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ABSTRACT: The emergence of the variant of concern Omicron
(B.1.1.529) of the severe acute respiratory syndrome coronavirus 2 has
aggravated the Covid-19 pandemic due to its very contagious ability.
The high infection rate may be due to the high binding affinity of
Omicron to human cells, but both experimental and computational
studies have yielded conflicting results on this issue. Some studies have
shown that the Omicron variant binds to human angiotensin-
converting enzyme 2 (hACE2) more strongly than the wild type
(WT), but other studies have reported comparable binding affinities.
To shed light on this open problem, in this work, we calculated the
binding free energy of the receptor binding domain (RBD) of the WT
and Omicron spike protein to hACE2 using all-atom molecular
dynamics simulation and the molecular mechanics Poisson−Boltzmann
surface area method. We showed that Omicron binds to human cells more strongly than the WT due to increased RBD charge,
which enhances electrostatic interaction with negatively charged hACE2. N440K, T478K, E484A, Q493R, and Q498R mutations in
the RBD have been found to play a critical role in the stability of the RBD-hACE2 complex. The effect of homogeneous and
heterogeneous models of glycans coating the viral RBD and the peptidyl domain of hACE2 was examined. Although the total
binding free energy is not sensitive to the glycan model, the distribution of per-residue interaction energies depends on it. In
addition, glycans have a little effect on the binding affinity of the WT RBD to hACE2.

■ INTRODUCTION
The coronavirus disease (COVID-19) pandemic caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2)1 has killed more than 5.5 million people out of over 313
million confirmed cases worldwide.2 SARS-CoV-2 is a new
member of the beta genera of genus Coronavirus.1 The virion
comprises a single positive-strand RNA enveloped by a lipid
bilayer with sphere-like shape. Among various virial proteins,
the so-called spike (S) protein protruding from the lipid bilayer
plays an important role in the invasion of host cells and in
antibody binding.3−7 Binding of the receptor binding domain
(RBD) of the S protein to the human angiotensin-converting
enzyme 2 (hACE2) protein initiates entry of the virus to the
host cell.8,9 Therefore, over the past two years, a lot of
experimental10,11 and computational12−15 studies on the RBD-
hACE2 interaction have been performed.
In November 2021, a newly emerging variant called

Omicron (B.1.1.529) was reported as a variant of concern.16

This variant encodes a large number of genomic mutations
including 32 mutations in the S protein17 (Table 1). The
outbreak of the Delta variant has unleashed a devastating wave
of the pandemic,18−20 but Omicron makes the virus spread
even faster, bringing a lot of attention to its dominant role.21

Therefore, understanding the molecular mechanism underlying
the interaction of Omicron with hACE2 is very important as it

may shed light on the high transmissibility of this variant. A
large number of mutations in the S protein are expected to
drastically change this interaction, but different groups have
reported conflicting experimental results. The binding affinity
of the Omicron variant S protein to hACE2 was found to be
higher (lower the dissociation constant KD) than that of the
SARS-CoV-2 wild-type (WT) analogue22,23 (Table 2).
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Table 1. Mutations in the S Protein of the Omicron
Varianta

variant mutations
Omicron A67V, Δ69-70, T95I, G142D, Δ143-145, N211I, L212V,

ins213-214RE, V215P, R216E, 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, L981F
aResidues located in the RBD are in bold. Δ indicates deletion.
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However, Wu et al. reported that this binding affinity is
comparable to that of the WT.24 Chan et al.25 obtained KD =
22 nM, which suggests that WT and Omicron have almost the
same binding affinity if this value is compared to KD of
Omicron from Cameroni et al.22 and Wu et al.24 (Table 2).
However, when this KD value is compared with that of Zhang
et al.,23 Omicron binds more closely to hACE2.
Computational studies have also produced conflicting

results. Using an artificial intelligence model and docking
simulation, it was shown that Omicron is more contagious than
the WT virus.26,27 Omotuyi et al. performed molecular
dynamics (MD) simulations showing that Omicron exhibits
a stronger interaction with hACE2,28 but binding free energy
has not been reported. Kim et al. reported that Omicron RBD

