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Abstract

The protein responsible for the first steps of SARS-CoV-2 cell invasion, the spike protein, has
received much attention in light of its central role during infection. Computational approaches
are among the tools employed by the scientific community in the enormous effort to study this
new threat. Molecular dynamics (MD) in particular, has been used to characterize the function
of the spike protein at the atomic level and unveil its structural features from a dynamic
perspective. Here, we review the main findings of MD studies on the spike protein, including
flexibility of the stalk region, the role of the glycans on the surface of the S protein, the effect
of mutations on biding to ACE2, the change from the down conformation to the up

conformation, and progress in drug repurposing.
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MD simulations of the Sars-Cov-2 spike protein

Introduction
The year 2019 signalled the start of the worldwide outbreak of Coronavirus Disease (Covid-

19) from the coronaviridae SARS-CoV-2 virus, which counts around 360 million cases around



the world with more than 5.6 million certified deaths (WHO dashboard, 27 January 2022).
Coronaviridae is an enveloped positive-stranded, non-segmented RNA virus with a genome of
about 30 Kb.[1] Coronaviridae are responsible for cardiovascular, hepatic, respiratory,
gastrointestinal and neurological diseases, with major symptoms associated with a hyperbolic
expression of proinflammatory signals and cytokines such as interleukins, interferon-gamma
(IFN-y), interferon-gamma induced protein 10 (IP-10), macrophage inflammatory protein 1A
and 1B (MIP-1A, MIP1-B), platelet-derived growth factor (PDGF), tumour necrosis factor
(TNF-a), and vascular endothelial growth factor (VEGF).[2]

The SARS-CoV-2 infection mechanism depends on the transmembrane spike protein
(S protein, Figure 1a,d),[3, 4] a highly conserved structure amongst the coronaviridae tfamily
responsible for extracellular binding and cell membrane fusion.[5] It characterizes the shape of
this family of viruses, giving it the “solar” crown aspect[4] they are named after. The SARS-
CoV-2 strain shows a selective affinity for the angiotensin-converting enzyme 2 (ACE2, Figure
la) receptor, a type 1 transmembrane protein with an external peptidase domain normally
responsible for the conversion of angiotensin hormone into angiotensin I1.[6]

The S protein has aroused the interest of medical and pharmaceutical research, to
prevent infection and reduce the burden of clinical intervention. It is a homotrimer class I fusion
protein, with each protomer composed of domain S1 and S2 (in the prefusion conformation,
Figure 1a).[7] The SI1 structure is responsible for binding ACE2 (Figure la-c), before the
conformational change in the stalk-like structure (Figure la,d) of the S2 subunit[8] and the
subsequent membrane fusion after the cleavage of S1 from S2 by the host transmembrane
protease serine 2 (TMPRSS2).[4] The cleavage of the inter-region domain S1/S2 (Figure 1a,d)
allows for S2 structural conformation changes necessary for membrane fusion and post-fusion
structure adaptation.[5] In the S1 ectodomain (Figure 1d), the apical portion of the S protein,
composed of the receptor-binding domain (RBD), the N-terminal domains (NTDs) and two C-
terminal domains (CTDs), folds in a hairpin motif that protects the prefusion conformation of
S2 from the external environment.[9] A distinguishing feature of the SARS-CoV-2 strain is an
insertion in the protease S1/S2 cleavage site region, rich in arginine, which configures a furin
recognition site, commonly found in highly virulent influenza viruses.[10]

Several S protein structures have been determined through cryo-electron microscopy
(cryo-EM) and X-ray crystallography (Figure 2). These include the inner S1 and the external
S2 domains, and indicate two different states in the RBD domain, named “up” and “down”, the
former determining an active state favourable to ACE2 binding (Figure la-c). For S1 to bind

