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ABSTRACT: Accurate determination of binding free energy is pivotal for the
study of many biological processes and has been applied in a number of
theoretical investigations to compare the affinity of severe acute respiratory
syndrome coronavirus 2 variants toward the host cell. Diversity of these variants
challenges the development of effective general therapies, their transmissibility
relying either on an increased affinity toward their dedicated human receptor,
the angiotensin-converting enzyme 2 (ACE2), or on escaping the immune
response. Now that robust structural data are available, we have determined
with utmost accuracy the standard binding free energy of the receptor-binding
domain to the most widespread variants, namely, Alpha, Beta, Delta, and
Omicron BA.2, as well as the wild type (WT) in complex either with ACE2 or
with antibodies, namely, S2E12 and H11-D4, using a rigorous theoretical
framework that combines molecular dynamics and potential-of-mean-force
calculations. Our results show that an appropriate starting structure is crucial to ensure appropriate reproduction of the binding
affinity, allowing the variants to be compared. They also emphasize the necessity to apply the relevant methodology, bereft of any
shortcut, to account for all the contributions to the standard binding free energy. Our estimates of the binding affinities support the
view that while the Alpha and Beta variants lean on an increased affinity toward the host cell, the Delta and Omicron BA.2 variants
choose immune escape. Moreover, the S2E12 antibody, already known to be active against the WT (Starr et al., 2021; Mlcochova et
al., 2021), proved to be equally effective against the Delta variant. In stark contrast, H11-D4 retains a low affinity toward the WT
compared to that of ACE2 for the latter. Assuming robust structural information, the methodology employed herein successfully
addresses the challenging protein−protein binding problem in the context of coronavirus disease 2019 while offering promising
perspectives for predictive studies of ever-emerging variants.

■ INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), originated from Wuhan, China, in late December 2019,3 is
the virus that causes coronavirus disease 2019, or COVID-19,
which has quickly escalated into a worldwide syndemic4 and
resulted in more than 6 million casualties.5 This virion particle
is composed of a nucleocapsid, a membrane, a spike (S), and
envelope structural proteins. The cell entry is mediated
through the S protein, which can be decomposed into two
subunits, S1 and S2.6−8 The first subunit contains the receptor-
binding domain (RBD) responsible for the binding to the
human receptor, the angiotensin-converting enzyme 2
(ACE2),9,10 whereas the second subunit contains the cell
fusion machinery and serves as an anchor to the membrane. A
cleavage between the two subunits is necessary for infection
and is performed in host cells by enzymes, for example, furin,
prior to release.11,12

The virus keeps on mutating with new variants appearing on
the World Health Organization (WHO) watch list, referred to
as variants of concern (VOCs), thereby hampering the

discovery of efficient therapies.13−15 According to the Centers
for Disease Control and Prevention (CDC), VOCs are
characterized by either an increase in transmissibility; a more
severe disease (i.e., more casualties, higher hospitalization
rates); a reduced neutralization by antibodies; or reduced
effectiveness of treatments, vaccines, or detection failures.16

Several mutations that confer a higher reproduction rate
have been reported for the different variants. D614G, in
particular, is known to promote S1/S2 cleavage, allowing a
more exposed RBD, which favors binding to ACE2.17,18

However, this mutation has been found in many variants,
including all the VOCs, and cannot be the sole cause of the
fitness difference between them. In general, mutations in the
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virus can improve two properties, pivotal for higher infectivity,
namely, binding to ACE2 via its RBD6,9,10,19 or escaping the
immune response.20,21

State-of-the-art free-energy calculations could play a crucial
role in the quantitative prediction of binding affinities and,
thereupon, their comparison for the binding of different VOCs
through their RBDs to either ACE2 or a series of antibodies.
One possible route to investigate how structural differences
between VOCs affect recognition and association to the host
cell consists of assessing relative binding affinities to ACE2
through in silico point mutations22−24 by means of alchemical
transformations.25,26 For instance, one of the rigorous studies
of the mutation of N501 was performed by Fratev23 using free-
energy perturbation calculations.27−29 In this computational
investigation, the N501Y-substitution, observed in the Alpha
variant, led to an enhanced affinity by 1.8 kcal/mol compared
to that of the wild type (WT), a finding in line with that of
Pavlova et al. using a similar strategy.30 Additional predictive in
silico point mutations were carried out in VOCs, although they
are yet to be documented thoroughly at the experimental
level.6,31,32