has a higher binding affinity to ACE2 compared to the WT
using steered molecular dynamics (SMD) simulation and
experimental microscale thermophoresis.29 However, the
comparable binding affinity was obtained18 combining MD
modeling with the molecular mechanics Poisson−Boltzmann
surface area (MM-PBSA) method.
Since both experimental and computational results are

inconsistent with each other, here we attempted to calculate
the binding free energy of the WT and the Omicron variant of
SARS-CoV-2 interacting with hACE2 using the MM-PBSA
method. In contrast to previous studies,18 our all-atom model
includes glycans flanked around the RBD of S protein. We
have shown that the Omicron RBD binds to the peptidyl
domain (PD) of hACE2 more strongly than the WT.
In both implemented glycan models, electrostatic interaction

prevails over the van der Waals (vdW) interaction in binding
of the WT and Omicron to human cells. In addition, Omicron
displays a stronger electrostatic interaction with hACE2 than
the WT.
We have identified three interface regions between RBD and

hACE2 PD. The mutations help Omicron to improve
interaction with hACE2 compared to the WT in two interface

Table 2. Dissociation Constant KD of Complexes of SARS-
CoV-2 Variants and hACE2a

variant KDx (nM)
Wildtype 60.0 ± 1.4,22 13.20,23 16.6 ± 8.4,18 22.025

Omicron 25.3 ± 1.2,22 8.85,23 270.27 ± 3403.9418

aReferences to experimental studies are given.

Figure 1. (Upper) Glycan models used in this work. Magenta refers to the glycan flanking RBD, while green refers to the three glycans surrounding
hACE2. (Bottom) PDB structure of the WT RBD-hACE2 PD and Omicron RBD-hACE2 PD complexes. RBD is highlighted in orange, hACE2 in
blue, and mutations in red.
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regions, while in another region, Omicron has weaker
interaction with hACE2, suggesting that SARS-CoV-2 still
has room for improving binding affinity with human cells.
Finally, our MD simulation without glycans showed that

glycans have an insignificant effect on the binding free energy
of RBD WT to hACE2 PD.

■ MATERIALS AND METHODS

Molecular Dynamics Simulation. The RBD structure of
the SARS-CoV-2 S protein complexed with the hACE2 PD
was obtained from the Protein Data Bank (PDB) with PDB id
6LZG.30 The missing residues of this WT structure were added
by the CHARMM-GUI webserver.31−34 Four glycans are
located at residues 53, 90, and 322 of the hACE2 PD and at
residue 343 of the viral RBD. In this work, we adopted two
glycan schemes that were created using the CHARMM-GUI
web server. In a homogeneous setup, all glycans are of the
same type, while in a heterogeneous setup, glycan sites have
different glycans35,36 (Figure 1). For example, a large oligo-
mannose glycan (M8) is chosen in the homogenous scheme
because the experiment shows that high-mannose is one of the
popular glycan types of SARS-CoV-2 spike protein and human
ACE2 protein.35,37 Furthermore, the SARS-CoV-2 strain can
bind to high mannose glycan in the human body,38 and
blocking glycan synthesis at the high mannose stage reduces
ACE2 binding.39 Therefore, we investigated the effect of this
type of glycans on the binding of RBD and ACE2.
The Omicron variant was generated from WT RBD using

the CHARMM-GUI webserver. In total, we have four
complexes with two sets of glycans for each variant. The Zn
ion in the hACE2 PD of the original structure was retained.
The original structures for the WT and Omicron are shown in
Figure 1. All mutations of Omicron are presented in Figure S1
in Supporting Information.
The AMBER19SB and GLYCAM06j force fields were used

to describe proteins and glycans.40,41 The systems were
solvated in a rectangular box filled with four-point OPC
water molecules with a minimum distance of 1.3 nm from the
solute to the edge of the box.42 We used the AMBER19SB
force field and OPC water model because according to
AMBER force filed developers Tian et al.43 this choice has
better predictive power than other options for modeling
sequence-specific behaviors and protein mutations. In addition,
combining the AMBER14SB force field and the TIP3P water
model, Wu et al.24 showed that the WT and Omicron have
compatible binding affinities for hACE2, contrary to most
experimental data showing that Omicron binds more
strongly.22,23 Therefore, the TIP3P model was excluded.
To neutralize the system, Na+ and Cl− ions were added,

maintaining the salt concentration at a physiological level of
0.15 M.

