp30 62.26 Ser19 Sidechain 38.27
Ala475 Ser19 Backbone 16.28
Asp355 58.69 Gln24 5.28
Thr500 Tyr41 29.75 Ser496 Asp38 38.20
Glu37 49.41 Asn477 Ser19 Sidechain 28.22
Tyr505 Ser19 Backbone 11.42
Ala386 7.21 Tyr453 His34 19.68
Lys353 35.95 Arg498 Gln42 12.77
GlIn498 Asp38 24.17
Ser19 Sidechain 31.34
Ala475 Ser19 Backbone 5.85
GIn24 7.60
Gly496 Lys353 30.70
Tyr453 His34 24.79

14



Tyrd89 Tyr83 8.29

Tyr495 Lys353 9.32

Gly446 Gln42 8.17

In Tables 3 and 4 we have presented pairwise decomposition and hydrogen
bonding analysis of the WT and omicron 1 ps ensembles rank ordered according to
favorability and percent occurrence, respectively. In Table 5 we present pairwise and
hydrogen-bonding data for all RBD mutated residues regardless of their values. In
addition, we specify whether the hydrogen bonding occurs between side chain (S) or
backbone (B) atoms. Significant hydrogen bonding interactions of the WT RBD with
hACE2 (RBD Lys417 — hACE2 Asp30, RBD Gly446 — hACE2 GIn42, RBD GIn493 —
hACE2 Lys31, RBD Gly496 — hACE2 Lys353, RBD GIn498 — hACE2 Asp38, RBD
GIn498 — hACE2 Lys353, RBD Tyr505 — hACE2 Glu37, and RBD Tyr505 — hACE2
Ala386) appear to be destroyed or diminished upon residue mutation in the omicron
variant. Notably, such residue mutations do not seem to introduce many new hydrogen
bonding interactions, and as such, the data in Table 5 suggests that, relative to WT,

omicron mutations reduce hydrogen bonding occurrences more than they increase it.

Additionally, the mutated RBD residues Asn477, Lys493, Serd496, and Arg498
participate in significant hydrogen bonding interactions: RBD Asn477 — hACE2 Ser19,
RBD Lys493 — hACE2 Asp38, RBD Ser496 — hACE2 Asp38, and RBD Arg498 —
hACE2 GIn42. The previously mentioned interactions are not significant for the binding
of the WT RBD to hACE2 for the equivalent WT RBD residues. However, the WT
interaction RBD Gly496 — hACE2 Asp38 and omicron interaction RBD Ser496 — hACE2
Asp38, unlike the interactions previously mentioned, both have relatively high pairwise
decomposition values (WT: -0.86 + 0.85 kcal/mol and Omicron: -2.05 + 2.40 kcal/mol).
The omicron hydrogen bonding interactions RBD Ser496 — hACE2 Lys353, RBD
Arg498 — hACE3 Asp38, and RBD His505 — hACE2 Glu37, appear to have low

hydrogen bonding occurrences compared to the equivalent WT interactions (with
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omicron percent occurrences less than 5%); however, the pairwise decomposition values

of these interactions are significant (Table 5).

Table 5. A comparison of the hydrogen bonding and pairwise decomposition energies for all
SARS-CoV-2 RBD mutations. For Omicron and WT each residue is listed with the

corresponding hydrogen bonding hACE2 residue(s) and the pairwise decomposition energy for
the RBD - hACE?2 interaction. All percent occurrences are calculations from the 1 us ensemble.
Shown in bold are the most significant interactions. [A] The RBD - hACE2 interaction type is
indicated. S corresponds to the side chain and B corresponds to backbone, with the first letter
representing that of the RBD and the second representing hACE2. The interaction is indicated to
distinguish the hydrogen bond percent occurrence listed.

