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ABSTRACT

The negative impact of infectious diseases like COVID-19 on public health and the global economy is
evident. This pandemic represents a significant challenge for the scientific community to develop new
practical analytical methods for accurately diagnosing emerging cases. Due to their selectivity and sen-
sitivity, new methodologies based on antigen/antibody interactions to detect COVID-19 biomarkers are
necessary. In this context, the theoretical, computational modeling reduces experimental efforts and
saves resources for rational biosensor design. This study proposes using molecular dynamics to predict
the interactions between the Receptor Binding Domain (RBD) of the SARS-CoV-2 spike protein simpli-
fied model and a set of highly characterized antibodies. The binding free energy of the antigen/anti-
body complexes was calculated for the simplified models and compared against the complete SARS-
CoV-2 ectodomain to validate the methodology. The structural data derived from our molecular
dynamics and end-point free energy calculations showed a positive correlation between both approxi-
mations, with a 0.82 Pearson correlation coefficient; t=3.661, df = 3, p-value = 0.03522, with a 95%
confident interval. Furthermore, we identified the interfacial residues that could generate covalent
bonds with a specific chemical surface without perturbing the binding dynamics to develop highly
sensitive and specific diagnostic devices.
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1. Introduction a challenging task, and accurate data acquisition on the
spread and infectivity of the virus is essential for the popula-
tion diagnosis and adequate distribution of government
resources to provide an effective solution to the pandemic.

To achieve that, we depend on synergy among various areas

The recent highly pathogenic SARS-CoV-2 coronavirus out-
break towards the end of 2019 (C. Wang et al., 2020; Zhou
et al., 2020a) has caused a global public health emergency

with almost two hundred million confirmed infections and
more than four million deaths worldwide (World Health
Organization, 2020). Early detection of the infection has been

of science.
The current widely used technique to detect SARS-CoV-2
is the quantitative reverse transcription-polymerase chain
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Figure 1. Complete and simplified model of the SP spike proteins of the SARS-CoV-2 virus. A. The complete ectodomain of SP-2, considering the transmembrane
region. B. Simplified model of SP-2, regarding the crystal structure 6YOR and a fragment antibody.

reaction (qRT-PCR) (Chu et al., 2020; Corman et al, 2020).
This technique requires trained staff, intense standardization
work, and specialized equipment, making it challenging to
implement in remote places or developing countries. Also,
early symptoms in COVID-19 patients are not deterministic
due to asymptomatic carriers and the similarity with other
respiratory infections such as influenza (Won et al, 2020).
Therefore, highly sensitive and specific diagnostic methods
are essential in distinguishing and controlling new COVID-19
cases (Zhu et al., 2020; Zuo et al., 2017).

For adequate COVID-19 detection, selecting a biochemical
indicator must be accurate (Carter et al, 2020). Some work-
ing groups have targeted efforts to isolate neutralizing-SARS-
CoV-2 antibodies (Fab) from convalescent individuals.
However, recent reports on variants from India indicate that
new strains are resistant to neutralization with these pro-
duced antibodies from convalescent individuals and insensi-
tive to monoclonal antibodies derived from vaccination
(Planas et al., 2021). Therefore, the quick identification of
reactive antibodies is a relevant theme in mitigating now-
adays global pandemic.

Fabs could be used as scaffolds for the design and devel-
opment of biosensor technologies (Huo et al., 2020; Ju et al,,
2020; Pinto et al., 2020). A typical target of such antibodies is
the viral Spike Protein (SP), a trimeric complex of ~20nm in
length, which binds to the angiotensin-converting enzyme 2
(ACE2) in human host cells (see Figure 1A) (Hoffmann et al.,
2020; Walls et al., 2020; Q. Wang et al., 2020; Wrapp et al,,
2020; Zhou et al., 2020b).

The SP proteins contain two subunits: the ST subunit con-
tains two main structural elements, the receptor-binding
domain (RBD) and the N-terminal domain (NTD). The S2 sub-
unit is responsible for the virus-cell membrane fusion after
the RBD domain activates the ACE2 receptor (Hoffmann
et al,, 2020). There are various reports about the binding cap-
acity of different antibodies capable of neutralizing the RBD
domain (Huo et al., 2020; Walls et al., 2020). In these studies,
since the RBD is a critical factor to determine the tropism
and infectivity of SARS-CoV-2, the neutralization of SP protein
is the primary goal to prevent and control the spread of the
disease (Hoffmann et al., 2020; Souza et al., 2020; Walls et al.,
2020). Unfortunately, recent clinical reports argue that
inmuno-detections methods for SARS-CoV-2 spike protein
showed cross-reactions against Dengue virus (Henrina et al.,
2020; Lustig et al., 2021; Masyeni et al., 2021; Quental et al.,
2021; Santoso et al., 2021); the clinical challenge is a current
topic among medical and scientific communities to provide
accurate diagnosis and treatment (Bicudo et al., 2020).

