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ABSTRACT: Molecular simulations play important roles in understanding the lifecycle of
the SARS-CoV-2 virus and contribute to the design and development of antiviral agents and
diagnostic tests for COVID. Here, we discuss the insights that such simulations have
provided and the challenges involved, focusing on the SARS-CoV-2 main protease (MP™)
and the spike glycoprotein. MP® is the leading target for antivirals, while the spike
glycoprotein is the target for vaccine design. Finally, we reflect on lessons from this pandemic
for the simulation community. Data sharing initiatives and collaborations across the

SARS-CoV-2 main protease

SARS-CoV-2 spike glycoprotein

international research community contributed to advancing knowledge and should be built
on to help in future pandemics and other global challenges such as antimicrobial resistance.

he appearance of the severe acute respiratory syndrome

coronavirus-2 (SARS-CoV-2) in 2019 challenged scien-
tists to understand molecular mechanisms in the viral life cycle
and to contribute to developing compounds to block them. This
task became even more complex due to rapid mutation of the
virus. The COVID-19 pandemic brought scientists together'
and inspired collective effort of the molecular modeling and
simulation community to adopt a set of shared principles and
commit to open science and data sharing in this space.2 Here, we
highlight some examples of the insight provided by different
kinds of molecular simulations for two crucial SARS-CoV-2
targets: the main protease (MP*°/3CLpro, 3C-like protease),
which is the target for antiviral drugs such as nirmatrelvir, and
the spike protein, which is the target for vaccines. We also
outline how collaborations between computational and
experimental scientists enabled impactful discoveries.

A good example of a collaboration between computation and
experiment was the COVID Moonshot Project: an open science,
crowdsourced, structure-enabled drug lead discovery campaign
that aimed to provide a roadmap for the development of new
potential antivirals. This project built open knowledge bases,
accelerating discovery efforts, and was a useful information-
exchange hub, becoming an example of the potential
effectiveness of open science antiviral discovery programs. The
open science, patent-free nature of the project enabled many
collaborators to provide in-kind support, including molecular
simulations, synthesis, assays, and in vitro and in vivo
experiments. By making all data immediately available and
ensuring no need for materials transfer agreements, the research
was accelerated globally along parallel tracks.”

Other initiatives emerged worldwide in which research groups
started to work together (e.g., “the Billion molecules against
COVID-19 Challenge”) to tackle COVID-19.* The simulation
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community also benefited from the establishment of data
repositories such as those set up by MolSSI and BioExcel,” and
special allocation of computational resources by research
funders and high performance computer centers, such as
ARCHER and HECBioSim (EPSRC/UKRI), NSF, RIKEN
(Japan), and the Spanish Supercomputing Network and the
CINECA consortium, for computational projects devoted to
this threat. These actions accelerated simulation work around
the world, with consequent advances in knowledge and practical
biomedical applications.’

Molecular simulations of various types (including multiscale
methods)” can provide insight not readily available from
experiments, such as on conformational fluctuations, allosteric
binding, effects of glycosylation, and modeling chemical reaction
mechanisms within proteins. We focus here in this brief review
on two targets where molecular simulation has had a
demonstrable impact: MP®, which is the leading target for
antivirals, and the spike glycoprotein, the target for vaccine
design. Other reviews have focused on inhibitors targeting
SARS-CoV-2 MP.® Even for just these two targets, we can cover
here only a small fraction of published simulation work, and

therefore, we highlight a few representative examples.

Received: December 22, 2024 P o
Revised:  February 19, 2025 < '
Accepted: February 26, 2025 QL
Published: March 21, 2025 \Q L/

https://doi.org/10.1021/acs.jpclett.4c03654
J. Phys. Chem. Lett. 2025, 16, 3249—3263


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorenzo+Casalino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+A.+Ramos-Guzma%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rommie+E.+Amaro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Simmerling"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessio+Lodola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrian+J.+Mulholland"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrian+J.+Mulholland"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katarzyna+S%CC%81widerek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vicent+Moliner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.4c03654&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c03654?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c03654?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c03654?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c03654?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/16/13?ref=pdf
https://pubs.acs.org/toc/jpclcd/16/13?ref=pdf
https://pubs.acs.org/toc/jpclcd/16/13?ref=pdf
https://pubs.acs.org/toc/jpclcd/16/13?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c03654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

A
\
Hisa1
B (0]
B HN:@\;
\=N
H (o]
His41 NH )
0o is: H,N™ ~0 o ‘c/s\/CysMS o His41
5 N
o) I O-.. S
| HN\_\ & \l‘\l; G\H H QQ HN
= & X ° =
NH H K E-1 BN o2
H,N" YO N - _s
14 Cys145
Glng C\\ 5_-{Cys 5 G|n5\(c\6 ﬁ/ ys
"H NH-
NH H N\
. NG
N,
: o
E:S His41 Q E-12
His41 & AGC
ACC-GIn-Leu-Lys-Val-ACE (=)
:\;
GIn-Leu-Lys-Val-ACE HN\:N HN'GS e
¥ \=NH
HO M Ho
Glns_Cy S——{Cys145 C/sﬁ/Cysms
NOL Glng \
\ H STEP-4 O.-.__
\(NH }"l -— @\ “H—
NH H
. X \
' E-13

Figure 1. (A) Crystal structure of the SARS-CoV-2 MP™ dimer with nirmatrelvir docked in the active sites (PDB code 7TLL).*® (B) Schematic
representation of the molecular mechanism of the proteolysis of polypeptide Ac-Val-Lys-Leu-Gln-ACC (ACC is the 7-amino-4-
carbamoylmethylcoumarin fluorescent tag) catalyzed by SARS-CoV-2 MP™ from QM/MM simulations. Figure 1B is reproduced with permission
from ref 13, available under a CC-BY NC License. Copyright 2020 Royal Society of Chemistry.