ACE2, the RBD must undergo a conformational hinge movement, exposing the hydrophobic



region in an “up” conformation state.[11, 12] The coronaviridae family has a distinctive
morphology characterized by a spherical virion with a diameter of 91 + 11 nm measured at the
membrane, on whose surface there are 24 +£ 9 S trimers unevenly distributed with a prevalence
of 97% of trimers in "down" conformation[13] at room temperature. The RBD is responsible
for ACE2-specific binding through an ensemble of 16 well-conserved residues directly
interacting with the receptor[14] (Figure la-c). Three different sites (Figure 1c), named
according to which part of ACE2 they bind, can be distinguished. Site 1 (identified by residue
GIn498, Thr500, Asn501, Tyr505) and Site 3 (Asn487 and Phe486) binds to the al helix C
(GIn24 and Thr27), while Site 2 (Arg403, Tyr453, Leud55, Phe456, and GIn493) binds to the
centre of the helix (Asp30, Lys31, His34, Asp38) which is slightly bent outwards, exposing
polar amino acids for interaction.[15] The RBD is an important target for the prevention or
treatment of the SARS-CoV-2 infection.[4, 16] Post-translational N- and O-glycosylation mask
the S protein epitopes from immune system recognition.[17] A recent cryo-EM derived S
protein model revealed that 44 out of 66 potential sites are found to be heavily N-glycosylated

in the ectodomain region (Figure 1a).[7]
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Figure 1. The S protein is the first promoter of SARS-CoV-2 internalization. a) Overall
architecture of the complex between S protein (prefusion conformation, cyan) and ACE2
(violet); glycans on S protein are in van der Waals spheres; the relative positions of the plasma
and viral membranes are reported. b) Magnification of the S1 ectodomain (glycans removed
for clarity); the RBD in the up conformation is responsible for binding ACE2. ¢) Magnification
of the interface between the RBD and one of the ACE2 monomers; the interactions can be
divided according to the relative position into Sites 1 to 3 (red circles). d) Fully glycosylated S
protein (https://charmm-gui.org/?doc=archive&lib=covid19) with the S1 and S2 units




highlighted; B) The N-terminal domain (NTD), receptor binding domain (RBD), C-terminal
domain (CTD), S1/S2 cleavage site, fusion peptide (FP), heptad repeat 1 (HR1), heptad repeat
2 (HR2), transmembrane Domain (TM ), cytosolic domain (CD) are reported. Glycans are

shown in licorice.
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Figure 2. S protein structures deposited in the protein data bank. a) Spike protein
structures released and ordered according to month and year of publication from the Protein

Data Bank;[18] b) S protein structures only, ordered according to resolution.

Molecular dynamics (MD) is a computational technique that simulates the evolution over time
of (bio)molecular structures. It represents a state-of-the-art tool for biophysical studies and
structure-based drug design[15] as it describes the positional changes of the atoms of a
chemical system that explicitly includes water, ions and other biological components such as
protein, membrane, nucleic acids,[19] allowing the conformational exploration of biological
structures. The evolution over time is simulated by integrating Newton’s classical equation of
motion for each atom of the system. The result of this many-particle motion is a trajectory,
from which it is possible to extrapolate thermodynamic, kinetics, and physical properties
through statistical mechanics.[20] One of the advantages of MD is to overcome the unnatural
rigidity that characterizes X-ray crystallography and cryo-EM structures, allowing the
investigation of possible cryptic (hidden) binding pockets, allosteric effects, and structural
changes in response to binding.

In this review, we recapitulate the MD studies that have expanded our knowledge of
the SARS-CoV-2 S protein flexibility and antibody recognition and summarise their

contribution to drug repurposing campaigns.

Molecular dynamics simulations uncover the S protein flexibility

Since the first cryo-EM structures of the S protein became available to the scientific
community, it has been possible investigate the conformational changes and the dynamic
processes involving the S protein through MD simulations. One of the limits of the S protein
structure experimentally determined is the scarcity of structural information about the post-
translational glycosylation, due to the high dependency on the organism used for protein
expression. To address this aspect, Woo and his group modelled a set of complete and fully
glycosylated (Figure 1) S protein structures[21] in accordance with Wrapp et al.’s suggestion
of the S protein glycosylated in 44 out of 66 possible sites in the ectodomain region.[7]

A study by Choi and co-workers,[22] showed that the S1 domain displays structural
compactness, while the stalk is characterized by two flexible portions, at the heptad repeat 2
(HR2) linker and the heptad repeat transmembrane portion (HR2-TM) respectively. Such
findings are in line with the experimental observation that the S protein can tilt up to 90° toward

the membrane, with inclination of 48° (to the membrane normal) being most likely to occur.



Such movements might favour ACE2 binding.[23] Through the use of nontargeted parallel
cascade selection MD (nt-PaCS-MD), the variational approach to Markov processes (VAMP)
analysis indicated distinct conformational changes in cleaved SARS-CoV-2-spike models at
the level of residues Val705—Asp1146 and residues Ser816 —Asp1146.[24] These changes are
necessary to expose the fusion peptide (FP) and rearrange the region between residues 11e818
— Val826 of the FP into an outward facing helical structure which might mechanically initiate
membrane fusion.