The limitation of relative binding free-energy calculations
lies in their provision of a binding-affinity difference based on a
reference state. In other words, for a relative binding free-
energy calculation, the reference state must be known
beforehand. To circumvent this limitation, resorting to
absolute binding free-energy calculations might be desirable.
For instance, as a first step toward the quantitative assessment
of the thermodynamics that underlies molecular association,
Kim et al. turned to steered molecular dynamics (SMD)33 to
estimate the difference in binding strength for all the VOCs
available at the time of their study.34 They showed that the
force needed to separate the Alpha variant RBD from ACE2 is
the strongest among all investigated VOCs. In contrast, the
difference in the force profiles between the WT and the Beta or
Delta variant is marginal. These observations were exper-
imentally validated by Koehler et al.35 employing atomic force
microscopy,36 barring the Delta variant, which was not
considered in their study. It is worth noting that SMD can,
in principle, offer access to the binding free energy at the price
of multiple realizations in a near-equilibrium regime and
application of the Jarzynski identity,37,38 which was not
performed by Kim et al.34

Conversely, potential-of-mean-force (PMF) calculations
represent another option relying on first principles to obtain
accurate binding affinities. Garciá-Iriepa et al.39 used a 1 μs
simulation with the metadynamics-extended adaptive biasing
force (meta-eABF) algorithm40 to determine a binding free
energy of about −2.6 kcal/mol between the WT RBD and
ACE2, suggestive of a rather innocuous viral load. Ngo et al.41

estimated the energetic cost required to fully dissociate the
RBD from ACE2 to be 15 kcal/mol, while Chakraborty
obtained a binding free-energy estimate of −34 kcal/mol,42
turning to umbrella sampling43 combined with the weighted
histogram analysis method.44,45 These discrepant results, at
variance with the experimental findings,10 may be ascribed to
insufficient sampling, most notably to account for the slow
reorientation of the binding partners, as well as premature and
possibly incomplete structural data.
Another popular approach for the determination of absolute

binding free energies is provided by molecular mechanics/
Poisson−Boltzmann surface area (MM/PBSA) or molecular
mechanics/generalized Born surface area (MM/GBSA)46−50

because of its inexpensive appealing nature. However, this
methodology has proven at times to grossly overestimate
standard binding affinities.51−53 For instance, in the case of the
WT:ACE2 complex examined by Khan et al., the binding
affinity amounted to −64.0 kcal/mol,54 at variance with the
experimental data obtained by Lan et al. of −11.4 kcal/mol.10
In all likelihood, both MM/PBSA and MM/GBSA are also
vulnerable to the sampling issues and limitations of the
structural data mentioned previously.
The present contribution aims to predict from first

principles, with accurate structural data, the absolute binding
free energies between the RBD of a number of SARS-CoV-2
VOCs and (i) the ACE2 protein and (ii) neutralizing
antibodies, following the rigorous theoretical framework of
the geometrical route,55,56 to elucidate the role of point
mutations in viral contagiousness. The RBDs investigated here
are those of the WT, the Alpha variant (December 2020), the
Beta variant (December 2020), the Delta variant (May 2021),
and Omicron BA.2 (November 2021).13 The latter is known to
spread faster than Delta and was categorized as a VOC within
only a few days of its appearance.13 Omicron BA.2 has 16
mutations in its RBD alone. Such a high number of mutations
is unusual and has been predicted to change the antibody
epitopes and, therefore, to confer significantly higher immune
escape properties than the Delta variant.57

Two antibody candidates, namely, S2E12,1 a neutralizing
antibody bound to the Delta variant, dominant at the time this
investigation was initiated, and H11-D4, which is bound to the
WT,58 were chosen to examine the immune-escape properties
of the VOCs, as well as potential therapies. Additionally, the
importance of using fully glycosylated models was investigated
to assess whether the complete retinue of glycans is required to
reproduce the experimental binding affinity, considering that
these polysaccharides have proven crucial in prior studies for
recognition and association to the host cell, as well as for
escaping the immune response.59,60