B SARS-CoV-2 MAIN PROTEASE (MPRO)

MP™ (also called 3CLpro) is a critical enzyme in the life cycle of
the virus, essential for processing the polyproteins that are
translated from the viral RNA.” As such, they are a prime target
for antiviral drug development. MP* is a cysteine protease with a
catalytic dyad composed of Cys14S and His41, which is solvent-
exposed and thus accessible to inhibitors. MP™ cleaves proteins
directly after a glutamine residue, making it distinct from human
proteases.'” Mimicking this glutamine residue is a general
strategy to inhibit MP™ selectively.

X-ray crystallography'® showed that MP® is formed of two
identical protomers, each with a molecular mass of approx-
imately 34 kDa (Figure 1A). Hydrogen bonds between the N
terminal group of each monomer (N-finger) and the side chain
of the C-terminal group of the peptide mimetics and inhibitors
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support the proposal that dimerization of the enzyme is
necessary for optimal catalytic activity.'' Neutron crystallog-
raphy further shed light on how protonation states within the
active-site cavity change upon inhibitor binding.12

Molecular simulations have played a crucial role in analyzing
the proteolysis reaction of the SARS-CoV-2 MP™. In early studies,
researchers used quantum mechanics/molecular mechanics
(QM/MM) enhanced sampling molecular dynamics (MD)
simulations to simulate the reactions of a fluorescently tagged
polypeptide,'® because rate constants had been reported with
this substrate.'* Later, the proteolysis reaction was studied with
the nonstructural protein (nsp)4/nspS peptide sequence from a
viral polyprotein.15 In the first study, the free energy surface was
explored by using the semiempirical AM1 method to describe
the QM region. This was followed by corrections of the AM1/
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Figure 2. Classes of peptidomimetic fragments used to design covalent inhibitors of SARS-CoV-2 MP™. The reactive center on the warhead (W) group
is highlighted with an asterisk, red fragments. The P1 groups typically features a glutamine residue, or y/d-lactame bioisosteres, blue fragments. The P2
groups are moderate-size lipophilic, green fragments. The tail region, in black, is highly variable in size and shape, interacting with additional enzyme
subpockets (i.e, S3 and S4, not shown). In the center is shown the chemical structure of nirmatrelvir, which incorporates pharmacophoric elements
from earlier compounds, exemplifying the Tail-P2-P1-W structure. The S and P labeling corresponds to the Schechter and Berger nomenclature.”
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Figure 3. Schematic representation of the covalent inhibition mechanism of MP™ by a hydroxymethyl ketone inhibitor found from QM/MM
simulations (compound B4 in ref 22).

MM free energy surface, as well as geometry optimization of mechanism probably stems from the different leaving groups: in
stationary state structures at a higher density functional theory the former, the leaving group is “anilinic”, with the electron pair
(DFT) level (M06-2X/MM). In the second study, the minimal of the nitrogen in direct resonance with the coumarin scaffold of
free energy path was determined by using the adaptive string the ACC fluorescent group. In the nsp4/nspS peptide, however,
method (ASM), with the QM region described at the B3LYP the amino leaving group is highly basic, making it more reactive.
DFT level. These simulations determined the free energy These findings highlight how subtle changes in reactant
landscape of the process and the species along the reaction path properties can influence the reaction mechanism and demon-
(Figure 1B). strate the adaptability of the enzyme.

The findings suggested that the acylation and deacylation Theses mechanistic studies, combined with experimental
steps in MP™ proceed differently from textbook cysteine structural biology studies, provided a foundation for simulating
proteases (Cps) such as papain or cathepsins. Specifically, the the inhibition of MF™. The most effective inhibitors used so far
reaction starts from a neutral His41/Cys145 catalytic dyad, are covalent agents in which an electrophilic cysteine reactive
while for the other enzymes, the catalytic dyad is believed to exist group is installed on a peptidomimetic scaffold, exemplified by
in the CysS™/HisH" ion pair form in the Michaelis complex. the nitrile drug nirmatrelvir (the active ingredient in Paxlovid)
Then, the imidazole of His41 activates the thiol of Cys145 for developed by Pfizer.'” MP™ inhibitors often feature a
the nucleophilic attack on the carbonyl carbon atom of the peptidomimetic scaffold that includes a glutamine residue, or a
peptide bond. The subsequent cleavage of the peptide bond is bioisostere, at the P1 position to give potency and selectivity,
assisted by proton transfer from the protonated His41 to the and branched hydrophobic substituents at both P2 and P3
nitrogen atom of the substrate, forming an acyl—enzyme positions."" QM/MM simulations have shed light on the
complex intermediate (E-12 in Figure 1). mechanisms by which various electrophilic warheads inhibit

While the acylation mechanism was found to be similar in MP®, Warheads such as Michael acceptors,lg’19 activated
both studies,'”"” and the reaction energy barriers found in both carbonyl derivatives (e.g, alpha-ketoamides”’ and aldehydes'),
studies were consistent with experimental values, differences hydroxymethylketones,”** and nitriles>**® form covalent
arose in the deacylation step. For the fluorescently tagged bonds with the nucleophilic Cys145 (see Figure 2).
polypeptide, the catalytic His deprotonated a water molecule These compounds can be categorized by the type of reactive
involved in hydrolyzing the acyl-enzyme. In contrast, for the group, or “warhead”, they contain (Figure 2). Michael acceptors
nsp4 and nspS$ peptide, the water molecule was deprotonated by form a thioether through an alkylation reaction. Compounds
the amino leaving group of the substrate. The difference in with an activated carbonyl derivative, such as alpha-ketoamides,
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aldehydes, or hydroxymethylketones, form a thiohemiketal
product. Inhibitors with a nitrile warhead undergo a Pinner
reaction, forming a thioimidate product.