MD studies of SARS-CoV-2 have indicated accentuated flexibility compared to its
predecessor SARS-CoV in segments of the RBD implicated in the molecular recognition of
ACE2, more precisely in the region comprising residues GIn474-Gly485, Cys488—Phe490,
and Ser494—-Tyr505 (Sars-Cov-2 numbering) of the RBD, which enhances binding to the ACE2
receptor.[25] MD simulations were used to appraise the effect of mutations such as Asn501Tyr
and Glu484Lys, which improved the binding to ACE2 by —4.5 and —1.3 kcal/mol respectively,
as determined by free energy perturbation (FEP). The flexibility of RBD in the "up"
conformation has been proposed as a determinant for the high propensity of SARS-CoV-2 to
reach ACE2, giving rise to the high infectivity associated with SARS-CoV-2.[25] Interactions
not observed in the static cryo-EM or X-ray crystal structures but observed in MD simulations
involve residues Ile21, GIn24, Thr27, Phe28, Asp30, Glu35, Asp38, Ala80, Met82, and Tyr83
of ACE2.[26] A study by Barros ef al.[27] indicated that ACE2 presents great motility when
in contact with S protein. This favours a rotation of the catalytic zinc-binding peptidase domain
(PD) along the transmembrane domain axis. This large shift was enhanced by five glycan
residues bound to Asn53, Asn90, Asnl103, Asn322, and Asn546 of ACE2, with Asn53 involved
in both intramolecular homodimer and heterodimer contacts.[27, 28] Williams and co-
workers[29] suggested that in the RBD:ACE2 interaction pattern, residues Phe486, Asn487,
and Tyr489 are responsible for the adaptive flexibility of RBD in establishing strong
interactions with ACE2. At the same time, this study demonstrated how mutations in that RBD
sub-region are crucial in the selective pressure of the virus, altering the flexibility of RBD and
interfering in intra-monomer interactions within the RBD.[29] From a geometric perspective,
effective interaction between SARS-CoV-2-spike and ACE2 would occur at an angle of
inclination between the apical portion of RBD "up" and ACE2 of at least 52°.[30] Such MD
results indicated that RBD “up” conformations have a large degree of manoeuvre to achieve
sufficient residue exposure for ACE2 binding.

An intriguing quantum-mechanics/molecular mechanics (QM/MM) analysis,

performed on an MD trajectory that included the residues on the RBD binding motif (RBM)



and ACE2, proposed the importance of the hydrogen bonds involving Gly502, Lys417,
Asn487, Thr500, GIn493, and Tyr505 on S protein RBD in strengthening the molecular
recognition necessary for the infectious mechanism.[31] These findings suggested that
hydrogen bonding may be considered as the major contributor for selective pressure for SARS-
CoV-2 and should be taken in consideration as a key aspect for further molecular analysis or
drug development.

Furthermore, MD models can describe the effects of mutations on the binding energies
between proteins or ligands in a predictive way, anticipating drug design strategies or
describing concerning viral variants. A study from Luan et al.[32] estimated the effect of the
Asn501Tyr mutation, which engaged the hydrophobic benzene ring on residue Tyr4l on
ACE2. Using FEP, Luan’s results indicated an increased affinity for the ACE2 receptor due to
an increase in the binding affinity. Such mutation on Tyr501 shifts RBD’s orientation upward
toward ACE2, engaging with both residues Tyr41 and Lys 353 on the receptor, favouring a
bound state.

Interestingly, based on observations on the prognosis of smokers, Oliveira et al.[33]
investigated the possible engagement between S protein with nicotinic acetylcholine receptors
(nAChRs). The authors hypothesize that molecular recognition between RBD and nAChRs can
contribute to the hyperinflammatory effects observed in Covid-19. MD and molecular
mechanics Poisson-Boltzmann surface area (MM-PBSA) analysis identified a Proline-
Arginine-Arginine-Alanine (PRRA) motif on the RBD between residues Try674 to Arg685,
capable of recognizing different nAChRs. Oliveira’s work suggested that the binding between
RBD and nAChRs could exacerbate the inflammatory response, while nicotine could alleviate

Covid-19 hyperinflammatory effects.