■ METHODS
The following subsections briefly recap the methodology
employed in this work and its theoretical underpinnings and
describe the protocols of the simulations reported herein.
Binding Free-Energy Calculations. The formation of a

protein−protein complex involves significant conformational
changes, encumbering the ergodic sampling of configurations
within the simulation time amenable to brute-force MD.
Importance sampling algorithms61 can be used to accelerate
the sampling of rare events, such as spontaneous binding. In
these algorithms, external forces are applied onto collective
variables (CVs), which consist of essential degrees of freedom
involved in the reversible association, and can be controlled
and monitored in a simulation. For instance, to speed up the
reversible binding of two proteins, biasing forces can be
applied onto the CV of their separation, that is, the Euclidean
distance between their centers of mass (COMs).
However, considering only the distance between the two

COMs does not preclude random tumbling of the two binding
partners across the reaction pathway, slowing down the
convergence of the separation PMF calculation.61 To circum-
vent this shortcoming, appropriate restraints acting on a set of
additional CVs, representing the slow degrees of freedom of
the complex, are applied in the course of the separation, as
prescribed in the geometrical route introduced by Gumbart et
al.,56 the foundation of which can be found in ref 55. These
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additional CVs are the backbone distance root-mean-square
deviations (RMSDs) of the two proteins with respect to the
reference, native conformation, that is, in the complex, the
three Euler angles describing their relative orientation, and two
additional angles (polar and azimuth) for their relative
position. Applying geometrical restraints in the form of soft,
harmonic potentials onto these CVs is tantamount to a loss in
configurational entropy, corresponding to conformational

G( )c
site , orientational G( )o

site , and positional G( )a
site free-

energy contributions, which must be accounted for in the
computation of the standard binding free energy, both in the
“bulk” (unbound state) and at the “site” (bound state).
Therefore, the geometrical route consists of a series of
independent PMF calculations determined sequentially with
the progressive introduction of restraints as a preamble to
performing the separation PMF calculation. The binding free
energy can then be expressed as a sum of these different free-
energy contributions
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Here, r* is a point far from the binding site, where the proteins
no longer interact with each other, and ua is the sum of the
harmonic restraint potentials of polar angles θ and ϕ.
In some cases, additional RMSD restraints acting on

protein−protein interfacial side chains may be required due
to their exposure to the solvent and the possibility of their
isomerization in the course of the separation, resulting in a loss
of interaction and a progressive deterioration of the binding
free-energy estimate.56

Computational Assays. The structure of the WT:ACE2
complex was taken from the Protein Data Bank (PDB) source
6M0J.10 Our structures of the Alpha, Beta, and Delta variants
were constructed by introducing single-point mutations in the
WT RBD, namely, (i) N501Y for the Alpha variant; (ii)
N501Y, E484K, and K417N for the Beta variant; and (iii)
T487K and L452R for the Delta variant,6,63 using VMD64 and
called, respectively, Alphamodel, Betamodel, and Deltamodel.
The Omicron BA.2 variant differs significantly from its

fellow VOCs and contains 16 mutations in its RBD alone
(G333D, S371F, S373P, S375F, T376A, D405N, R408S,
K417N, N440K, S477N, T478K, E484A, Q493R, Q498R,
N501Y, and Y505H). A configurational change with a better
packing of the N-terminal chain of ACE2 in comparison to that
of the WT has been observed and could thermodynamically
favor intermolecular interactions.65 Such discrepancy with the
WT strain dictated the choice of using the experimental X-ray
structure of the BA.2 subvariant deposited in the PDB
(7ZF7).66

As glycans were shown to play an important role in
recognition and association,59,60 the consequence of their
presence on the binding affinity was also investigated in this
work. A model of the WT:ACE2 complex with full-length
polysaccharide chains was generated using a previously
constructed model (see ACE2 scheme #1 in ref 67) relying
on the initial structure 6M17.68 We note that the two
complexes in PDBs 6M17 and 6M0J are nearly identical (an
RMSD of 1.2 Å) and likely represent the same energetic
minimum. The antibody assays were prepared with the
Charmm-GUI webserver.69 Point mutations in the RBD
(viz., T478K, L452R) were introduced to generate the
S2E12:Delta complex by using the WT structure deposited
in the PDB (7R6X) as a template.1 The H11-D4:WT complex
was obtained from the PDB (6YZ5).
While the calculations with our models were ongoing, new

experimental structures for the Alpha, Beta, and Delta variants
were reported.70−72 As a measure of precaution, we checked
our models against these new structures to ensure that the
altered interfaces were consistent with all available exper-
imental data. For the Delta variant, the interacting pattern
shown by McCallum et al. was identical to ours and the
Deltamodel retained.