The GROMACS 2021.3 package was used for MD
simulation. The solvated systems were minimized using a
steep descent algorithm for structure relaxation. The system
was then equilibrated in NVT and then in NPT ensembles at
300 K and 1 atm for 500 ps and 5 ns MD runs, respectively.
The v-rescale and Parrinello−Rahman algorithms were utilized
to keep constant temperature and pressure, respectively.44,45 At
the equilibration stage, the heavy atoms of the protein−glycan
complexes were restrained by a harmonic potential with a
spring constant k = 1000 kJ/mol/nm.2

To estimate the binding free energy by the MM-PBSA
method, for each system, five independent MD simulations
with a duration of 200 ns were carried out without restraints at
300 K and 1 atm. We used a cutoff of 1.0 nm for non-bonded
interactions. The PME method was used to calculate the
electrostatic interaction.46

MM-PBSA Method. In the MM-PBSA method, the
binding free energy was obtained using the following equation

Δ = Δ + Δ + Δ + Δ − ΔG E E G G T Sbind elec vdW polar nonpolar

here ΔEelec and ΔEvdW are the energies of the electrostatic and
vdW interactions and ΔGpolar is the polar solvation energy,
which is calculated using Delphi software.47 The non-polar
solvation energy ΔGnonpolar = γΔSASA, where γ = 0.0072 kcal/
mol/nm2, and SASA is the solvent accessible surface area
calculated using the gmx sasa tool in the GROMACS package
with a solvent probe radius of 1.4 Å.48 The entropy
contribution TΔS was evaluated according to the method
proposed by Duan et al.49

Hydrogen Bond. A hydrogen bond is formed if the
distance between donor D and acceptor A is less than 0.35 nm,
the H−A distance is less than 0.27 nm, and the D−H−A angle
is larger than 135°.

Side chain Contact. A contact between two residues is
formed when the distance between the centers of mass of their
side chains is ≤6.5 Å.

■ RESULTS AND DISCUSSION
Omicron Variant has Higher Binding Affinity than the

Wild Type. Root mean square displacement (RMSD) relative
to the initial structure was calculated using the atomic
coordinates of Cα atoms of the S protein RBD and hACE2
PD. Its time dependence shows that all complexes reached
equilibrium after 100 ns (Figures S2 and S3). Therefore, the
snapshots collected over the last 100 ns of MD simulation were
used for data analysis.
Using the MM-PBSA method, we obtained the binding free

energy ΔGbind of the WT and Omicron RBD interacting with
the hACE2 PD with two glycan models (Table 3). In the case
of a homogeneous glycan setup, Omicron has ΔGbind (−30.21
± 5.48 kcal/mol) lower than that of the WT (−18.32 ± 1.62
kcal/mol). This result indicates that the Omicron variant binds

Table 3. Binding Free Energy (kcal/mol) of the WT and Omicron Varianta

glycan model variant ΔEelec ΔEvdW ΔGpolar ΔGnonpolar −TΔS ΔGbind

homoglycan model WT −856.33 ± 3.63 −152.18 ± 9.90 990.29 ± 15.15 −24.27 ± 1.50 24.18 ± 1.29 −18.32 ± 1.62
Omicron −1645.73 ± 15.33 −144.86 ± 11.15 1752.76 ± 31.90 −23.58 ± 1.50 31.20 ± 3.06 −30.21 ± 4.48