Molecular dynamics simulations to explore rare S protein conformational changes

Large protein conformational rearrangements usually take place in the millisecond or second
time scale, far beyond the time simulated in MD, which is usually within tens of microseconds.
The implication of this is that rare conformational changes can be missed. It is, therefore,
necessary to apply enhanced or adaptive sampling algorithms to overcome this intrinsic
limitation of the sampling that can be achieved. From this perspective, weighted ensemble
(WE) MD allows sampling rare events,[34] drastically increasing the computational efficiency.
With WE, multiple simulations are run in parallel and the trajectories that explored new values

of a metric decided a priori (a distance between atoms in the simplest case) are retained and



replicated, thus minimizing the randomness of conformational exploration. By using the WE
path-sampling strategy, Sztain et al.[35] were able to simulate the transition state of RBD from
"down" to "up", uncovering the crucial role of several glycan residues in allosterically
stabilizing the “up” state. While Asn165 and Asn264 shield the RBD, acting as an “up” state
stabilizer, Asn343 pushes the RBD to the final “up” state by interacting with residues Phe490,
Tyr489, Phe456, and Arg457 on the interaction portion of the ACE2 binding motif.[35] An
approach combining WE and artificial intelligence (Al) was adopted by Casalino et al.[36] to
evaluate metastable conformations during the binding between fully glycosylated S protein and
ACE2.[36] This confirmed the role that the two N-glycan residues linked to Asnl165 and
Asn234 have in modulating the dynamics of the S protein's RBD, contributing to the axial
mobility of ACE2 while triggering the opening of the RBD in a “hand jive” motion. Yao and
co-workers,[37] analysed the molecular architecture of SARS-CoV-2, from cryo-electron
tomography (cryo-ET) and subtomogram averaging (STA), highlighting the complex
composition of N-glycans, which is the result of unions between branched oligomannose and
hybrids units. Such complex glycan ramification also appears to be present on Asn234, whose
allosteric role in the conformational change of RBD from “down” to “up” has been
demonstrated by Amaro et al.[35]

In a separate study, all-atom steered MD (SMD) forced the RBD from “down” to “up”
and highlighted the conformational changes that occur during the breaking of the salt bridges
between RBD and the neighbouring protomers with the hydrogen bonds that keep RBD in an
inactive “down” state.[38] These intramolecular salt bridges, Lys378-Glu988 and Lys386-
Asp985 within the S2 domain, and Glu516-Lys202 within the NTD are mainly responsible for
the inactive "down" state of the monomers and prevent the interactions with ACE2. Data
obtained through targeted molecular dynamics (TMD) have shown how glycans on RBD
residues Asnl65, Asn234, and Asn343, can act as position locker for the active “up”
conformation,[39] stabilizing a set of interdomain salt bridges involving Lys417, Arg408, and
Lys378. Furthermore, glycans on Asn165 and Asn234 were proposed as shielding the epitopes
(Figure 3), while locking RBD in the “up” state.[40]

A remarkable effort was made by Zimmerman et al,[41] to explore drastic
conformational changes through Markov-state models (MSMs) combined with the
computational power provided by “citizen-scientists” from the “Folding@home” project

(http://foldingathome.org), Very long time scale simulations, in conjunction with the FAST

algorithm, described drastic conformational changes on the S protein which opened the RBD



from its “down” to the “up” state, while the RBD domain twisted outward, exposing new

cryptic epitopes (see below).

Hide and seek: the hunt for epitopes through MD

Access to the S protein epitope(s) is necessary for antibody binding (Figure 3).[42] From this
standpoint, long MD simulations might unveil cryptic epitopes. Sikora et al.[42] performed an
extensive simulation of four S proteins embedded in a membrane, for a total of 2.5 ps. The
resulting trajectories were analysed through simulated illumination analysis and rigid docking
of the antibody CR3022. In the illumination analysis, randomly oriented rays emanated from a
half-sphere at the centre of mass of the S protein. Rays are then absorbed by the first heavy
atom they meet within 1.5 A. Single S protein structures are collected every 10 ns. To evaluate
the shielding effect of glycans, the analysis was replicated without their presence. The results
indicated that glycans reduce the S protein accessibility up to 80%, with the most marked effect
occurring in the stalk region close to the viral membrane. An interesting ab initio epitope
mapping method was used by Serapian et al.[43] Possible epitopes were classified according
to the coupling energy with the rest of the structure, which identifies sites on the S protein
surface which are at lower binding energy levels and could possibly be energetically preferred
bound states. This method suggested that residues forming an epitope prefer to form molecular
interactions with external elements.[43] The data agrees with the experimentally detected
epitope recognized by antibodies CR3022, 4A8, S309, and EY6A.

