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Abstract \
The coronavirus disease 2019 (COVID-19) pandemic has had a major impact on human life. This review highlights the versatile
roles of both classical and modern structure-based approaches for COVID-19. X-ray crystallography, nuclear magnetic resonance
spectroscopy, and cryogenic electron microscopy are the three cornerstones of classical structural biology. These technologies
have helped provide fundamental and detailed knowledge regarding severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and the related human host proteins as well as enabled the identification of its target sites, facilitating the cessation of its
transmission. Further progress into protein structure modeling was made using modern structure-based approaches derived from
homology modeling and integrated with artificial intelligence (Al), facilitating advanced computational simulation tools to actively
guide the design of new vaccines and the development of anti-SARS-CoV-2 drugs. This review presents the practical contributions

and future directions of structure-based approaches for COVID-19.
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1. EFFECTIVE STRATEGIES TO CONTROL COVID-19

Many novel technologies were considered for controlling
the coronavirus disease 2019 (COVID-19) pandemic. Of
them, the top 10 frontier technologies listed by the European
Parliamentary Research Service included artificial intelligence
(AI), blockchain technology, open-source technology, telehealth,
three-dimensional printing, gene-editing tools, nanotechnology,
synthetic biology, drones, and robots.! These technologies, espe-
cially Al gene editing, and telehealth, can be further integrated
into a smart healthcare system.? The combination of medical Al
with high-throughput viral detection methods, internet informa-
tion exchanges, and big data analysis can be effective for viral
monitoring with acceptable sensitivity and specificity as well as
foresighted medical prescriptions.

Advancements in gene editing and viral detection, such as the
development of the powerful clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas system, have enabled fast and
accurate viral detection, thus filling the demand gap due to the
limited processing power of the current gold-standard: real-time
reverse transcription polymerase chain reaction (RT-PCR). When
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combined with medical Al certain clinical diagnostic methods can
facilitate precise prognosis prediction and health condition evalu-
ation and, accordingly, prompt the initiation of appropriate treat-
ment. Furthermore, stable and fast 4G Internet connections enable
physicians to use telemedicine (ie, remote healthcare or telehealth
technologies), thereby accelerating diagnostic evaluation and pre-
scription. A new generation of pharmaceuticals using the Internet
of Medical Things can be provided to patients anywhere—at home
or in quarantine—without delay. Together, these technologies can
decrease both disease severity and mortality rates, thereby ensuring
that most patients remain at a mild stage and return quickly to their
normal life.

As COVID-19 seems to have turned into a flu-like endemic
disease, especially after the Omicron variant, the development
of more useful vaccines and therapeutic drugs, especially viral
inhibitors, should continue, so that we are prepared for any
potential outbreaks in the post-pandemic era.’ To further our
understanding of how severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) caused COVID-19 and thus prevent or
control future outbreaks, we present an overview of the funda-
mental contributions of methods in structural biology and dis-
cuss its combination with modern Al in terms of vaccine design
and treatment efficacy.

2. FUNDAMENTAL CONTRIBUTIONS OF
STRUCTURAL BIOLOGY ON SARS-COV-2

X-ray crystallography, nuclear magnetic resonance (NMR) spec-
troscopy, and cryogenic electron microscopy (cryo-EM) are the
three major classical structure-based methods. They have been vital
since the beginning of the pandemic in helping researchers under-
stand the whole virus and virus-host interactions,** particularly
based on super-high-resolution structures of all viral proteins.®*
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In X-ray crystallography, diffuse X-rays provide detailed
atomic information on a crystal structure, thereby helping to
identify the ligand-binding site of SARS-CoV-2 nonstructural
protein 1,° cleavage sites for viral processing and maturation,!
and the spike receptor-binding domain that binds host cells
through the angiotensin-converting enzyme 2 (hACE2) recep-
tor.!! Various SARS-CoV-2 variants have been reported, and
their influence on antibody therapies and existing vaccines over
the past 3 years has been determined using X-ray crystallogra-
phy.’> An even more detailed structural information can guide
the further development of vaccines and drugs against SARS-
CoV-2; however, due to the limitation of X-ray diffraction, not
every part of the virus can be crystallized in a short time, neces-
sitating the use of NMR spectroscopy and cryo-EM.

X-ray free electron laser (XFEL) is an unconventional and cutting-
edge method for studying protein structures. Unlike traditional
X-ray crystallography, XFEL can capture high-resolution structural
snapshots of biological molecules, including viral proteins, without
the need for crystallization. XFEL has been used to study a major
SARS-CoV-2 protein, NendoU, which helps the virus to evade the
innate immune system by cleaving antisense viral ribonucleic acid
(RNA).!3 Researchers have used serial femtosecond crystallogra-
phy at an XFEL to determine the room-temperature structure of
NendoU, thereby highlighting its flexibility and dynamics. They
also demonstrated that NendoU maintains its enzyme activity in
crystal form, potentially paving the way for the development of
more effective antiviral drugs that target allosteric conformational
changes and are less prone to resistance.

NMR spectroscopy, which involves the detection of elec-
tromagnetic signals with spin frequency from magnetic field
changes applied to the atomic nuclei, provides not only struc-
tural information but also dynamic features. It was also used
to successfully investigate the receptor-binding domain of the
SARS-CoV-2 spike protein.'* NMR spectroscopy studies have
challenged the recombinant production of nonstructural pro-
teins of SARS-CoV-2 and called for further development of
inhibitors or as a suitable repurposed compound target (valu-
able resources available at https://covid19-nmr.de/).