heteroglycan model WT −952.72 ± 17.20 −159.62 ± 6.01 1086.07 ± 14.75 −26.17 ± 0.80 34.87 ± 3.41 −17.57 ± 3.12
Omicron −1909.30 ± 18.80 −153.72 ± 6.09 2029.94 ± 40.79 −25.84 ± 2.49 30.94 ± 2.37 −27.97 ± 2.91

no glycans WT −778.71 ± 25.20 −93.71 ± 5.12 842.50 ± 27.92 −14.74 ± 0.40 24.78 ± 3.34 −19.88 ± 3.27
aResults were obtained using the MM-PBSA method and snapshots of the last 100 ns from five MD runs. Errors are standard deviations. The last
row refers to the WT without glycans.
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to hACE2 more strongly than the WT, which is consistent with
the experiment of Cameroni et al. and Zhang et al..22,23 This
conclusion remains also valid for the heterogeneous glycan
setup (Table 3).
Experiments showed that KD of RBD−PD complexes falls in

the nM range (Table 1), which corresponds to ΔGbind ∼ −12
kcal/mol. Therefore, the absolute value of the binding free
energy predicted by the MM-PBSA method is much larger
than the experimental value, implying that this method is good
for evaluating the relative binding free energies but not their
absolute value. The same has been mentioned in previous
studies.50,51 By combining coarse-grained models52 with
umbrella sampling, reasonable results can be obtained for the
absolute value of ΔGbind and KD,

53 but coarse-grained
modeling is not sensitive enough to describe effects of
mutations.
Using the same MM-PBSA method and AMBER19SB force

field, Wu el al18 showed that the WT and Omicron have
comparable binding affinities, contradicting our results. Here
are some of the reasons for this difference: we used the four-
point OPC water model, while Wu et al. used TIP3P; we took
into account glycans that were neglected by Wu et al.
Electrostatic Interaction Plays a Crucial Role in the

Stability of the RBD-PD Complex. The electrostatic
interaction between S protein and ACE2 dominates over the
vdW interaction in all complexes of hACE2 and SARS-CoV-2
RBD (Table 3). For the WT and homogeneous glycan model,
Eelec = −856 kcal/mol, which is much less than EvdW = −152
kcal/mol. For the Omicron variant, the role of the electrostatic
interaction becomes even more pronounced because for the
same glycan model, we have Eelec = −1645 kcal/mol and EvdW
= −145 kcal/mol (Table 3). This conclusion is also valid for
the heterogeneous glycan model. The dominant role of the
electrostatic interaction is related to the fact that both PD of
hACE2 and RBD are charged. The charge of hACE2 PD is
−27e, while the charge of WT RBD is +3e and of Omicron
RBD is +6e. Thus, the higher binding affinity of Omicron is
due to the increased attractive electrostatic interaction.
Impact of the Glycan Model on the Interaction

Energy Between RBD and hACE2 PD. We divided the
interaction energies between the viral RBD and hACE2 PD
into protein and glycan parts (Table S1). In both glycan
models, the energy contribution of proteins dominates over
that of glycans.
In the homogeneous glycan model, hACE2 glycans have a

stronger vdW interaction with WT RBD (−42.88 kcal/mol)
than Omicron (−10.34 kcal/mol) (Table S1, Figure 2). The
electrostatic interaction between hACE2 glycans and Omicron
RBD glycans is repulsive (41.59 kcal/mol), while hACE2
glycans have an attractive electrostatic interaction with the WT
RBD glycans (−12.36 kcal/mol). The interaction energy of
RBD glycans with hACE2 protein (≈ 50 kcal/mol) is higher
than that of WT glycans (≈ 4 kcal/mol), which implies that
RBD glycans reduces the binding affinity of Omicron to a
greater extent than the WT.
In the case of the heterogeneous glycan model, the

interaction energies between RBD and hACE2 glycans are
equivalent within errors for the WT and Omicron (Table S1,
Figure 2). Similarly, the difference in interactions between
RBD glycans and hACE2 protein is insignificant for the WT
and Omicron. The interaction energy between RBD and
hACE2 glycans is larger than that in the homogeneous model.
The protein part of the Omicron RBD has a significantly lower