Compiling the available information about the previously
mentioned protein-protein interactions, we propose using
molecular dynamics techniques on simplified models to pre-
dict antibody-antigen interaction between the RBD domain
and available antibodies. These methods are necessary to
reduce time and computational resources in understanding
systems where many molecular interactions are involved
(Forssen et al.,, 2020; Jarocka et al.,, 2014; Urban, 2000). Our
working group has contributed to the elucidation and
description of bioelectrochemical interfaces assisted by



molecular dynamics simulations (Vidal-Limon et al, 2021)
and the influence of an electrical field in the behavior of
rotavirus VP6 protein coupled on a current collector (Garcia-
Garcia et al,, 2019). We aim to use molecular dynamics and
end-point free energy calculations on specific and reported
antibodies, optimize the algorithms and restrict the calcula-
tions to the atoms involved in the molecular interactions.
This work describes the binding free energy between
selected antibodies and the complete trimeric structures of
SARS-CoV-1 (SP-1), SARS-CoV-2 (SP-2) spike protein ectodo-
main, and the SP-2 simplified model (see Figure 1B). We
looked for similar tendencies and correlations between the
whole and simplified systems. The validation of our method-
ology includes using the Fab S230 antibody, previously
described for SP-1 as a negative control. The complete and
simplified models of SP-2 showed similar behavior when Fab
$230 was present in the simulation.

Moreover, the linear correlation between the binding free
energy of complete and simplified models showed a Pearson
coefficient of 0.82, suggesting that simplified models repro-
duce the behavior of the complete ectodomain. It is important
to outline that using whole viral structure models to describe
full dynamics and interactions (Casalino et al., 2021) may be
challenging in computational cost, mostly in developing coun-
tries. Thus, herein we propose an alternative methodology to
achieve similar results in significantly less computation time.

2. Methods and computational tools

2.1. Construction and refinement of three-dimensional
models of available spike proteins and antibodies

The protein structures corresponding to the complete spike
proteins of the SARS-CoV-2 in complex with well-known anti-
bodies (PDB 6XEY (Liu et al., 2020), 6XCN (Barnes et al., 2020))
and simplified structure of SARS-CoV-2 (PDB 6YOR (Huo et al.,
2020)) were taken from the PDB database (RCSB Protein Data
Bank). Spike protein of the SARS-CoV-1 virus in complex with
Fab S230 (PDB 6NB6 (Walls et al., 2019)) was also simulated. The
SP structures and antibodies were prepared with the routine
‘Protein Preparation Wizard' (Schrodinger Maestro v. 2019-4) to
avoid steric hindrances and identify missing atoms. The selec-
tion of the antibodies considers the most extensively studied
and representative structures available in the literature. The
protonation states of the amino acid residues of the studied
proteins were analyzed with the PropKa routine (Olsson et al.,
2011) and maintained at pH 7. Finally, 75 A cubic systems fully
solvated with TIP3P waters were built to contain the complete
systems (trimers-antibody) and neutralized with Na™ or CI~
counterions. The models were built with the tleap tool of
Ambertools19 from the Amber18 software package using
ff14SB, ff19SB, GAFF, and Glycam forcefields (Case et al., 2018).

2.2. Accelerated molecular simulation and free energy
calculations

The models mentioned above were simulated with Gaussian
accelerated molecular dynamics (GaMD) (Miao et al.,, 2015;
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Miao & McCammon, 2017), which describes and reweight
potential energy hypersurfaces by adding boost potentials to
the potential energy and dihedral angles. Both systems were
minimized for 10,000 steps with the Conjugated Gradient-
Steepest descent mixed algorithm and heated for 5ns of
molecular dynamics under NPT collective with integration
times of 1 fs. After that, both systems were pre-equilibrated
for 50ns in NPT with integration times of 2 fs. The complete
systems were simulated along 100ns with an integration
time step of 2 fs. In contrast, the simplified models were
simulated in triplicate for 500 ns. A dual acceleration scheme
imposed by Gaussian flooded potentials on total potential
energy and dihedral was applied to complexes to evaluate
conformational changes during simulations.