70 The experimental structure of the Alpha
variant was published in the PDB (7EDJ) by Yang et al.71 A
short SMD simulation was performed to correct our interface
and mirror the interaction pattern of their structure in our
Alphamodel structure. The Beta variant structure was deposited
in the PDB 7SY6 in late December 2021 by Mannar et al.72 An
alignment revealed a local rearrangement at the interface
centered about residue H34 of ACE2 in the experimental
structure and absent in our model. This conformational change
is specific to the Beta variant and is not present in other VOCs,
as documented by the authors.72 While our initial model of the
Beta variant, on the one hand, and the early structure of the
WT taken from the Covid-19 Charmm-GUI archive, on the
other hand, depart from the more recent experimental
structures, we have decided to report the corresponding free-
energy calculations to showcase the influence of the starting
structure on the binding affinity using both models (WTmodel
and Betamodel) and experimental structures (WTcrystal and
Betacryo‑EM).
MD Simulations. The macromolecular CHARMM3673

force field and the TIP3P model74 were used to describe the
proteins and the water, respectively. The zinc ion present in
the ACE2 protein was kept due to its catalytic importance in
the ACE2 function.75 The parameters of the zinc ion were
taken from the zinc AMBER force field (ZAFF)76 for a cation
chelated by two histidine and two glutamate residues,
corresponding best to the coordination pattern in our ACE2
structure.
All simulations were performed using the NAMD 3.0 MD

engine.77 All computational assays corresponded to a
physiological concentration of NaCl of 0.15 M. They were
minimized for 500 steps, prior to a 100 ns pre-equilibration in
the isothermal−isobaric ensemble, keeping the temperature
(300 K) and the pressure (1 atm) constant by means of a
Langevin thermostat78 and the Langevin piston algorithm,79

respectively. The particle-mesh Ewald algorithm80 was utilized
to handle long-range electrostatic interactions. Van der Waals
and short-range electrostatic interactions were truncated with a
smoothed 12 Å spherical cutoff. The equations of motion were
integrated with a 2 fs time step. The coordinates and force field
parameters from the pre-equilibration steps were used as
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inputs in the binding free-energy estimator 2 (BFEE2),81 a tool
for streamlining and automating the setup of binding free-
energy calculations, originally designed to tackle protein−
ligand complexes. To expand the BFEE2 applicability to
protein−protein complexes, RMSD calculations of the back-
bone of each protein were included, both in the bulk aqueous
medium and at the binding site. The importance sampling
algorithm employed for the computation of the PMFs was the
well-tempered extended adaptive biasing force algorithm
(WTM-eABF)82 as implemented in the Colvars module of
NAMD.83 The PMFs were run sequentially for all complexes,
starting from the distance RMSD of the proteins with respect
to the native conformation up to the physical separation of two
proteins. Only the bound state RMSDs of the Alphamodel and
both Beta variants required modifications of the default
parameters to address convergence issues (see the Supporting
Information for additional details). Once all the simulations
were completed, BFEE281 was invoked again for the post-
treatment of the PMFs to extract the individual contributions
of the binding affinity and to infer the final binding free-energy
estimate (see the Supporting Information for details of the
computation).