The inhibition mechanism of Michael acceptors involves the
formation of a thioether adduct with catalytic cysteine. In
contrast, activated carbonyls, acylating/carbamoylating agents,
and nitriles inhibit CPs through a mechanism resembling that of
the natural substrate in the acylation step of the proteolysis
reaction. This mechanism generates either tetrahedral inter-
mediate (TI) analogues (for activated carbonyl derivatives,
Figure 3) or acylenzyme analogues (for nitrile derivatives and
acylating/carbamoylating agents). The reversibility and irrever-
sibility of inhibition depend on the stability of these covalent
complexes, which is influenced by the nature of the warhead.

QM/MM simulations of the N3 peptidyl Michael acceptor
indicate that inhibition occurs first by the formation of the
CysS™/HisH" ion pair, followed by the formation of a covalent
bond between the enzyme and the inhibitor. This second step
has been proposed to occur by direct reaction between the
enzyme and the inhibitor'® or through a proton shuttle involving
a water molecule.'” Both studies agree that Michael addition is
the rate-determining step. However, while both define the
reactant complex in its neutral dyad (E:I) as the most stable
state, Arafet et al.'® reports the formation of the ion pair to be
more favorable (1.3 kcal/mol) compared to the result of Ramos-
Guzman et al."”” (10.7 kcal/mol). This difference probably
accounts for the variation in the computed activation free
energies (11.2 vs 21.3 kcal/mol). The low activation free energy
is consistent with a diffusion-limited reaction scenario reported
against SARS-CoV-2 (between 11 and 12 kcal/ mol)>” where the
rate for covalent bond formation, k3, is too fast to be measured."’
However, high energy activation barriers are consistent with
studies for which an experimental rate constant of 3.1 X 107> s~
was reported against previous SARS-CoV MP® (or 21.2
accordingly to the transition state theory).*®

Additionally, with regard to the differences in the
experimental setups, the observed differences in reaction
mechanisms and free energy barriers between different QM/
MM studies can be attributed to variations in QM treatment
levels and sampling methods. Arafet et al.'® studied the system at
the AM1/MM level, with M06-2X corrections and Ramos-
Guzman et al.'” at the B3LYP/MM level. This is a good example
about how different QM methods (e.g, different density
functionals) can give very different barriers for reaction, and
this is typically the most important factor in differences between
QM/MM barriers for the same mechanism calculated at
different levels of theory” and different QM region sizes.’’
Chemically accurate barriers (i.e., within 1 kcal/mol of
experiment) can only be guaranteed with computationally
expensive correlated ab initio QM methods, but lower level
QM/MM calculations can give qualitatively useful results (and
reaction energetics close to high level calculations, and to
experiments, in some cases as here for MP*°, with an appropriate
choice e.g. of density functional), identify mechanisms, and, e.g.,
predict relative reactivity across a series of substrates. Differ-
ences in reaction barriers can also be caused by differences in
protein and/or substrate conformation;’" reaction will proceed
via such reactive conformations, but these may differ even subtly
from stable structures derived from crystallography.

A similar proton shuttle mechanism was found in B3LYP/
MM simulations of inhibitors containing aldehyde”" or nitrile*
warheads, with the proton from His41 transferred via a water
molecule, rather than directly to the inhibitor; the water
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molecule mirrors the role of the amino leaving group in the
natural substrate. The barriers obtained for these mechanisms
(18.5 and 16.3 kcal/mol, respectively) were consistent with
experimental kinetic data when available (2.45 X 107> s for the
structurally similar GC373 aldehyde,32 value not measured for
nirmatrelvir). When a hydroxyl group is included in the structure
of the inhibitor, a similar indirect proton transfer reaction
mechanism is observed.”"”* The hydroxyl group mediates
proton transfer from His41 to the oxygen atom of the carbonyl
group, facilitating the nucleophilic attack that eventually forms a
stable thiohemiketal intermediate*** (Figure 3). For this
reaction, the barriers reported are 15.2 kcal/mol at the AM1/
MM level, with M06-2X corrections for the B4 proposed
compound and 19.7 kcal/mol at the B3LYP/MM level for the
PF-00835231 inhibitor. The catalytic constant (k;) for the
inhibition of the enzyme has not been experimentally measured
or explicitly reported in the literature for none of them.