The antibody-antigen free binding energy for each com-
plex was calculated by the MM/GBSA method using an impli-
cit solvent model to recover the contribution of each residue
to the formation of the antibody-SP-2 complex. Two rounds
of calculations were performed: 1) the complete systems dur-
ing all frames and 2) the simplified models during all frames
of the production of accelerated molecular dynamics.

The MM/GBSA method (molecular mechanics combined
with the Poisson-Boltzmann or Generalized method of con-
tinuous solvation) has been widely used to estimate binding
affinities to the ligand in many systems.

The free energy of a state is estimated from the following
sum:

AG = Ebind + Eele + Evaw + Gpol + Ggas—TS (1)

Where, the first three terms are MM energy terms from
bonding (bond, angle, and dihedrons), electrostatic, and Van
der Waals interactions. G, and Gg,s are the polar and non-
polar contributions to the free solvation energies. Gy is typ-
ically obtained by solving the PB equation or using the gen-
eralized Born model (GB, which provides the MM/GBSA
approach). At the same time, the non-polar term is estimated
from a linear relationship with solvent-accessible surface area
(SASA). The last term in the equation is the temperature (7)
at 298K, multiplied by entropy (S). The dielectric constants
for the solvent and solute were set to 80 and 5, respectively
(Genheden & Ryde, 2012, 2015). The calculations were carried
out with the Amber18 CUDA version software package and
cpptraj program (Roe & Cheatham, 2013). All graphics were
prepared with R Statistical package v. 4.0.1.

3. Results and discussion

3.1. Design of simplified model: Structural comparison
between complete and simplified systems

The intermolecular interactions between a set of proteins
conforming protein-protein complexes are governed by vari-
ous physicochemical properties that determine the affinity
between the components. To describe all the forces involved
in the interaction between the spike proteins SP-1 and SP-2,
corresponding to the SARS-CoV-1 and SARS-CoV-2, respect-
ively, we simulated by molecular dynamics the complete
models from the available PDB crystal structures.
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Figure 2. RBD Simplified models in complex with different fragment antibodies. A. SP1-Fab $230. B. SP2-Fab $230. C. SP2-Fab 3022. D. SP2-Fab S-2-4. E. SP2-
Fab C105.
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Figure 4. RMS Deviation of SP-1 — S 230 simplified model along 500 ns simulation. A. Ca RMS Deviation of SP-1 — S 230 RBD simplified model. B. RMS Deviation

distribution of the simplified model.

For the SP-1 protein, the crystal model contained a dimer
of the Fab 5230, which shows interaction with the RBD in
the open state configuration. This same antibody was tested
against SP-2. Figure 2A-B shows the simplified models of SP-
1 and SP-2 with the Fab S230, and Figure 2C-E shows the
simplified SP-2 protein modeled with different anti-
body fragments.

The protein simulation of complete and simplified models
allowed the calculations of changes in atomic position,
speed, and acceleration. The calculated RMSD for the com-
plete model of SP-1 - Fab $230 show similar mean values
between the three subunits of SP-1, ranging between 2 and
4 A, while the average values for the Fab S230 increase up to
6 A in during the simulation due to the transient interaction
with the RBD domain (Figure 3A-B).

The calculated RMSD of the simplified model of SP-1 -
Fab S230 showed a slight increase in the atomic positions of
the RBD domain of the SP-1 protein compared to Fab S230
(Figure 4). This result may be due to the 10% representation
of the whole structure of SP-1 RBD ectodomain (only 197
amino acid residues, in contrast to the 1133 amino acid resi-
dues of the complete system). The ectodomain structure is
assembled in the form of a trimer, providing mechanical sup-
port for the exposure of the RBD in the open state configur-
ation; and the interdomain interactions between the
connecting and transmembrane domains for the anchoring
to the viral membrane. These results indicate that the simpli-
fied model preserves the structure and dynamics of the
exposed residues of the RBD domain and could be used as
an initial model to understand the intermolecular forces that

control the virus-antibody interaction. Additionally, in the
supporting material, we report the RMS deviations of the
complete and simplified model of the complexes SP-2 - Fab
3022. RMSD values of the three subunits of SP-2 (Figure S1)
are between 4 and 6A. In the case of the simplified model
of SP-2, the calculated RMSD showed similar values as
Fab 3022.