■ RESULTS AND DISCUSSION
Binding Free-Energy Calculations. The binding free-

energy estimates for the different complexes are shown in
Table 1 and nearly all match the experimental measurements

within chemical accuracy, except for the early WT:ACE2
model. The reason for the significant discrepancy between the
theoretical and experimental ΔGb° stems from local differences
between the model and the experimental structure. Since
models can miss crucial interactions, their use magnifies the
vulnerability of free-energy calculations to inadequate initial
structures and the likelihood of erroneous binding-affinity
estimates. However, in some cases, such as the Beta variant
model in complex with ACE2, the structural differences
discussed previously did not affect at first sight the theoretical
ΔGb°. Replacing key interactions with a number of poorly
predicted side-chain interactions could result in a fortuitous
cancellation of errors, with no guarantee of recovering the
correct network of nonbonded interactions and, hence, the
correct standard binding free energy. It is noteworthy that
accurate structure modeling is not only a prerequisite to the
geometrical route but also, in general, to all MD-based binding
free-energy strategies.
Comparing ΔGb° of all VOCs in complex with ACE2, it is

apparent that the Delta variant possesses the lowest binding

affinity for the receptor (viz., −9.6 kcal/mol), which is almost 2
kcal/mol weaker than that of the WT (viz., −11.5 kcal/mol)
(see Table 1). Moreover, Mlcochova et al.2 showed
experimentally that the Delta variant does not exhibit a higher
affinity toward human ACE2 than both the Alpha variant (viz.,
−11.6 kcal/mol)84 and the WT. Their findings corroborate our
calculations, from which we can conclude that the Delta
variant increases its fitness over other VOCs by relying more
on immune escape than on increased affinity. This result
explains the rapid prevalence of the Delta variant over previous
VOCs, notwithstanding the increased vaccination rate amid
the population.18,85

The Omicron BA.2 variant has been reported by both
experimental and theoretical studies to have either an
enhanced affinity or an affinity similar to that of the Delta
variant, causing some debate on the actual affinity of Omicron
for ACE2.11,86−90 Our results confirm an affinity close to that
of the WT, notwithstanding their very different binding
interfaces. As can be seen from Figure 1, the separation
PMFs for Delta and Omicron BA.2 are strikingly similar, which
could explain the uncertainty on the reported binding affinity
of the two VOCs.11,86−90

As shown in Figure 1, among all PMFs underlying the
separation of the VOCs from ACE2, Delta possesses the largest
well depth, in excess of −26 kcal/mol, which is almost 2.5
times the absolute value of the final estimate (viz., −9.6 kcal/
mol). This result underscores the importance of accounting for
all the degrees of freedom other than the physical separation of
the binding partners in standard binding free-energy
calculations. More specifically, the PMFs along the RMSDs
(see Table S6) contribute significantly to the binding affinity.
It is also worth noting that most of the computational effort
(viz., 60% of the total simulation time for the WT) was
invested in recovering the conformational entropy contribu-
tions in the bulk and at the binding site. The Alpha and model
Beta (referred to as Betamodel) variants correspond to similar
PMFs (see Figure 1). Their well depths differ by less than 2
kcal/mol. A possible reason for this discrepancy lies in using
the same initial template and the shared N501Y mutation,
which significantly increases the binding affinity, as reported in
the literature studies.19,23,30

Table 1. Computed Binding Free Energy against
Experimental Values of All Studied Complexes

complexes ΔGb° (kcal/mol) ΔGexp° (kcal/mol)

WTcrystal:ACE2 −11.5 ± 0.3 −11.410

WTmodel:ACE2 −6.7 ± 2.3 −11.410

Alphamodel:ACE2 −12.3 ± 1.2 −11.684

Betamodel:ACE2 −10.0 ± 1.2 −11.184

Betacryo‑EM:ACE2 −11.0 ± 1.6 −11.184

Deltamodel:ACE2 −9.6 ± 0.5 −9.970

Omicron BA.2:ACE2 −11.4 ± 1.3 −11.566

WT:ACE2 (full-length glycans) −10.8 ± 0.3 −11.410

S2E12:Delta −12.5 ± 0.3 −12.01

H11-D4:WT −9.4 ± 0.5 −9.958

Figure 1. PMFs obtained during the reversible separation of ACE2
and the RBD of the WT (with minimal glycans in black, fully
glycosylated in gray, and the early model in taupe) and the different
variants (Alphamodel: blue, Betamodel: red, Betacryo‑EM: orange,
Deltamodel: clear green, Omicron BA.2: dark green) or the RBD and
antibodies (S2E12:Delta: violet, H11-D4:WT: cyan). All PMFs have
been shifted so that the bound state is set to r = 0.
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Furthermore, when comparing the different free-energy
contributions for the variants (see Table S11), we notice that
orientational and positional contributions in the bound states
are both similar and small when compared to the other
contributions. The conformational and the physical separation
vary the most between VOCs. The difference in the
conformational contribution arises from the mutations that
confer differences in the inner flexibility/stability of the
proteins. The WTmodel conformational contribution is sig-
nificantly higher than that for the rest of the variants due to the
need of stronger restraints to assuage convergence issues, as
stated in the Supporting Information.
The WT:ACE2 complex structure used here is minimally