A similar two-step mechanisms was found at the AM1/MM
level with M06-2X corrections for the reaction with a proposed,
B3, peptidyl covalent inhibitor, which share the same
recognition motif but feature distinct cysteine-targeting war-
head: a methyl oxo-enoate (a type of activated carbonyl). The
rate-limiting step corresponds to the nucleophilic attack of the
Cyl4S sulfur atom on the inhibitor, with an activation free
energy of 13.5 kcal/mol (no experimental validation avail-
able).”” However, some mechanistic differences were noted. In
the case of the methyl oxo-enoate, the nucleophilic attack on the
Ca of the double bond of the Michael acceptor occurs
concertedly with the direct proton transfer from His41 to Cp.
In contrast, for the hydroxymethyl ketone inhibitor mentioned
in the previous paragraph, the proton transfer from H41 to the
carbonyl oxygen takes place via the hydroxyl group of the
inhibitor.”*

In inhibitor design, it is generally important to focus on
compounds with favorable (exergonic) covalent product (E-I)
formation, and usually with low activation energy barriers to
ensure kinetic feasibility (although not too reactive, to avoid off-
target binding””). The energy barrier separating the E-I complex
and the noncovalent state (E:I) determines whether an inhibitor
acts irreversibly or with a reversible mechanism of action. The
structure of a covalent inhibitor can be tuned to balance the
benefits of irreversible inhibitors, such as enhanced in vivo
potency, with those of a reversible inhibitors, which display a
better toxicity profile.”* QM/MM simulations provide a good
tool to investigate these reactivity properties of covalent
inhibitors within their protein targets.”>*

In addition to covalent inhibitors, considerable efforts have
been directed toward identifying noncovalent inhibitors of MP™.
One prominent example is the COVID Moonshot initiative
mentioned above, which led to the discovery of numerous novel
hits active in biochemical and live virus assays.” This project
leveraged the expertise of molecular designers worldwide
through crowdsourcing, while simulations, including free energy
perturbation (FEP), guided the hit-to-lead and lead optimiza-
tion stages. This enabled the rapid identification and refinement
of potential inhibitors.

Other efforts also applied molecular simulations to identify
noncovalent inhibitors of SARS-CoV-2 MP™. A virtual screening
campaign of approved drugs performed by Jorgensen and
colleagues identified significant hits,””*® which were then wisely
exploited by the same group of investigators to discover new
potent drug-like inhibitors of MP™. For instance, the
antiepileptic medication perampanel was the target of an

https://doi.org/10.1021/acs.jpclett.4c03654
J. Phys. Chem. Lett. 2025, 16, 3249-3263


pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c03654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

efficient optimization process on the basis of docking and free-
energy simulations. FEP results prompted the selection of 3-
pyridinyl and 3-chlrophenyl groups for the S1 and S2 pockets
and repositioning of the pyridinone carbonyl group. These ideas
were embodied in modeling, synthesis, and testing of new
compounds acting in the low micromolar range. Follow-up
optimization led to several new MF inhibitors with nanomolar
potency.” In another study,”® compounds with a pyridinone
core and substituted five-membered-ring heterocycles binding
in the S4 pocket of MP™ and an N-methylated uracil ring were
subjected to FEP simulations to guide the choice of hetero-
cycles. Crystallography confirmed the desired S4 placement, and
kinetics showed ECj, values as low as 0.080 M (compare
remdesivir at 0.5—2 M), and ICy, values as low as 0.044 uM.**®
These studies demonstrate the power of computational
medicinal chemistry for lead discovery, especially FEP-guided
lead optimization.

Other molecular simulation techniques have also facilitated
the interactive exploration of MP™ binding interactions.
Interactive molecular dynamics in virtual reality (iMD-VR)
enabled researchers in different locations to collaboratively build
and analyze complexes of MP™ with inhibitors and substrates.*’
This iMD-VR approach was used to model complexes of
designed peptide inhibitors with MP™, which were experimen-
tally validated as competitive inhibitors. A range of biomolecular
simulation techniques, including automated docking, MD and
iMD-VR, QM/MM, and linear-scale DFT, was used to
investigate binding of 11 MP substrates (derived from viral
polyprotein) and designed peptide inhibitors. The resulting
binding modes were compared with previous crystallographic
findings for inhibitors."’

In a general note of caution, we emphasize that docking
methods have limited scope and accuracy (and show false
positives and negatives) for noncovalent and covalent ligands for
MP™, necessitating complementary techniques (e.g., molecular
simulation such as MD, Monte Carlo, or FEP methods).”
Simulations of MP* using Gaussian accelerated MD showed
variable plasticity and novel cryptic pockets adjacent to the S2
site and other areas, such as a potentially druggable allosteric site
at the MP® dimer interface.”® A follow-on study, using the
AMOEBA polarizable force field, further explored the structural
dynamics of MP™ under different pH conditions.** This study
revealed additional cryptic pockets (which could be targets for
drug design) not seen with conventional fixed-charge force fields
and also showed how a change in protonation states structurally
disrupted the oxyanion hole.

Resistance to MP™ inhibitors can arise, e.g., in response to
drug treatment. A combination of theory, computation, and
experiments (evolution- and structure-guided approaches)*
investigated whether circulating variants of MP™ confer
resistance to drugs such as nirmatrelvir and ensitrelvir. This
emphasizes the need for the development of a second generation
of MP™ inhibitors and other antiviral drugs. Notably, some MF™
variants resistant to nirmatrelvir remain fully susceptible to
ensitrelvir and vice versa due to their distinct mechanisms of
action.