3.2. Free energy calculations of antigen-antibody
interactions

In several reports, structures from long-term simulations are
commonly used since the atoms in the system had the time
to equilibrate with solvent and surrounding ions (Genheden
& Ryde, 2012). In the equilibration process, the water mole-
cules, ions, and molecular partners couple their motions
resulting in lower RMSD and potential energy. In this man-
ner, an equilibrated system results in less energy and coord-
inate fluctuations during the theoretical thermodynamic
cycle of the end-point free energy calculations. Recent work
in SARS-CoV-2 spike protein dynamics, in the microsecond
time scale, demonstrated that long simulations reflect the
dynamic behavior of the viral protein on its interaction with
ACE2 receptor (Casalino et al., 2021), although the complex-
ity of the whole viral protein and complete membrane sec-
tion of ACE2 receptor.

The homology models available on the CHARMM-GUI ser-
ver (Jo et al, 2008; Woo et al., 2020) allowed us to analyze
the interaction between antibodies and SP-2 protein systems.
These systems use the 6NB6 crystal of the SP-1 trimer as a
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Table 1. Energy terms decomposition of the complete SP-1 and SP-2 ectodomain systems in complex with different antibodies.

Energy Terms (Kcal - mol~")*

Complex Vdw Elec GB Surf AG Gas AG Solv AG Total AAG
SP-1 - Fab S230 —157.33+1241 —440.22+60.14  550.10+56.45 —2249+1.83 —597.55+76.89  —2249+5.25 —69.94£6.97 -
SP-2 - Fab S230 —65.13+16.90 —167.65+5874  233.12+50.23 —3.05+0.98 —283.11+£65.53 212.79+49.87 —23.38+245 46.56
SP-2 - Fab 3022 —101.68+31.41 —289.68+130.63 325.81+95.80 —14.068 +2.88 —391.58+128.77 311.74+£94.37 —89.83 +£3.64 —19.89
SP-2 — Fab S-2-4 —339.40+23.93 —72136+139.10 936.21+11825 —4554+2.62 —1060.77+141.50 890.67+116.91 —170.10+15.55 —100.16
SP-2 - Fab C105 —298.01+24.01 —622.89+138.92 868.78+118.01 —40.10+2.60 —999.91+141.42 833.68+116.67 —138.88+4.66 —68.94
*Mean values in Kcal - mol™'.
Table 2. Analysis of the energy terms of the simplified models SP-1 and SP-2 in complex with their respective antibodies.

Energy Terms(Kcal - mol™")*
Complex Vdw Elec GB Surf AG Gas AG Solv AG Total AAG
SP-1 - Fab S230 —180.40+21.44 —32147+2327  32733%13622 —26.70+231 —459.39+£155.85  346.11+89.37 —136.16+37.58 -
SP-2 — Fab S230 —146.71+28.44 —170.97+41.94 17636+£28.99 —20.75+1.12 —64.68 £ 4.69 111.88 +£28.41 —82.80+33.22 53.36
SP-2 — Fab 3022 —193.75+83.65 —522.75+9.65 47589+11049 —2645+11.98 —667.02+221.73  447.98+98.55 —305.16+22.65 —168.99
SP-2 - Fab S-2-4 —339.01+20.86 —722.89+86.54 938.78+89.87 —45.10£3.25 —1061.91+99.12 893.68+87.33 —368.23+16.88 —232.07
SP-2 - Fab C105 —319.22+26.14 —286.50+13.42 —376.08+11.76 122.89+2.05 —31843+£1330 —363.7+11.72 34581646 —209.65
*Mean values are expressed in Kcal - mol~" for three independent replicas.
template and incorporate the carbohydrates that generate Table 3. MM/GBSA  residue  decomposition of ~ SP-2  simplified

the particular glycosylation pattern of the SP-2 proteins. This
complete SP-2 system was modeled with Fab 3022 at 3A of
distance from the RBD domain with additional 100ns of
GaMD calculated under the same conditions described
above. Furthermore, to compare the results among the sim-
plified models, a simplified model of the RBD domain of SP-1
was constructed, and the free binding energies between the
corresponding models were calculated.

Free binding energy calculations were performed with
MM/GBSA implicit solvent methods to pick up highly select-
ive antibodies for the SP-2 proteins of the SARS-CoV-2 virus.
From the trajectories of the complete SP-1 and SP-2 systems,
various energetic terms representing the intermolecular
forces acting during the coupling of the antibodies
were calculated.