The use of small molecules or cosolvents as probes in MD simulations (mixMD)
increases the chance to discover cryptic niches or epitopes on the surface of a protein. Through
MixMD it is possible to map interesting interaction sites by considering the frequency of
contacts between protein and probe, resulting in a volumetric map. Using a concentration
around 1-5% cosolvent usually improves the sampling of hot spots for interactions without
denaturing the protein. Pyrimidine (Py), acetonitrile, and isopropanol were used to discover
possible docking niches on the interface between RBD and ACE2, to inspire the drug design
of antagonists or antibodies.[44] Py showed the most relevant volumetric maps within the RBM
that spans from residue GIn498 to residue Tyr505. Knowledge of these types of interactions,
in conjunction with molecular mechanics with generalised Born surface area solvation (MM-
GBSA) analysis, lead drug design processes and virtual screening in concordance with
experimental data from antibodies, has suggested a set of new molecules (DB02651, DB03714,
DB08248 and DB14826) as possible RBD interaction modulators.



RDB ltupll

RDB “down”

Ab and PDB ID
——— HO014 (7CAl)
=== Fab 2-4 (6XEY)
e MNb6 (7KKL)

S protein

ectodomain E=====3 (105 (6XCN)

———— B38 (7BZ5)

Figure 3. Human antibodies can bind to different S protein epitopes. The binding position
of five human antibodies on the surface of the S protein, coloured according to the legend.
Antibody names and protein data bank database IDs are reported in the legend. The S protein

is represented in white surface, with the RBD in red.

Computer-aided drug repurposing to tackle COVID19: the role of molecular dynamics
simulations

A possible strategy to overcome barriers in the research and development of new active
compounds is through drug repurposing of existing formulations for a different therapeutic
indication. Drug repurposing is usually characterized by a substantial variation from its original
use. Since the COVID-19 outbreak, the alarming spread of the virus and the gravity of the
infection led the scientific and medical community to seek rapid responses. A huge drug
repurposing effort was put in place,[45] worldwide, to shorten as much as possible the approval
time of therapeutics against SARS-CoV-2 validated targets. Necessarily, the S protein has been
one of the most investigated COVID-19 therapeutic targets due to its unique function and
central role in the early stage of infection.

The general idea behind targeting the spike protein is to act as a preventive defence
against infection, with the intent of minimizing the risk of triggering a potentially dangerous
over-reaction of the immune system, reducing de facto the burden on the public health sector.
In May 2020, news about the efficacy against COVID-19 of hydroxychloroquine (HCQ)
originated in China, and the use of HCQ and azithromycin (ATM) was indicated as a possible
front-line treatment. Simulations indicated that HCQ and ATM would have a synergistic effect

in the treatment of the infection, where HCQ acts as a competitive binder against gangliosides,



another proposed receptor for the S protein, and ATM interacts with the tip of SARS-CoV-2-
spike.[46] Although these results seemed promising, the outcomes of clinical trials appeared
highly controversial and the hypothesis of adopting the combined HCQ and ATM therapy has
been abandoned.

To face the threat of SARS-CoV-2 and its mutations, including the British (alpha)
variant,[47] large companies such as Pfizer BioNTech and AstraZeneca[48, 49] have
developed vaccines capable of activating an immunogenic response against the S protein. A
global vaccination campaign has started, with more vaccines currently under development all
around the world.[50] However, as low-income countries struggle to have access to vaccines
and immunosuppressed and allergic subjects cannot take advantage of the protection offered,
alternative therapeutic approaches are still needed. Also, despite the high efficacy of vaccines,
the full compliance of the population of high income countries is yet to be reached, due to the
limited knowledge of the long-term effects of new mRNA technologies and their
implementation.[49, 51] In this scenario, drug repositioning could bring many advantages in
terms of risk control and unwanted side effect management — because repurposed drugs have
already passed safety assessments. Understandably, antiviral agents were among the first
agents to be tested against COVID-19. This approach led to the approval of remdesivir as the
first treatment for hospitalized patients,[52, 53] but not without controversies, due to uncertain
outcomes of many clinical trials.[54]