The substrate-envelope hypothesis was used to design
inhibitors that may be less likely to face resistance. The aim of
this approach is that any mutation weakening inhibitor binding
would also disrupt natural substrate binding. Potent, ligand-
efficient, and geometrically compact inhibitors that fit tightly
within the active site substrate pocket were developed. A
campaign using experimental methods such as crystallographic
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fragment screen, synthesis, assays, in vitro and in vivo
experiments, and computational tools based on machine
learning, artificial intelligence (AI) and biomolecular simu-
lations, led to the discovery of a potent noncovalent, nonpeptidic
inhibitor (MAT-POS-e194dfS1-1) with confirmed cross re-
activity against Alpha, Beta, Delta, and Omicron variants.® This
lead-like compound has potent cellular activity without
measurable cytotoxicity and (as shown by crystallography)
with a different pattern of interactions with the MP* binding site
from nirmatrelvir and ensitrelvir, suggesting potential for
complementary resistance profiles and further development.

Dynamical-nonequilibrium molecular dynamics (D-NEMD)
simulations of MP™ identified sites known to be associated with
drug resistance and allosteric binding.***’ These D-NEMD
simulations evaluated the structural and dynamical responses of
the enzyme to substrate removal: they revealed communication
networks between subunits, indicating cooperativity between
the subunits, and linking the active site with a known allosteric
binding site.*® Significantly perturbed regions are associated
with nirmatrelvir resistance, suggesting that some mutations
cause resistance by altering the allosteric behavior of the enzyme.
In other simulation work, MM/GBSA analyses showed that the
E166V mutation reduces the binding affinity of nirmatrelvir, and
QM/MM modeling of the reaction mechanism showed a higher
activation free energy for covalent com4plex formation in this
mutant, which contributes to resistance.”’

Overall, simulations played a key role in accelerating inhibitor
discovery. Mechanistic investigations on MP™ rapidly found that
the Czrsl45 /His41 catalytic pair shows remarkable reactiv-
ity,">"> anticipating that mild electrophiles such as nitriles (i.e.,
nirmatrelvir) could be effective covalent inhibitors. Other
simulation strategies allowed for the discovery of new potential
anti-Covid agents. In the Moonshot initiative, supervised virtual
screening approaches using commercial libraries, with efficient
FEP simulations, discovered new orally available clinical
candidates with noncovalent mechanisms of action.” Notable
results were obtained by Jorgensen from virtual screening of a
library of well chosen FDA approved agents, and chemical
intuition, followed by FEP-guided optimization which yielded
potent, competitive, drug-like MP™ inhibitors.”**" Molecular
simulations also contributed in exploring alternative strategies to
inhibit MP™, such as the search for allosteric inhibitors*® and the
design of noncleavable substrate-inspired peptide agents.*'
These last activities grew out of an international collaboration to
characterize MP™ substrates and their binding and turnover and
design and test peptide inhibitors; this brought together
computational and experimental expertise from the UK, Spain,
France, and Italy, which involved weekly virtual meetings in
COVID lockdowns. Such virtual meetings and collaborations
were a feature of the pandemic and part of the experience of
many researchers in that time, and many produced important
results.

B THE SPIKE PROTEIN

The spike glycoprotein, whose three-dimensional shape has
become familiar due to its frequent depiction in representations
of the virus, is a key component of SARS-CoV-2. The spike is
essential for mediatiq% cell entry and is the primary target for
immune recognition.3 ~>* Since the emergence of COVID-19,
the spike has undergone many changes in its sequence, resulting
in distinct structural, immunological, and functional features of
virus variants including Alpha, Beta, Delta, and Omicron.>>*¢
High-resolution imaging techniques, cryoEM in particular, have
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Figure 4. Full-length, fully glycosylated all-atom model of the SARS-CoV-2 spike glycoprotein. (A) The full-length, unglycosylated model of the spike
protein from Casalino et al.”* is depicted with a cartoon representation and colored in cyan, whereas the virus membrane is shown as a glossy surface,
with pink, red, orange, and purple colors indicating different types of phospholipids. Cholesterol (yellow) is not visible in this representation, and
glycans are not shown. Hinge points located at the membrane interface (ankle), in the middle of the spike’s stalk (knee), and between the spike’s stalk
and the head (hip) confer remarkable flexibility. (B) The full-length, fully glycosylated model of the spike glycoprotein is represented using a cyan
surface for the protein residues, whereas the N-linked glycans are depicted using blue vdW spheres. The N-glycans stabilizing the RBD in the “up”
conformation, N165 and N234, or mediating the down-to-up transition, N343, are highlighted with distinct colors. (C) In this molecular
representation of the full-length, fully glycosylated model of the spike glycoprotein, the glycan shield is depicted by overlaying multiple conformations
obtained for each glycan in ps-scale MD simulation,** giving the spike a “furry” look, showing how the glycans shield it from immune recognition.

characterized the detailed architecture of the protein struc-
ture,”’~>>*” but generally N-linked and O-linked glycans are
only resolved up to the first two or three monosaccharides due to
the high degree of conformational variability imparted by the
glycosidic linkages.”® Additionally, some expression systems also
produce spikes with limited glycosylation. Computational
modeling and MD simulations have played—and continue to
play—a crucial role in filling these gaps and in aiding the
interpretation of experimental data. By leveraging the founda-
tional structural data provided by cryoEM and crystal structures,
resolved accurately with unprecedented speed during the early
stages of the COVID-19 pandemic, molecular simulations have
uncovered novel, crucial insights into the spike's structure,
dynamics, and interactions.