Cryo-EM determines the in situ macromolecular structure with-
out the need for crystallization; it was used to successfully reveal
the intact spike protein in a lipid bilayer as a product of the fusion
reaction, helping better understand the membrane fusion pro-
cess of SARS-CoV-2.1% Cryo-electron tomography (cryo-ET) is an
advanced imaging technique that allows the visualization of viral
molecules. A research team used cryo-ET to study the viral replica-
tion compartment of SARS-CoV-2 and elucidate its budding mech-
anism.'® They observed RNA filaments within double-membrane
vesicles associated with viral replication, proposed a mechanism for
membrane bending during virion assembly, and suggested that the
virus packages its genome around multiple distinct ribonucleopro-
tein complexes to accommodate its large genome while maintain-
ing flexibility between them.

3. ADVANCED COMPUTATIONAL APPROACHES TO
COVID-19

In general, the potential drug targets of SARS-CoV-2 (and their
known structures available in Identifiers in Protein Data Bank,
PDB ID) include spike (S) protein (6VXX and 6VSB), nucleocapsid
(N) protein (6M3M), envelope (E) protein (7K3G), membrane (M)
protein (316G), main protease (Mpro, 7C2Q), RNA-dependent
RNA polymerase (RdRp, 7D4F), and several nonstructural pro-
teins (NSPS). The inexpensive and convenient way to identify pos-
sible molecules that can bind, interact, or even interfere with the
sequential functions of these protein targets is through the reprofil-
ing, retasking, repositioning, and rescue of known drugs.
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Among these methods, drug repositioning!” is the most
popular and includes three major steps: candidate drug iden-
tification, mechanistic evaluation of the drug effect in pre-
clinical models, and evaluation of candidate drugs’ efficacy
in phase II clinical trials. The first step is crucial with high
potential and usually requires various experimental or in silico
approaches to be successful. The later theoretical one can be
done using molecular simulations without real experiments at
an early stage, thus preventing a considerable strain on human
resources.

Some novel potential protein targets, such as the granulocyte
colony-stimulating factor (CSF3),'® and known drugs, such as
nafcillin, nabumetone, octacosanol, cinametic acid, ascorbyl
palmitate, guaifenesin, remdesivir (targeted to RdRp), mol-
nupiravir, and nirmatrelvir,'e have been recently repurposed
and reported as new drugs against SARS-CoV-2. However, the
range of drug repositioning is restricted to a limited library of
known molecules. Future critical breakthrough points in new
drug development may be achieved through modern structural
biology-based approaches, especially Al-assisted molecular
structural simulation.

The maturity of structural biology along with the progress
and integration of medical Al facilitated new strategies against
COVID-19, given the major improvements in computational
methods such as structural prediction with homology mod-
eling and machine learning and deep learning models, such as
MODELLER," RoseTTAFold,”® and AlphaFold2,*' as well as
the use of molecular dynamics (MD) simulations.

For example, the Amaro Group applied the all-atom MD simu-
lations to elucidate in detail the mechanism underlying the inter-
actions between the SARS-CoV-2 spike protein and the vaccine
epitope.?> They further revealed the functional roles of the glycan
coat (N165 and N234, which together regulate the stability of the
receptor-binding domain) in inhibiting the binding of spike with
hACE2. Their simulation studies predicted the “Closed” status of
the spike protein based on a known structure solved by cryo-EM
(PBD ID: 6VXX) and the “Open” state based on another struc-
tural solved data (also by cryo-EM, PBD ID: 6VSB). These findings
provided helpful structural insights into the future development of
vaccines and drugs against COVID-19.

Another important SARS-CoV-2 protein is the main protease
(3CLr), which is considered a potential drug target because
it plays an essential role in the viral life cycle.”® Structure-
based virtual screening highlighted 9 of 1.3 billion compounds
from the ZINC15 library, which were further complemented
by MD simulations to determine the most potent inhibitor:
ZINC000452260308 was thus identified as a lead molecule for
new and even next-generation antiviral drugs.

Cao et al** used computational protein design to create a
small and stable protein that binds tightly to the spike protein,
thus preventing its binding to hACE2%* Furthermore, cryo-EM
revealed that the complexes were nearly identical, which could
be another starting point for new anti-COVID-19 drugs.

Finally, novel inhibitors can also be designed through dock-
ing thousands of anti-human immunodeficiency viruses-1 com-
pounds with protease D and using MD simulations to test the
stability of the complexes.?

4. FUTURE PERSPECTIVES

All three cornerstones of classical structural biology, namely
X-ray crystallography, NMR, and cryo-EM, settled the ways
of the anti-COVID-19 war. Advancements in modern structure-
based approaches, and their combination with Al technol-
ogy, have immense value and potential in furthering the
design and development of new antivirals or vaccines against
SARS-CoV-2.20% The successful experience with structural
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biology with COVID-19, including its contributions to nearly
all aspects—from the basic protein structure details, mechanism
of viral infection and signaling, to the assistance for drug design
and development of protein inhibitors—will always remain a
major achievement in the history of antiviral development.3*-33
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