glycosylated, with only one glycan found at four glycosylation
sites on ACE2 (i.e., N53, N90, N322, and N546) and one site
on the RBD (N343). Additional glycans, while present, were
not resolved, likely due to their flexibility. To determine the
effect of full-length glycans on binding, if any, we repeated the
calculation of the binding free energy between the RBD and

ACE2 using a fully glycosylated model of the complex
constructed previously (see ACE2 scheme #1 in ref 67).
This model has 8−10 sugars at each site, the ones mentioned
already, as well as two others on ACE2 (namely, at N103 and
N432), as shown in Figure 2A. Following the same steps as in
the other calculations, we found a slightly smaller (about −1
kcal/mol) binding free energy at −10.8 kcal/mol, compared to
that of the minimally glycosylated model (−11.5 kcal/mol).
This is in subtle contrast to recent experiments, in which the
presence of glycans was found to contribute about +1 kcal/mol
to the binding (−10.3 kcal/mol for the fully glycosylated
complex and −9.7 kcal/mol for that devoid of glycans).91

Regardless, our calculated binding free energy for the fully
glycosylated complex falls within the range observed
experimentally, which spans 4kBT (−9.0,92 −10.3,91 and
−11.4 kcal/mol10).
To determine the efficiency of antibodies against SARS-

CoV-2 variants, we selected two complexes, namely, the
neutralizing nanobody H11-D4 bound to the WT58 and the

Figure 2. Representation of the binding mode of (A) WT:ACE2 with glycans, (B) WT:ACE2, (C) WT:H11-D4, and (D) Delta:S2E12.
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human antibody S2E12 bound to the Delta variant.1 The
experimental binding free energy taken as the reference in
Table 1 for the S2E12:Delta complex was inferred from a
neutralization curve reported by Mlcochova et al.,2 where the
Delta variant exhibits a behavior similar to that of the WT, thus
justifying the use of the WT experimental value for the Delta
variant in complex with S2E12. The binding poses of the
antibody complexes are shown in Figure 2. H11-D4 binds the
WT by forming several hydrogen bonds (S494:V102,
E484:S57, E484:R52, F490:S104, Q493:S104) and a salt
bridge (R52:E484). Stacking of Y449 onto N101 also
participates in the binding.58 The S2E12 binding site is
centered about P486, with a cavity lined with aromatic
residues,1 as shown in Figure 3.
The calculated binding free energies for the antibody

complexes matched the experimental data within chemical
accuracy (see Table 1). The binding affinity for the H11-
D4:WT complex amounts to −9.4 kcal/mol, which is less than
that for WT:ACE2 (i.e., −11.5 kcal/mol). These results
emphasize the insufficient neutralizing activity of H11-D4
against SARS-CoV-2 in its WT strain, at least absent for
significantly higher concentrations than those of ACE2. Huo et
al.58 reached the same conclusion based on the non-
conservation of the H11-D4 epitope between SARS-CoV and
SARS-CoV-2, from which they recommended the use of H11-
D4 in cocktails of antibodies binding different regions of
SARS-CoV-2 to boost the efficiency of the treatment. The
binding affinity of S2E12 to the Delta variant reported by
Mlcochova et al.2 was confirmed by our binding free-energy
calculations. The large ΔGb° for the S2E12:Delta complex,
amounting to −12.5 kcal/mol, is appreciably greater than that
for Delta:ACE2 (−9.6 kcal/mol). Put together, although the
Delta variant does not lean on a strong binding to ACE2, but
rather on immunity escape,2,18 the S2E12 antibody seems to be
effective against SARS-CoV-2 infection induced by the Delta
variant. Starr et al.1 showed that unlike other antibodies
examined in their study, S2E12 was able to bind to a gamut of
SARS-CoV-2 variants. They stated that its efficiency could be
linked to the scarcity of S2E12 in polyclonal sera, as well as to
the lack of evolutionary pressure by this antibody to SARS-
CoV-2. In summary, S2E12 is a therapeutic candidate that
could potentially withstand the appearance of new variants
while retaining a reasonable efficacy against the virus.93 A
recent study by Huang et al. demonstrated that among 50