non-bonded interaction energy with hACE2 glycans (−465
kcal/mol) than the WT (−230 kcal/mol) (Figure 2). These
results suggest that the influence of glycan models on specific
components of the interaction energy between the RBD and
hACE2 is important. However, the effect of glycan models on
the difference in the binding affinity of SARS-CoV-2 variants
to hACE2 is insignificant (Table 3).
We calculated the percentage of SASA of glycans in relation

to the total SASA (Table S2). The area covered by hACE2
glycans in the Omicron case is clearly larger than that in WT in
both glycosylation models. The enhanced SASA ratio indicates
greater exposure of ACE2 glycans to solvent in the case of
Omicron. However, RBD glycans have the same coverage in
both variants, which is probably due to the fact that the RBD
has only one glycosylation site at residue N343. Thus, the
Omicron variant strongly alters the orientation of glycan
molecules of hACE2 but not the RBD.

Important Residues in Binding of Viral RBD and
hACE2 PD: Strong Effects of Glycan Models and
Importance of Electrostatic Interaction. We calculated
the contribution of RBD residues to the interaction energy
with hACE2 for the WT and Omicron (Figure 3). Residues

that have an absolute value of the interaction energy ≥150
kcal/mol are listed in Table 4 and their positions are shown in
Figure S4. Glycan models have a noticeable effect on the per-
residue distribution of interaction energies (Figure 3). In the
homogeneous glycan model, the number of RBD residues that
have an interaction energy below −150 kcal/mol is 26 for the

Figure 2. Energy of RBD glycan-hACE2 glycan, RBD protein-hACE2
glycan, and RBD glycan-hACE2 protein interactions.

Figure 3. Interaction energy for individual residues. The blue line
refers to 150 and -150 kcal/mol.
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WT and 18 for Omicron, while in the heterogeneous model,
these numbers are 18 and 21, respectively (Table 4). The
number of residues with an interaction energy exceeding 150
kcal/mol is also different for the two glycan models.
To investigate the effect of mutations in Omicron, the

difference between the per-residue energies of Omicron and
WT (EOmicron − EWT) was calculated (Figure 4). In the

homogeneous glycan model, the difference between the WT
and Omicron is seen for many RBD residues with large energy
fluctuations. However, in the heterogeneous model, the energy
difference has a sharp peak at a much lower number of
mutations, again showing that the glycan model drastically
affects the interaction energies of RBD with hACE2 across
residues.
For the homogeneous glycan model, not only mutated

residues but also other RBD residues contribute to the
different stability of the WT and Omicron (Figure 4).
Mutations G339D, K417N, G446S, and G496S destabilize
the complex, while S373P, N440K, T487K, E484A, Q493R,
Q498R, and Y505H stabilize it, highlighting the importance of
mutations that change charge. Namely, G339D and K417N
reduce the net charge, resulting in a weaker interaction
between Omicron and hACE2. In contrast, N440K, T487K,
E484A, Q493R, Q498R, and Y505H increase the total charge,
promoting an attractive interaction of the RBD with the
negatively charged hACE2.
In the heterogeneous glycan model, the pattern of per-

residue interaction energies is much simpler than that in the
homogeneous case (Figure 4). Interestingly, only the mutated
residues in the RBD play a primary role in the energy

difference between the WT and Omicron as in the
homogeneous setup, the mutations G339D and K417N
weaken the interaction between RBD and hACE2 by
increasing the non-bonded interaction energy in Omicron
compared to WT. In addition, mutations N440K, T478K,
E484A, Q493R, Q498R enhance the binding affinity, but the
mutations S371L, S373P, S375F, G446S, S477N, G496S,
N501Y, and Y505H have a negligible effect. The effect of
G339D and K417N mutations on the binding energy is less
than that caused by N440K, T478K, E484A, Q493R, and
Q498R mutations, leading to the stronger binding of Omicron
to hACE2.
Finally, we try to understand why WT and Omicron are so