Building on cryo-EM structures of the ectodomain head
region,”””" advanced computational modeling enabled the
construction of comprehensive, fully glycosylated, full-length
models of the spike glycoprotein (Figure 4A—C).”**”% These
highly detailed models predicted the positions and structure of
all the spike residues that were missing from the cryoEM
structures, including those in the topological domains that are
mostly invisible to the imaging technique or not included in the
experimental structure, ie, the stalk linking to the trans-
membrane domain, and the cytosolic tail (Figure 4A)5999%0 A
the N-linked and O-linked glycans were modeled in their full-
length structures based on glycomics data specifying the native
glycan profiles (Figure 4B).>*°" The resulting models, also
including S-palmitoylated cysteines within the cytosolic tail,
were embedded in a membrane bilayer with a biologically
relevant composition (Figure 4A—C).

3254

Explicitly solvated, all-atom MD simulations showed how N-
and O-linked glycans act to shield the spike protein surface from
the human immune system (see Figure 4C), as well as how the
shielding changes in different conformational states, e.g,
receptor binding domain (RBD) “up” vs “down” (see Figure
4B,C).>*> Notably, analysis of the simulations indicated a novel
functional role for the glycans at N165 and N234 in structurally
stabilizing the RBD in the “up” conformation (see Figure 4B),>*
thus priming the spike for host-cell attachment and infection. In
subsequent work, an enhanced sampling technique called
weighted ensemble (WE) path sampling®>®* enabled detailed
reconstruction of spike opening pathways from the closed (RBD
“down”) to open (RBD “up”) states.”> Analysis of the opening
pathways (together with experiments) indicated that the glycan
at N343 acted as a “glycan gate” mediating the RBD transition
into the open conformation (see Figure 4B).% Hence, molecular
simulations were key in illuminating the vulnerabilities of the
glycan shield*>* as well as in establishing a new functional role
for N-linked glycans in biological systems.’**>°® These works
both expanded concepts of fundamental glycobiology and
demonstrated how molecular simulations can serve as a basis for
transformative discovery. For instance, Shapiro and colleagues®’
leveraged these simulations in their research, reporting cryoEM
and crystal structures of seven potent NTD-directed neutraliz-
ing antibodies in complex with the spike protein or isolated
NTD. Similarly, Guesaman et al.® exploited the computational
findings described above to elucidate the binding mode of an
antiviral lectin to spike glycans, leading to the cross-linking of
spikes into soluble aggregates and potent inhibition of viral

entry.
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In addition to investigating the role of the spike’s N- and O-
linked glycans, MD simulations have also elucidated the
complex interactions between the spike protein and glyco-
saminoglycans (GAGs) on the host cell surface.”””" In all cases,
hand-in-hand with experiments, simulations played an integral
role in the discovery process, showcasing the power of integrated
efforts for enriching our understanding of glycobiology. More
recently, us-scale MD simulations (powered by high-perform-
ance cloud-computing and unsupervised density-driven adap-
tive sampling) of the fully glycosylated spike in the open and
closed states investigated the role of solvent.”” These
simulations suggested that water molecules provide structural
support to the spike’s “up” state by facilitating the formation of
an interaction network involving glycans at N165/N343.

MD simulations were pivotal in revealing the vulnerabilities of
the RBD, the immunodominant domain of the spike, especially
during its transition from the “down” to the “up” state. Not only
does the accessibility of the antigenic epitopes located on the
RBD dramatically increase during opening,”*®* but also
additional sites of vulnerabilities, 1nclud1ng druggable cryptic
pockets, were found to open readily.”*”* One of them is a pocket
in proximity to the hinge region at the base of the RBD that was
found to exist only when the RBD is in the open state.” In the
same work, and in subsequent efforts, a combination of
simulation techniques, including standard MD, steered MD,
and umbrella sampling, characterized the free energy landscapes
associated with RBD opening.”>”> Simulations also played a
crucial role in the identification of another, conserved fatty acid
binding pocket in the spike’s RBD and in showing that binding
of linoleic acid at this site locks the spike in a noninfective
conformation.”® This newly identified site is functionally
relevant to the virus. Reanalysis of the MERS and SARS-CoV
spikes showed that equivalent sites also exist in them.
Simulations also identified ligands for this potentially druggable
site,’” some of which have subsequently been experimentally
verified.”® D-NEMD simulations have shown that linoleate
binding at this site affects distant, functionally important regions
of the sglke protein, and that these responses differ between
variants.””~*” They also showed that the fatty acid binding site is
connected to another recently 1dent1ﬁed allosteric binding site,
which binds heme and biliverdin.*’

MD simulations have also proven useful to explore other spike
regions. For example, the furin cleavage site (FCS) has attracted
great interest: this region is cleaved in the process of spike

“priming” . and exhibits considerable flexibility and glycan
shleldmg MD 51mulat10ns were used to test the suggestion
of Changeux et al.* that a region of the spike ad]acent to the
FCS may bind to nicotinic acetylcholine receptors.® These
simulations indicated, with recent experimental support,“® that a
peptide from this FCS region has significant affinity and that this
region is accessible for binding in the S1—S2 cleaved, fully
glycosylated spike.”* They also indicate differences in response
between receptor subtypes. In another computational study
supported by experiments, it was shown that the SARS-CoV-2
spike’s FCS exhibits sequence and structural properties similar
to those of the bacterial superantigen staphylococcal enterotoxin
B (SEB). It was shown that the FCS can interact with T cell
receptor (TCR) Vf CDRs in a similar fashion as SEB with
TCRVA.Y