monoclonal antibodies tested, S2E12 was one of only three
antibodies that retained sufficient neutralizing properties
against Omicron subvariants (IC50 < 1 μg/mL),94 confirming
our previous statement.
Protein−Protein Interaction Networks. To understand

the consequences of mutations in terms of binding affinity, we
analyzed the separation trajectories in greater detail, focusing
on the networks of interactions consisting of salt bridges and
hydrogen bonds. In our simulations, we observe the formation
of D30:K417 and K31:E484 salt bridges (see Figures 4 and 5)
in Alpha:ACE2, Delta:ACE2, and WT:ACE2 complexes when
the two proteins are in intimate contact (i.e., COM distance
<50 Å). As shown in Figure 5, the Alpha variant exhibits higher
occupancy for both salt bridges. It can partially explain why the
Alpha variant has the highest binding affinity toward the
human receptor among all VOCs. Interestingly enough, the
histograms for the Delta variant and the WT are almost similar
insofar as these two salt bridges are concerned. This
resemblance could rationalize why the affinity did not increase
when the Delta variant emerged. Our theoretical results
confirm the observation of Bhattarai et al.95 on the importance
of the presence of these salt bridges in the case of the WT and
the Alpha variants. However, these noncovalent interactions
are no longer present in the Beta variant owing to the K417N
and E484K mutations. According to the experimental data and
to our simulations, the binding free energies of the Alpha and
Beta variants are similar.84 The loss of the D30:K417 and
K31:E484 salt bridges in the Beta variant, either in the
cryogenic electron microscopy (cryo-EM) structure (referred
to as Betacryo‑EM) or in the model (Betamodel), might be
compensated by the formation of novel interactions, for
example, a salt bridge detected by Socher et al.96 between
K484 and E75. This particular salt bridge was only detected in
the case of the Betacryo‑EM:ACE2 complex and in a small
number of configurations in our separation trajectory. Luan et
al. have also observed the formation of this salt bridge after 190
ns of the simulation and reasoned that exposure to water
weakened and even broke this interaction,21 which rationalizes
its scarcity in our own simulations. This new interaction could
also explain why the loss of K31:E484 and D30:K417 did not
result in any significant decrease in binding affinity for the
Betacryo‑EM variant. This discrepancy in the detection of salt
bridges between the two Beta variant structures underscores
again the need for an appropriate starting structure.

Figure 3. Interaction interfaces of (A) antibody H11-D4 and the WT RBD and (B) antibody S2E12 and the Delta RBD, with salt bridges and
hydrogen bonds highlighted with dotted lines.
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The most important hydrogen bond interactions that
occurred at the interface between ACE2 and the different
VOCs are shown in Figure 5, where substantial discrepancies
in occupancy are visible when the partners are in intimate
contact (distance between COMs <50 Å). For instance, the
population of the E24:A475 hydrogen bond is strongly

reduced in the different variants (viz., 58% for the WT against
13, 9, 4, and 16% for the Alpha, Betamodel, Betacryo‑EM, and Delta
variants, respectively). The Beta variant model exhibits a
hydrogen-bond pattern similar to that of its Alpha counterpart
for the first three bonds (i.e., E24:A475, Q493:E35, and
G502:K353), which is another argument in favor of the

Figure 4. Interaction interface with ACE2 of (A) WT, (B) Alpha, (C) Beta, (D) Delta, and (E) Omicron BA.2 variants with salt bridges and
hydrogen bonds highlighted with dotted lines.
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similarity of the PMFs and the use of the same initial template.
The discrepant hydrogen-bond occupancy between the two
Beta structures is shown in Figure 5, which highlights a lower
occupancy for all bonds in the case of the model structure,
barring the initial one, that is, E24:ALA475. This result implies
that misplaced side chains in the model may result in a
destabilized interface and explain the ca. 1 kcal/mol difference
between their ΔGb°s (see Table 1).
The high number of mutations harbored by Omicron in the