different in the homogeneous model but look almost identical
in the heterogeneous model (Figures 3 and 4). The difference
between the two glycan models can be explained taking into
account the fact that the stability of the RBD-ACE2 complex is
governed by electrostatic interaction. Since in the presence of
glycans, an additional electrostatic interaction between RBD
and ACE2-glycans dominates (Figure 2), we will focus on this
interaction. In the heterogeneous model, this interaction is
strong and attractive because the charge of ACE2-glycans is
large and negative (−2.4 e) (see Table S3). Therefore, this
strong interaction should not significantly change the pattern
of per-residue interaction energies of RBD-ACE2 (Figures 3
and 4) because for RBD-ACE2, the electrostatic interaction is
also dominant without glycans.
In contrast, for the homogeneous model, the electrostatic

interaction between RBD and ACE2-glycans is weak because
the charge of ACE2-glycans is small (0.6 e) (Table S3).
Therefore, the contribution of this term to the per-residue
interaction energies of RBD-ACE2 can be considered as small
fluctuations that lead to the noisy patterns shown in Figures 3
and 4.

Important Residues at the RBD-hACE2 Interface. To
investigate the contribution of residues located at the RBD-
hACE2 interface to the complex stability, we calculated the
interaction energy of RBD residues that form side-chain
contact with hACE2. In the homogeneous glycan model, the
number of these residues are 20 and 18 for the WT and
Omicron, respectively (Figure S5). For the heterogeneous
setup, we have 25 and 19 residues for the WT and Omicron,
respectively. Using snapshots from the last 100 ns of MD
simulation, we can show that the population of side-chain
contacts formed by these residues with hACE2 varies from a
few % to ≈50% (Figure S5). This population is sensitive to
glycan models, but is generally greater for Omicron than for
WT, implying a higher binding affinity of Omicron.
For clarity, we divide these residues into red, green, and

yellow regions as shown in Figures 5 and 6 (see also Figure
S5). With the homogeneous glycan model, the contribution of

Table 4. Residues of RBD That Have an Absolute Interaction Energy with hACE2 PD ≥ 150 kcal/mol

glycan model system residues that have an interaction energy ≤ −150 kcal/mol residues that have an interaction energy ≥150kcal/mol

homogeneous WT R319, R346, R355, K356, R357, N360, P384, K386, R403, R408,
K417, N422, K424, P426, L441, G446, N450, L452, L455, R457,
K462, N487, L492, S494, G496, Q506

T323, N334, E340, N354, N370, S373, T385, N394, E406,
D420, D427, D428, T430, N437, D442, Y451, P463, E484,
C488, Y495, Q498, E516, T523, P527

Omicron R319, R346, R355, K378, R403, R408, K424, K440, K444, R454,
R457, K458, K462, R466, K478, R493, R498, R509

D339, E340, D398, D405, E406, D420, D427, D428, D442,
E465, D467, E471

heterogeneous WT R319, R346, R355, K356, R357, K378, K386, R403, R408, K417,
K424, K444, R454, R457, K458, K462, R466, R509

E340, D364, D389, D398, D405, E406, D420, D427, D428,
D442, E465, D467, E471, E484, E516, P527

Omicron R319, R346, R355, K356, R357, K378, K386, R403, R408, K424,
K440, K444, R454, R457, K458, K462, R466, K478, R493, R498,
R509

D339, E340, D364, D389, D398, D405, E406, D420, D427,
D428, D442, D465, E467, D471, E516, P527

Figure 4. Difference between the interaction energies of Omicron and
WT residues (EOmicron − EWT) for homogeneous (upper) and
heterogeneous (bottom) glycan models.
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these regions to the total energy is −212.38 and −508.15 kcal/
mol for the WT and Omicron, respectively. In the
heterogeneous glycan scheme, these contributions are
−202.84 and −870.43 kcal/mol. Therefore, the contribution
of the interface area to the stability of RBD−hACE2 is
significant.
For the homogenous glycan model, the red region of

Omicron (Figure 5) has a weaker interaction with hACE2
(−71.20 kcal/mol) compared to WT (−217.85 kcal/mol)