Pairwise Pairwise
Decomp. Decomp.
SARS- H-Bond SARS- H-Bond
CoV-2 ) % Occur. | (avg. + std. CoV-2 % (avg. £
RBD WT | hACE2 | Interactio dev.) RBD hACE2 | Interac | Qccur. | std. dev.)
Residue | Residue | n Typel® (avg..) Mutant Residue tion
(kcal/mol) Residue Type!l | (avg..)® | (kcal/mol
] )
Gly339 - - - - Asp339 - - - -
Ser371 - - - - Leu371 - - - -
Ser373 - - - - Pro373 - - - -
Ser375 - - - - Phe375 - - - -
S-S 37.05 Asp30 S-S 0.06 -0.12 £
0.27
Asp30 S-S 25.21 -5.92 +3.34
Lys417 S-B 0.01 Asn4l7
NAG - S-B 0.06 -0.002 +£0.18 His34 S-S 0.03 -0.32 £
Asn90 0.25
GIn325 S-S 0.02 -0.015 =
0.028
Glu329 S-S 0.01 -0.075
Asn440 Lys440 +0.092
Gln42 S-B 8.68 -0.66 + 0.92 GlIn42 S-S 0.02 -0.11 +
0.16
GlIn42 B-S 0.01
Gly446 Tyrd1l B-S 0.18 -0.17 £0.01 Serd46 - - - -
B-S 0.01
S-B 1.22 S-B 11.42
S-B 0.11 -0.39 £ 0.80 S-B 28.22 -3.37+
2.68
Ser19 S-S 0.10 Ser19 S-S 0.18
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S-B 0.05 S-S 0.06
B-S 0.02
S-B 0.01
Serd77 S-S 0.93 Asn477 S-S 2.30
B-S 0.14 GIn24 S-S 0.08 -0.80 +
0.76
GlIn24 B-S 0.09 -0.40 £ 0.53 B-S 0.07
S-S 0.06
B-S 0.02
Thr20 B-S 0.32 -0.09 +0.34 Thr20 S-S 0.47 -0.13 £
0.38
S-S 0.09 S-S 0.13
S-S 1.68
GIn24 B-S 0.55 -0.25+0.70 - - - -
Thr478 S-S 0.16 Lys478
Ser19 S-B 0.04 -0.03 £0.18
S-S 0.01
Glu484 Lys31 S-S 1.04 -0.65+1.26 Ala484 - - - -
Glu3s S-S 66.05 -10.25 +
3.21
Glu3s S-S 68.16 -4.84 +1.62
S-B 0.01
Asp38 S-S 0.06 -0.27 £0.31 Asp38 S-S 62.53 -8.09 +
3.61
His34 S-S 4.42 His34 S-B 3.98 -2.61 +
GIn493 Lys493 1.41
S-B 3.24 -2.05+1.34 S-S 0.21
Lys31 S-S 42.66 -4.10 £2.04 Lys31 S-B 0.01 0.36 +
0.53
S-B 0.06
- - - - Glu37 S-S 0.14 -0.09 +
0.58
Asp38 B-S 0.42 -0.86 £ 0.85 Asp38 S-S 38.20 -2.05+
2.40
Lys353 B-S 30.70 -3.07 £ 1.74 Lys353 S-S 2.18 -1.86 £
Gly496 Ser496 136
Asp38 S-S 25.34 -1.84 £2.41 S-S 1.14 -0.71 +
1.54
S-B 0.01 Asp38 S-S 0.26
S-B 0.05
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Gln42 S-S 2.33 S-S 1277 | 152+
1.93
S-S 294 | -0.41+1.03 GIn42 S-S 0.04
S-S 0.51 S-S 0.02
GInd98 | Tyrdl S-S 0.21 197+ 0.64 Argd98 | Tyrdl S-S 012 | 276+
0.70
S-S 0.08
Lys353 S-S 37.05 | -3.00+3.33 - - - -
Asp355 S-S 0.06 20.003 +
0.001
GIn325 B-S 002 | 0.01+0.12 Gln325 | B-S 495 | -032+
1.05
Lys353 S-S 137 | -5.01+1.47 Asp38 S-S 229 | -0.05+
0.79
S-B 0.14
Tyrdl S-S 158 | 2.13+121 Lys353 | S-S 060 | -638+
0.40 1.00
S-S
Asn501 Tyr501
Asp355 S-S 0.03 ~1.84 % 0.60 - - - -
Glu37 S-S 4941 | -2.59+2.37 Glu37 S-S 330 | 062+
1.18
Ala386 S-B 721 | -0.43%0.68 Ala386 | S-B 025 | 019+
0.23
Arg393 S-S 147 | -146+1.12 Lys353 | S-S 015 | -496+
Tyr505 His505 1.45
Ala387 S-B 002 | -0.13+0.28 - - - -

Overall, MM-GBSA estimation, pairwise decomposition energies, hydrogen-

bonding interactions and center-of-mass distance measurements all suggest that hACE2

binding to the Wuhan-Hu-1 WT and omicron are similar. Some of the point mutations in

the Spike-RBD hACE?2 interface enhance binding but those enhancements are balanced

by mutations that disfavor binding. The mutations that make the most significant affect

on binding are shown in Figure 4, where favorable and unfavorable point mutations are

shown in green and red, respectively.
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Figure 4. Omicron SARS-CoV-2 RBD - hACE?2 interactions. Highlighted are residues that most
significantly affect binding based upon hydrogen bonding occurrence and pairwise residue
decomposition changes in the WT and omicron variant. Shown in red are mutated residues that
display less favorable or less significant interaction. Shown in green are the mutated residues that
became more significant for RBD - hACE2 interactions. See Figure S10 for a complete
visualization of all residues that play a significant role in WT and omicron binding to hACE2.