RBD is responsible for a totally different binding interface, thus
preventing a direct comparison of interaction networks
between this variant and the other VOCs. A compensation
between favorable, for example, N501Y, and destabilizing
mutations, for example, K417N, is responsible for maintaining
appropriate binding to ACE2 while generating significant
immune escape, as revealed by structural analysis.66,97

Omicron BA.2 does not possess any of the salt bridges
previously mentioned owing to the Q493R, K417N, and
E484A mutations. However, a new salt bridge formed between
E35 and R493 was detected in our simulations. Some
hydrogen bonds were conserved when compared to the WT,
like G502:K353 and T500:D355.

■ CONCLUSIONS
The COVID-19 crisis has exerted tremendous pressure on the
scientific community to obtain fast and accurate results to help
understand and battle the SARS-CoV-2 virus. The syndemic
started over 2 years ago, and a wealth of data has been
published during this time interval. Determination of new
structures of the VOCs bound to either ACE2 or antibodies
has made possible the theoretical investigation reported herein,
offering a critical assessment of the predictive power of a state-
of-the-art methodology for protein−protein standard binding
free-energy calculations. We have applied a rigorous computa-
tional protocol leaning on the so-called geometrical route to
determine the binding free energies of VOC:ACE2 complexes,
where VOCs stand for the RBD of the WT, Alpha, Beta, Delta,
and Omicron BA.2 variants and antibodies:VOC (H11-
D4:WT and S2E12:Delta) complexes, and underscored the
importance of the contribution arising from all degrees of
freedom other than the physical separation of the binding
partners, most notably the conformational ones. Except for the
model WT:ACE2 complex, the experimental binding free
energies of all complexes were reproduced in approximately 1
μs long simulations up to chemical accuracy, emphasizing both
the robustness and the potency of the method. The Beta
variant model failed to yield the experimental affinity, albeit
falling within the kBT margin, which stems from fortuitous

cancellations of errors rooted in an incorrect starting structure.
The discrepancies between the model and the cryo-EM
structures underscore the paramount importance of the
starting point. Models�based, for instance, on simple
amino-acid replacements as well as docked structures�are
often produced in the absence of structural data but, owing to
their questionable accuracy, are of limited use, regardless of
how predictive the methodology at hand is, as was
demonstrated cogently in this work. Comparing the affinity
obtained for all VOCs, using WT:ACE2 as a reference, we
established that both the Alpha and Beta variants rely on an
increased affinity for ACE2. In contrast, the Delta variant has a
lower affinity for ACE2 and has spread widely owing to its
immune-escape properties. The Omicron variant has a binding
affinity similar to that of the WT, albeit harboring a different
interaction pattern at the interface, thereby explaining its high
degree of immune escape and the rapid prevalence of this
variant. The Alpha and Beta variants share a common
mutation, namely, N501Y, which explains, at least in part,
the resemblance of their PMFs and, thus, their similar binding
affinities. However, the Beta variant has additional specific
mutations, namely, E484K and K417N, found to compensate
each other,98 and as a result, these mutations do not
significantly affect its binding free energy when compared to
that of the Alpha variant.98 Inasmuch as the complexes with an
antibody are concerned, the present investigation indicates that
S2E12 has a strong affinity for the Delta variant and, thus,
represents a potential candidate for COVID-19 therapies,
irrespective of the variant at play, being in principle able to
withstand the emergence of new mutations.93 Notwithstanding
the vulnerability to the initial structure of MD-based free-
energy calculations, in general, and of the geometrical route, in
particular, the latter methodology, when applied rigorously,
devoid of shortcuts, constitutes a reliable approach to predict
the binding affinity of existing and ever-emerging variants of
SARS-CoV-2 toward the host cell while offering valuable
atomistic insights into the underlying recognition and
association processes.
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Figure 5. (A) Occupancy of the salt bridges in the separation trajectories for the WT and the studied variants computed at a close COM distance
(<50 Å). (B) Occupancy of the hydrogen bonds in the separation trajectories for the WT and the studied variants computed at a close COM
distance (<50 Å).
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