(Table 5). This effect corresponds to a decrease in the
hydropathy index from 3.1 for the WT to −2.1 for Omicron
(Table 5), indicating that the red region of the WT is more
hydrophobic than Omicron. In particular, the S477N mutation
attenuates the interaction between the RBD and hACE2 from
−58.81 (WT) to −17.04 kcal/mol (Omicron) (Figure 5). In
the green region, the mutation Q493R dramatically increases
the interaction between the two molecules from 128.39 (WT)
to −356.90 kcal/mol (Omicron). This effect occurs because

Figure 5. Alignment of the WT RBD (blue)-hACE2 (gray) and Omicron RBD (orange)-hACE2 (wheat) complexes. For clarity glycans have been
removed. RBD residues that have a side-chain contact with hACE2 residues are enclosed in large red, green, and yellow boxes for the homogeneous
glycan model. The labels of RBD residues and their interaction energy with hACE2 are shown in small blue and orange rectangles for the WT and
Omicron, respectively.

Table 5. Average Total Interaction Energy, Total Hydropathy,60 and Total Charge of RBD residues That Have a Side-chain
Contact with hACE2a

glycan model variant region average total energy (kcal/mol) hydropathy charge (e)

homogeneous WT red −217.85 3.1 0
green −268.30 −0.1 0
yellow 76.67 −6.4 0

Omicron red −81.28 −2.1 0
green −367.11 −1.5 1
yellow −368.14 −6.7 1

heterogeneous WT red −71.20 −1.7 0
green −34.70 −2.2 0
yellow −96.94 −9.1 0

Omicron red −58.73 −5.2 0
green −357.97 −1.5 1
yellow −453.73 −6.7 1

aData are divided into 3 regions red, green, and yellow.
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the R amino acid has a positive charge (+e) while the Q amino
acid is neutral. In contrast, the G496S mutation weakens the
interaction (Figure 5). L455 is not mutated, but in WT, this
residue has a lower interaction energy than in Omicron. Thus,
the total interaction energy of residues in the green region of
WT (Figure 5) is −268.30 kcal/mol which is higher than
−367.11 kcal/mol of Omicron. In the yellow region (Figure
5), the mutations Q498R and Y505H enhance the interaction
between RBD and hACE2 while N501Y weakens it. Like the
Q493R mutation, the great energy change by Q498R is due to
the positive charge of the R amino acid. The energy of the
residues in the yellow region is 76.67 kcal/mol in the WT,
while for the Omicron variant, it is −368.14 kcal/mol.
Therefore, although Omicron has a weaker interaction in the
red region, it interacts much strongly with hACE2 in other
regions, which explains why KD of Omicron is lower compared
to that of WT, as observed in experiments of Cameroni et al.
and Zhang et al.22,23

For heterogeneous glycans, mutations in Omicron have the
same effect in the red, green, and yellow regions as in the
homogeneous setting (Figure 6). The contribution to the
complex stability from the red region of Omicron is lesser than
that from the WT, while the opposite effect takes place in the
green and yellow regions (Table 5). Similar to the
homogeneous glycan model, the S477N mutation promotes
the RBD−hACE2 association by reducing the interaction

energy from −3.50 to −20.25 kcal/mol. Furthermore, the total
interaction energy of the red region in Omicron (−58.73 kcal/
mol) is higher than that of the WT (−71.2 kcal/mol). In the
green region, the Q493R mutation enhances the stability of the
complex since the interaction energy of R493 is −373.35 kcal/
mol for Omicron versus −38.09 kcal/mol of Q493 for WT.
Therefore, due to this mutation in the green region, Omicron
has a notably lower interaction energy than WT (Table 5). In
the yellow region, Q498R plays the same role as in the green
area.
Thus, the interaction energies of residues at the RBD-

hACE2 interface depend on glycan models, but both studied
models exhibit the same trend, which is that compared to the
WT, Omicron has a higher interaction energy in the red
region, while a lower energy is observed in the green and
yellow regions. This suggests that due to evolution, a new
SARS-CoV-2 variant may have a higher binding affinity,
resulting in faster infection than Omicron should it has
mutations in the red region.