The predominant interactions in the complete systems are
the electrostatic interactions between charged amino acids
(Arg-Asp). Also, some residues can form hydrogen bonds
with the nearby amino acids of the antibodies or with the
solvent (see Table 1). The resulting free energies of the com-
plete systems are in good agreement with experimental
data. It has been demonstrated that the Fab S230 for SP-1 is
not selective for SP-2, whereas Fab S-2-4 and Fab C105 are
the most specific and highly selective against SP-2. The avail-
able antibody structures selected for this study showed a
consensus binding mode, where the Fab is coupled to the
RBD domain of SP-2.

Since the binding mode is shared between all the Fab
available structures, we propose simplified models, with a
significantly smaller atom amount than the complete system,
as probe models that reproduce the tendency in the free
energies of complete systems. Analysis of the MM/GBSA cal-
culations on simplified models showed that interactions were
overestimated for all terms, resulting in lower AG values.
This result may be due to the estimation of solvent interac-
tions, which imposes the main barrier to binding since desol-
vation represents the displacement of solvent molecules
from the interaction site. The interaction of RBD with all the
Fab was overestimated by ~2 fold. Additionally, there was

model complexes.
SP-2 - Fab 3022 complex

Residues Free energy (Kcal-mol™")
Val 282 —1.13£1.0

Lys 378 —3.28+55

Tyr 380 —152+£14

Gly 381 —1.43+0.8

Lys 386 —479+£1.2

Leu 390 —1.40+0.6

SP-2 — Fab S-2-4 complex

Residues Free energy (Kcal-mol™")
Tyr 380 —1.60+1.57

Arg 403 —2.01+£1.29

Asp 405 —1.61+£0.12

Glu 406 —0.50+0.07

Lys 417 —5.29+1.46

Arg 457 —1.46+0.63

*Mean values are expressed in Kcal - mol™" for each residue from three inde-
pendent replicas.

an increase in the local flexibility of RBD and non-restricted
movement of terminal residues due to lacking anchoring
protein, which is critical for the desolvation process (Table 2).

In comparison to in vitro systems, if the Gibbs free energy
(AG) represents the free energy of binding and K, and Ky are
the constants of association-dissociation of the receptor/lig-

and complex in equilibrium:
AG = —RTInK, = RTInKy4 (2)

When we compare the energy of 2 binders (Fab S230 and
Fab 3022) to their receptor:

AG; = RTInKg1, AG; = RTInKg, (3)
Hence:
AAG = AG,—AG; = RTIn(Kyy/Kq1) (4)
For example, when AAG =1 Kcal-mol™"y T=298.15K:
Kaz/Kg1 = 5.4 (5)

So, if AG2 - AG1=1Kcal-mol™', it means that the binder
2 is weaker than the binding energy of binder 1, then the
dissociation constant of binder 2 (Kg,) is ~5 times higher
and of less affinity than that of binder 1 (K4). In general, at
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Figure 5. Linear correlation between Free energy of binding of complete and simplified models of RBD SP-2 SARS-CoV-2. Data sets were probed with a two-sided
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25°C (298K), if the value of AAG=1.4Kcal « mol™', it would
correspond to a difference of 10 times in Kq. However, it
would be necessary to calculate the free energy of dissoci-
ation in both complexes to estimate the value of K4,/Kg; and
compare it with experimental data.

For the complete systems, we found a difference of
—44Kcal o mol™' between SP-1/SP-2 vs. Fab 5230, which
would represent a high affinity for the antibody S230, which
is not specific for SP-2 RBD (AAG Table 1). Moreover, the dif-
ference between SP-1 - Fab $230 and SP-2 - Fab S-2-4 com-
plexes showed the lowest value with —232.02Kcal mol™',
indicating that this free energy is still in good agreement
with experimentally reported data (Liu et al., 2020).

Although the values are overestimated regarding the
complete systems, the simplified models show the necessary
tendency to select higher affinity antibodies at the expense
of the precision in the AAG values (Tables 2 and 3). The
structural data derived from molecular dynamics and end-
point free energy calculations showed a positive correlation
between complete and simplified models (0.82 Pearson cor-
relation coefficient; t=3.661, df = 3, p-value = 0.03522, with
a 95% confident interval), suggesting that simplified models
reproduce the behavior of complete ectodomain (Figure 5).