Another area of intense research revolves around the
characterization of the spike-ACE2 interaction complex. MD
simulations of the fully glycosylated, full-length, membrane-
bound human ACE2 receptor with the spike’s RBD provided
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insights into the role of ACE2 in viral infection.”®" These
studies revealed the ACE2 N-glycans involved in stabilizing
RBD binding, and the inherent flexibility of the ACE2 dimer,
facilitating cross-binding to multiple spikes.*® Further molecular
simulations of the RBD-ACE2 complex,”*™"* of the spike
ectodomain-ACE2,”® and of the full-length spike-ACE294
pinpointed the molecular determinants of this “handshake”
leading to infection, shedding light on the role of glycans during
target recognition and on allosteric communication between
ACE2 and the spike. The spike, the RBD in particular, is subject
to intense selective pressure to escape immune response,56 and
simulations have been useful in giving early views of new variants
of concern, revealing how mutations in the spike protein affect
its structural dynamics, binding to ACE2, or antigenic
properties. 957100

Molecular modeling and simulations have also been
demonstrated to be useful in the context of vaccine design:
indirectly, by illuminating the vulnerabilities and the accessi-
bility of the immunogenic domains in different conformational
states,” > or more directly when used as a basis to predict
new epitopes % and to test the stability and structure of
designed proteins as vaccine candidates.'’® Of particular interest
for vaccine development purposes is the spike’s S2 subunit. Due
to its immunogenic properties and sequence conservation across
different coronaviruses and SARS-CoV-2 variants of concern,
the S2 subunit is deemed an ideal basis for a pan-coronavirus
vaccine. Dodero-Rojas et al.'”* performed thousands of
simulations based on a structure-based (Go-like) all-atom
model with simplified energetics'”>'° to investigate the
transition of the S2 subunit between the prefusion and
postfusion conformations, providing insights into intermediate
conformations that could be used for vaccine design. In a more
recent study by Nuqui et al.'”” a computational approach
incorporating conventional MD simulations, WE simulations,
and alchemical nonequilibrium free energy calculations was
adopted to design stable SARS-CoV-S2 immunogens. In this
work, cavity-filling tryptophan substitutions were introduced in
the central helices, stabilizing S2 in the closed prefusion
conformation. The strategic tryptophan substitutions were
shown to increase the expression yield of the engineered S2
construct named “HexaPro-SS-2W”, which was then also
structurally resolved in the closed prefusion conformation by
means of cryoEM. Immunogenic assays demonstrated its ability
to elicit neutralizing responses against different SARS-CoV-2
variants, holding promise for next-generation coronavirus
vaccines.

MD simulations have also provided insights into how the
spike protein behaves in different environments, such as on the
crowded surface of the viral particle and inside a respiratory
aerosol. Simulations of a patch of the viral surface, drawn from
integrating cryoEM with cryo-electron tomography data,
elucidated how the spike protem interacts with neighboring
spike proteins on the virion.”” This work identified three hinge
points in the spike protein (Figure 4A), dubbed the hip, knee,
and ankle, which could also be detected in the static cryoET
structural data. Importantly, simulations of the crowded viral
patch showed plasticity of the spike protein, which was not
evident in the single protein simulations. The flexibility of the
spike’s hinge points was also observed and characterized in Al-
driven, all-atom MD simulations of an 8.5 M atom, two-parallel-
membrane model of the full-length spike in complex with the
full-length ACE2 dimer.”* Subsequent MD simulations of
another full-length spike model showed that glycans may play a
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role in enhancing the dynamical range of motion of the stalk’s
segments comprised between the hinge points.'*®

More recently, very large scale, all-atom MD simulation of the
Delta variant virion in the complex environment of a submicron
respiratory aerosol (~250 nm in diameter) provided the first-
ever views of any virus inside a respiratory aerosol particle.'”’
This colossal 1 billion atom simulation showed how the spike
protein interacts with the repertoire of molecules inside
respiratory aerosol particles, such as mucins, monovalent and
divalent ions, albumin, and lipids. The approach to investigating
the virus-containing aerosol was multiscale in nature: a
composite workflow that integrated four different simulation
modalities, including conventional and weighted ensemble MD
simulations history-augmented Markov state models, and D-
NEMD, with two Al-based methods, DeepDriveMD,“O
integrated with the WE simulations to increase sampling
efficiency, and OrbNet''' for QM calculations to assess
limitations of the invariant point charge force field for how the
spike interacts with calcium ions. D-NEMD simulations
investigated the effects of pH changes on the spike, showing
that pH changes affect functionally important regions. This
large-scale collaborative project also demonstrated how complex
heterogeneous composite workflows, combining cloud comput-
ing and supercomputing platforms (including exascale machines
at the US National Laboratories and NSF supercomputers), can
provide rapid responses to pandemic threats. A summary of the
computational molecular modeling and simulation approaches
employed to study MP™ and spike is presented in Table 1.

B CONCLUSIONS AND OUTLOOK

SARS-CoV-2 presented the biomolecular simulation commun-
ity with a situation that tested models, methods, and ways of
working and sharing of data. The COVID pandemic impacted
what work was done, how it was done, and the pace at which
such work was accomplished. Simulations provided valuable
insight into the molecular details of the virus and its lifecycle,
beyond that available from experiment, and contributed to
practical developments of inhibitors and vaccines. Work in the
pandemic also revealed challenges and areas for improvement.
The main strengths and challenges discussed in this review are
summarized below.
Some Strengths.

e Simulations proved useful in revealing molecular details of
structures, interactions, dynamics, and mechanisms,
allowing scientists to integrate data from many types of
experiments to make informative, predictive models
relatively quickly.