Glycans Have a Little Effect on the RBD-hACE2
Binding Free Energy. So far, we have discussed four systems
with glycans covering both the viral RBD and hACE2 PD. In
order to access the influence of glycans on the binding free
energy, we performed five independent MD runs of 200 ns
each for the RBD-hACE2 WT without glycans. Using the last
100 ns snapshots of the five MD trajectories and the MM-

Figure 6. Same as in Figure 5 but for the heterogeneous glycan model.
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PBSA method, we obtained ΔGbind shown in the last row of
Table 3. For the WT without glycans, we have ΔGbind =
−19.88 ± 3.27 kcal/mol, which does not differ greatly from
−18.32 ± 1.62 to −17.57 ± 3.12 kcal/mol of the WT
surrounded by homogeneous and heterogeneous glycans,
respectively. Thus, glycans have weak influence on the stability
of RBD-hACE2 WT. This conclusion is expected to be valid
for the Omicron variant.
It must be emphasized that the effect of glycan on viral

attachment to host cells is not entirely clear. Our MM-PBSA
result is consistent with the experimental study of Allen et al.
showing that the glycans play a limited role in the SARS-CoV-
2 RBD and human ACE2 binding.54 However, computational
studies of Mehdipour and Hummer,55 Zhao et al.,37 and Barros
et al.56 demonstrated that glycans in ACE2 are important in
RBD binding. The difference between our results and those of
these groups may be due to different force fields and systems
used. Although all the groups used the same force field for
glycans, for protein and ions, we used Amber19SB and the
OPC water model, Mehdipour et al.55CHARMM36m and
TIP3P, and Zhao et al.37Amber14SB and TIP3P, while
Barros et al.56CHARMM36 and TIP3P. Our group and
Barros et al.56 studied the same RBD−ACE2 complex without
membranes. However, Mehdipour et al.55 considered B0AT1−
ACE2−RBD in complex with the viral membrane, while Zhao
et al.37 considered that the RBD dimer interacts with
homodimeric membrane-anchored ACE2. Therefore, more
experimental and computational work is needed to elucidate
the role of glycans in RBD-ACE2 stability.

■ CONCLUSIONS
Using MD simulation and the MM-PBSA method, we
obtained the binding free energy of the WT and Omicron
variant of SARS-CoV-2 to the hACE2 PD, which shows that
Omicron binds more tightly than the WT. This result can be
invoked to explain the high infection rate of the Omicron
variant. The electrostatic interaction was found to rule the
stability of the viral RBD−hACE2 PD complex. Since hACE2
PD is negatively charged, the increase in binding affinity is due
in part to an increase in the overall charge of the RBD from
+3e (WT) to +6e (Omicron).
The influence of the glycan models studied in this work is

twofold: the per-residue interaction energies are sensitive to
the glycan scheme, but the binding free energy does not
depend on it. Whether this conclusion holds for other glycan
models or not requires a further study.
We demonstrated that N440K, T478K, E484A, Q493R, and

Q498R mutations play a crucial role in the high binding affinity
of Omicron to human cells. After a detailed analysis of residues
located at the human cell−virus interface, we predict that the
emergence of a new variant with a higher infection rate
compared to that of Omicron is still possible. Such a variant
should have mutations in the red interface region indicated in
Figures 5 and 6.
After submitting the article, we learned that several cryoEM

structures of the Omicron spike protein have been published
including structures with PDB ID 7TEI,57 7TLY,58 and 7T9J.59

We calculated RMSD between our Omicron RBD model
generated with CHARMM-GUI and these structures (Figure
S6). We got RMSD = 15.11, 4.55, and 8.09 Å for 7TEI, 7TLY,
and 7T9J respectively. The main difference in RMSD is related
to the N-terminus (Figure S6), which does not belong to the
RBD−ACE2 interface (Figure 5). Thus, we expect that the use

of the cryoEM structure should not change our results, at least
qualitatively.
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