3.3. Residue contribution and decomposition analysis of
the antigen/antibody interactions

MM/GBSA residue decomposition analysis was performed for
the simplified models to identify the contribution of each
residue at the interface between SP2 and the different Fabs.
Experimentally, two charged lysine residues control the com-
plex formation with the antibody through electrostatic inter-
actions with its side chains, as well as a tyrosine residue that
forms a hydrogen bond in the SP-2 — Fab 3022 complex
(Table 3). Moreover, for the lowest energy and more stable
SP-2 — Fab S-2-4 complex, the interfacial interactions are con-
trolled mainly by electrostatic attractions between charged
acidic residues. However, hydrogen bonds imposed by
hydroxyl groups to the main antibody chain reduce the des-
olvation energy term (Table 3).

Our data showed that the electrostatic interactions imposed
by Lys378 and Lys386 of the RBD domain of SP-2 are the most
important interactions with the lowest energy terms; since
Lys378 and Lys386 interact with aspartic acid residues of Fab
3022 (Figure 6A). In the complete model of SP2, Lys378 and
Lys386 also possess the lowest energy values indicating that
these amino acids play essential roles in the interaction with
this antibody. Tyr380 residue formed a hydrogen bond with
the main chain of threonine residues from the Fab and sur-
rounding water molecules (Figure 6B). Although the most pre-
dominant interactions in the other replicas were those imposed
by NH;" of Lys386 residue towards acidic residues on the sur-
face of Fab 3022, there was an exchange for Lys378 at various
times of the simulations. Because the 6YOR crystal model does
not contain more atoms of SP-2, it is expected that repulsive
interactions with the other domains play an essential role in
the binding process.

The SP-2 — Fab S-2-4 simulations showed the formation of a
bonding interface between a negatively charged patch com-
posed of acidic residues from SP-2 RBD and the side chain of
arginine residues from Fab S-2-4. This interaction is predominant
along simulation time and comprises the interactions with more
negative free energies (Figure 6C). Moreover, the formation of
hydrogen bonds with positively charged residues as Arg403,
Lys417, and Arg457, contributed to stabilizing the antibody
upon RBD. Surprisingly, Tyr380 plays a significant role in forming
antigen/antibody interface, forming hydrogen bonds with the
main chain of Fab S-2-4 during 63% of the simulation time, and
SP-2 - Fab 3022 system (Figure 6D). In the case of the complete
system, Lys417 also possesses the main energetic contribution
in this complex. However, other amino acids like Tyr380,
Asp405, and Arg457 become more energetically predominant
residues in this system than in the simplified model. Throughout
these experiments, we observed behaviors and trends in the
results that could mean an analysis guide to study the behavior
of antigen/antibody interfaces. As shown in the residue decom-
position analysis, the study region comprises the amino acids
that are the most important for antibody-antigen binding.

Since the pandemic persists and the number of variants
increases, the demand for new, sensitive, and portable detec-
tion techniques is necessary. This theoretical approach presents
an alternative methodology for further COVID-19 studies. Since
our simplified method is based on the dynamic modeling of
few atoms, compared to the whole protein structure, it can be
used for quick selection of new high-affinity antibodies, chem-
ical molecules (drug design), or even in the biosensor field
(Cerofolini et al., 2020; Eissa & Zourob, 2021). shows a feasible
biosensor design taking advantage of the information obtained
by the Fab S-2-4 simulations; further explanation of this per-
spective can be found in the supporting material.

4. Conclusions

The presented methodology is based on accelerated molecular
dynamics for structural and energetic characterization of the
binding event between SP-2 RBD and different available anti-
body structures. This method is not limited to available experi-
mental structures since homology models of antibodies can
also be analyzed, a valuable tool against the new SARS-CoV-2
variants outbreak. Despite the valuable information that can be
obtained from molecular dynamics of biomolecular systems,
like the energy involved in ligand-receptor interactions; some
limitations need to be addressed: first, the computational cost
required in routine simulations greater than dozens of micro-
seconds in length usually leads to an inadequate sampling of
conformational states. Also, the high number of particles is
often limiting for adequate sampling of the chemical space.
Moreover, if we consider the high mutation rate of the virus,
routinely simulations of whole new virus variants result in a
very demanding approach. The real benefit of this method-
ology was saving several months of computational time and a
lot of computational resources by simplifying the models from
millions to thousands of atoms.
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