The general approach to drug repurposing ideally starts with three steps: identifying the
candidate molecule to generate the hypothesis, preclinical studies of the candidate molecule,
and evaluation of efficacy in phase Il clinical trials.[55] A wide set of computational techniques
and software, which falls under the category of computer-aided drug design (CADD), is
routinely used during the first step of drug repurposing to pinpoint potential drug candidates.
CADD includes a plethora of ligand-based and structure-based approaches, involving target
structural validation, binding energy evaluation in both static and dynamic models, and
pharmacokinetics prediction. Long MD simulations have become a state-of-art computational
tool in CADDJ[15] as they represent the best tool to validate in silico results of molecular
docking and virtual screening campaigns. Here we report insights from MD simulations applied
to the discovery of potential drugs able to interfere with the binding between RBD and ACE2.
Only molecules tested both in vitro and in silico are reported.

One of the first computational work on SARS-CoV-2 proposed denopamine (Table
1A), bometolol, and rotigaptide as possible inhibitors of S protein-ACE2 binding.[56] The

authors tested denopamine in vitro, observing a diminishing of RBD binding at denopamine



concentrations > 100 uM.[57] An in silico study highlighted simeprevir and lumacaftor as
putative RBD binders.[58] Lumacaftor (Table 1B) was subsequently proved to weakly bind to
S protein with an ICso of 84 +£4 uM, although showing a good inhibition profile in Vero-E6
assays.[59] Simeprevir (Table 1C) reduces the cellular viral load, synergizing with Remdesivir,
but this effect was attributed to a direct action on the main protease and the RNA-dependent
RNA polymerase (RdRp).[60] Post-docking MD simulations identified KT203, BMS195614,
KT185, RS504393, and GSK1838705A (Table 1G-H), five compounds from the Sigma-
Aldrich library of pharmacologically active compounds (LOPAC), as potential binders of the
S protein.[61] A retrospective MD investigation on arbidol (Table 1I), a therapeutic agent
approved in China and Russia for influenza, showed an inhibitor effect on the original SARS
spike protein;[62] they proposed arbidol intercalated between different spike protein subunits,
and so affecting the trimerization of the S protein.[63] Docking and MD simulations performed
by ourselves[19] and others[64] proposed Nilotinib (Table 1J) as a potential binder of the RBD
or disruptor of the RBD-ACE2 complex. The anti-SARS-CoV potential of nilotinib was first
reported in 2016 in the early stages of infection by inhibiting viral fusion at the endosomal
level.[65] A couple of years later further results pointed out an action of nilotinib and other Abl
kinase inhibitors, on the virus-cell membrane fusion.[66] In a recent study, the ECso of imatinib
was quantified as 1.44 pM and 3.06 uM in Vero-E6 cells and human respiratory cells
respectively.[67] Therefore, no experimental evidence for imatinib binding to RBD has been
reported. The same goes for nafamostat, which we suggested as a putative RBD binder,[19]
but it is proposed to act as a transmembrane serine protease 2 (TMPRSS2) inhibitor in the low-

nanomolar range.[68, 69]

Table 1. Summary of the drugs, recently identified as protective against SARS-CoV-2 in vitro,
proposed as RBD binders by MD simulations.
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Denopamine: cardiotonic drug acting as an Lumacaftor: used for the treatment of cystic fibrosis in

agonist at B1 adrenergic receptor; used in the patients that present the F508del in the CFTR (cystic

treatment of angina[70] fibrosis  transmembrane  conductance  regulator)
proteins;[71] ICso of 84 =4 uM towards the S protein




Simeprevir: inhibitor of the hepatitis C virus GSK1838705A: inhibitor of the insulin-like growth factor-
(HCV) NS3/NS4A protease [72] 1 receptor (IGF-IR), insulin receptor and anaplastic
ICso of 9.6 + 2.3 uM towards the MP™ and an lymphoma kinase (ALK)[73]

ICso value of 5.5 £ 0.2 uM towards the RdRp

(RNA-dependent RNA polymerase)[60]
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BMS195614: antagonist of the retinoic acid KT185: inhibitor of o/B-hydrolase domain-containing 6
receptor (RAR) [74] (ABHD®6) in the brain and liver of mice [75]
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RS504393: antagonist of the CC2 chemokine KT203: inhibitor of ABHD6 activity in the liver of mice
receptor [76] [75]
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Arbidol: used as treatment for influenza and Nilotinib: a BCR-ABL tyrosine kinase inhibitor used for
other respiratory infections in Russia and China the treatment of chronic myelogenous leukemia (CML)[77]
[63]