The simulation community showed how we could quickly
unify to address this threat collaboratively: (i) the
community of compute providers established a frame-
work for quick delivery of compute cycles for SARS-CoV-
2 applications and (ii) the simulation community
developed new, large-scale efforts for sharing of models,
methods, and data.® This helped make methods and
findings more robust and reproducible and increased
reuse and trustability of simulation results. Active
collaboration with experimental researchers led to rapid
exploitation of results, exchange of knowledge, and
refinement of models and greatly accelerated progress.
The simulation community should continue to develop in
these directions, across projects, areas, and investiga-
tors.''” These efforts take on even more importance with
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Table 1. Summary of Molecular Simulation Methods Applied
to Investigate SARS-CoV-2 MP™ and Spike Proteins”

System Simulation method References
mpre Hybrid methods (QM/ 13, 15, 18—23, 25, 36, 41, 49
MM, EVB)
Gaussian accelerated 43
MD
Conventional MD 25, 37, 41, 45, 49
AMOEBA MD 44
Free energy 38, 39
perturbation
Alchemical free energy 24, 25
calculations
iMD-VR 40, 41
D-NEMD 46
Spike  Conventional MD 54, 59, 60, 62, 66, 69—71, 76, 77, 84,
87-91, 93—101, 108, 109
Weighted ensemble 65, 107, 109
MD
AMOEBA MD 72
Steered MD 73
Umbrella sampling 73,75
gREST MD 74
D-NEMD 79—-81
Elastic network models 91
Lattice models 92
Mesoscale MD 94, 109
Brownian dynamics 70
DFT calculations 96
OrbNet calculations 109
Go-like models 104—106
Alchemical free energy 107

calculations

“The table lists various molecular simulation approaches with some
corresponding representative references highlighting their application;
this is not a list of all such studies.

the rise of machine learning and the promise of Al to
transform biological research.

Simulations illuminated mechanisms outside the direct
reach of experiment, including the catalytic mechanism of
MP™, with substrates and inhibitors as well as spike
structure (e.g., glycosylation) and infection mechanisms.
Simulations provided a basis for foundational discoveries,
such as discovering a new role for N-glycans in biology
(literally rewriting the glycobiology textbooks).
Simulations played a key role in identifying and
developing MP™ inhibitors and identifying ligands of the
spike protein.

Composite multiscale Al-driven workflows show how
different types of simulation methods, run on a diversity of
computer architectures, can be practically combined to
address a question; such techniques will be increasingly
important, including for future pandemic threats.

Some Challenges.

e Communicating findings to the broader scientific
community and to the public: to have impact, the
simulation community has to engage with the broader
scientific community, particularly experimentalists work-
ing on similar questions. Examples from the pandemic
showed the increased impact of work integrating
simulations with experiments, with simulations contribu-
ting to experimental design and interpretation, and
accelerating discovery and development. Even more

https://doi.org/10.1021/acs.jpclett.4c03654
J. Phys. Chem. Lett. 2025, 16, 3249-3263


pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c03654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

challenging is the need to effectively convey complex
scientific findings to a nonspecialist audience. This
includes translating technical jargon into accessible
language and images without oversimplifying the science,
ensuring the public understands the relevance and
implications of our research.

e Data sharing/analysis/transfer: As the volume and
complexity of data continue to grow, managing, sharing,
and analyzing these data become increasingly difficult.'"*
Advanced computational resources and infrastructure are
required to handle big data, posing logistical and financial
sustainability challenges. The US National Data Platform
is a potential appealing solution that has been designed
with Al-readiness in mind.""* Another notable initiative is
the Molecular Dynamics Database (https://mddbr.
eu). """ Effective data storage, allowing analysis and
reuse of simulation data will allow training of machine
learning models and facilitate Al-driven simulations.

e Docking methods showed mixed results, generating many
false positives and false negatives, and generally lacking
predictive value for binding affinities;** on the other hand,
docking, while simple, was an essential starting point for
several successful efforts in ligand and inhibitor discovery
and development.

e Data visualization, which is crucial for understanding and
instrumental for discovery, becomes increasingly chal-
lenging as the size and complexity of systems increase.
Traditional visualization tools and techniques for
biomolecular dynamics can struggle with large-scale
data, necessitating the development of new methods to
interpret and present data effectively. Interactive virtual
reality offers promise here, and in facilitating virtual
collaboration.

o Building realistic models of some targets is challenging,
for example including post-translational modifications
such as glycosylation of the spike, and unexpected ligands.
Simulations have shown the critical role of glycans in the
spike, in immune shielded and also in modulating its
dynamics. While simulations of the unglycosylated spike
have been useful for some purposes (e.g, in identifying
allosteric effects), they cannot describe its interactions.
Modeling glycosylation accurately is challenging, and
glycosylation may vary across and within variants.
Uncertainties in structural models should be considered,
and the significance of results should be tested.

e Ensuring reproducibility of results across different
laboratories and studies is critical for scientific progress.
Standardizing modeling approaches, simulation proto-
cols, and data formats can help, and publication and
sharing of these details is essential, but achieving this
across diverse research environments internationally
remains complex.
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development of novel multiscale methods for elucidating their time
dependent dynamics.
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