Average Structures

Clustering analysis was conducted using cpptraj to output 10 families for the WT
and omicron mutant models. Families were produced using both backbone atom RMSD
and non-hydrogen atom pairwise distance clustering. Representative average structures of
each family are displayed in Figures 5, S4 - S6. The most populated of the families are
displayed in Table 6. Notably, both RMSD and pairwise distance clustering report a
single dominant family for the Omicron ensemble with respective occurrences of 77.0
and 80.2%. For the WT, RMSD-based clustering reports four families ranging between
~15 and 30% occurrences, while pairwise distance-based clustering reports a single
dominant family with an occurrence of 89.6%. Ultimately, RMSD comparisons of
representative structures of each family to each other suggests few structural differences
(Table 7). These representative structures are freely available at

https://github.com/Parish-Lab/spikeace?2.
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Figure 5. Comparison of the WT and Omicron Cluster Families. [A] Representative structures

NS

Z

from WT and omicron clustering using backbone-atom RMSD. The 4 different WT cluster
families are represented in shades of blue and the two different omicron cluster families are
depicted in shades of red. Individual images of representative structures from each cluster family

are shown in Figure S4 and S5. [B] Representative structures from WT and omicron clustering

using pairwise distance-based clustering. The WT cluster family is displayed in green and the
two different omicron cluster families are depicted in shades of orange. Individual images of the
representative structures from each cluster family are shown in Figures S7 and S8.

Table 6. Percent occurrence of WT and Omicron families obtained from clustering analysis.

Only families contributing occurrences of greater than 10% are included.

RMSD Pairwise Distance
Family #
WT % Omicron WT% Omicron
Mutant % Mutant %
1 304 77.0 89.6 80.2
2 233 11.0 - 11.7
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3 19.2 - - -

4 14.8 ; ; ;

Table 7. RMSD comparison of representative structures of each clustering family. The RMSD
(A) of each family compared with each other is reported. Families labeled with “Pair” were
generated from pairwise distance-based clustering, while all other families were generated with
RMSD-based clustering.

Pair Pair Pair
Cluster | WT 1 WT 2 WT 3 WT 4 01 02 WT 1 01 02
WT 1 0 2.314 1.848 2.406 2.034 2.845 2.327 2.983 2.262
WT 2 0 2.168 1.926 2.169 1.819 2.767 1.982 2.048
WT 3 0 2.565 2.211 2.838 2.665 2.867 2.241
WT 4 0 2.504 1.996 2.184 2.126 2.376
01 0 2.292 2.793 2.601 1.493
02 0 2.737 1.902 2.045
Pair
WT 1 0 2.937 2.953
Pair
01 0 2.265
Pair
02 0

Conclusion

The SARS-CoV-2 virus encodes for a spike protein that contains a receptor
binding domain that binds favorably to the ACE2 receptor present on the surface of
human cells. This binding allows the virus to enter the cell and to begin host infection.
The omicron variant of the SARS-CoV-2 virus possesses 32 point mutations, including

15 in the receptor binding domain of the spike protein. Current vaccines produce
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polyclonal antibodies that target the RBD of the spike protein and prevent the virus from
gaining access to human cells. We have utilized molecular dynamics to sample the
binding behavior of the wild type and omicron spike protein RBD with hACE2 as well as
MM-GBSA to compare their binding affinities for hACE2. We find that the binding
affinity between the hACE2 receptor and the WT and omicron mutant spike protein RBD
are similar and within the limits of error of the MM-GBSA binding estimation. A detailed
analysis of the pairwise decomposition energies, hydrogen-bonding interactions, center-
of-mass distance measurements and clustering suggests that while the omicron RBD
mutations disrupt some favorable wild type residue interactions, such mutations also
produce new favorable interactions. For instance, pairwise analysis shows that the
Q493K and S477N mutations significantly increase binding whereas K417N, G496S and
Q498R reduce binding. Overall, all analysis suggests that the hACE2 binding favorability

is similar between wild type and the omicron variant.
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