Perspectives for Targeting the Spike Protein

Although the worldwide effort to discover approved drugs to repurpose against the SARS-
CoV-2 S protein, to date no MD-based study has delivered working hypotheses resulted in
clinical trials. Open access COVID-19 drug repurposing databases[78, 79] are a precious
source of information but do not consider potential therapeutic agents proposed in silico, thus,
there is a coordination gap between theoretical and experimental scientific communities.[80]
From a technical perspective, the amount of MD sampling to confirm molecular docking
predictions has been generally limited to the time scale of few tens of nanoseconds and this has
probably produced numerous in silico false positives, undermining the credibility of
computation studies. Simulations over tens or few hundreds of nanoseconds showing a docking
complex as stable should not be faithfully trusted. For example, a molecule with a residence
time of few microseconds (way longer than usual MD post docking simulations) and an
optimistic binding kon of 10" M"!s"! would have a kinetic affinity of about 102 M and therefore
would not be a binder despite the indication provided by MD.

The discrepancy between the time scale of the real world and the simulated models can
be partially overcome with end-state methods such as the MM-PBSA or MM-GBSA,[81]
which can quantify the binding free energy using short MD simulations. However, the accuracy
of these methods is system dependent and usually best suited for comparisons between
congeneric ligands[82] rather than very different chemotypes, as is usually required by
repurposing strategies. Enhanced MD sampling techniques such as metadynamics[83] speed
up the time required to dissociate docking complexes and allow estimation of the stability of

the bound ligand; these techniques can therefore aid in recognising docking false positives.



We screened in silico more than 2000 approved small molecules.[19] After the docking
and post docking MD simulations of the best-ranked compounds docked in situ to the RBD,
we performed a further step consisting of simulating the encounter of the RBD and ACE2 in
the presence of the best compound observed, cefsulodin, bound to RDB. Despite the stability
displayed during the cefsulodin / RBD simulations, ACE2 easily displaced the proposed ligand
in half of the supervised MD (SuMD|[84, 85]) replicas. Increasing the complexity of the
modelled system highlighted the limit of common computational protocols for correctly
selecting small molecules able to hinder the recognition between S protein and ACE2.
Therefore, dynamic approaches that consider the formation of the ternary systems between S
protein, ACE2 and the potential binding inhibitor should be routinely considered. Besides this,
structure-based drug repurposing strategies should take into account the fully glycosylated S
protein and the discovery of allosteric sites on the RBD to overcome the possible
undruggability of the binding surface for ACE2. The extreme flexibility of the glycans on the
surface of the S protein and the effective steric hindrance they offer affect the ability of
antibodies or potential therapeutic molecules to bind to a sufficiently exposed epitope.[86] To
combat this, Haji-Ghassemi ef al. suggested searching for drugs to target this shield[87] this is

a different approach from the traditional protein-oriented one.

Conclusion
As a state-of-the-art computational technique, MD has been employed to interrogate the
structure and function of the S protein at the atomic level to understand how the S protein’s
inherent flexibility modulates the binding to ACE2 receptors and, therefore, SARS-CoV-2
virulency. MD suggested unexpected flexibility in the stalk region of S2, the role of glycans
on the S protein surface, and the contribution of single residues on the RBD to the interactions
with ACE2. MD indicated important dynamics and structural elements such as the minimum
angulation required for molecular recognition between ACE2 and RBD, the effects of
mutations on the binding capacity of the S protein, as well as the structural and protective role
of glycans. Through MD it was possible to understand the motions that open RBD from the
"down" to "up" conformation before ACE2 recognition, revealing numerous cryptic pockets
that are possible targets of new drugs.

As a future perspective, we believe there is scope for an increasingly important
contribution of MD in the study of Antibodies and their rational development as therapeutic
agents. Also, MD contributed to rationalizing in vitro data on potential S protein binding

antagonists, but with limited utility in drug repurposing. Approaches to address COVID-19



start to fade away from drug repurposing and the S protein to more classic rational strategies
to target functional viral proteins, as demonstrated by the main protease (Mpro) inhibitor
nirmatrelvir, the first oral anti-COVID-19 drug approved by FDA. In this scenario, it is
plausible that MD will regain a central role in aiding the development of future new classes of

therapeutics against SARS-CoV-2.
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