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Coronavirus disease 2019 (COVID-19), 
an infectious disease caused by severe 

acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), was first reported in Wuhan, 
China, in December 2019 and has rapidly 
spread throughout the world. By April 2, 
2020, COVID-19 had infected more than one 
million individuals and was responsible for 
over 50,000 fatalities. No specific antiviral 
drug for this pandemic currently exists.

Drug discovery involves target discovery, 
lead discovery, lead optimization, preclini-
cal development, three phases of clinical tri-
als, and an eventual market launch — only if 
everything goes well. On average, bringing a 
new drug to market requires about $2.6 bil-
lion dollars and more than 10 years of prepa-
ration. It typically takes researchers over a 
year to develop effective viral vaccines.

Drug repositioning (also known as drug 
repurposing)—which concerns the investi-
gation of existing drugs for new therapeu-
tic target indications—is one of the most 
feasible strategies for treating COVID-19 
patients. It has emerged as a successful 
way to accelerate drug discovery due to 
the reduced costs and expedited approval 
procedures [7]. Several successful examples 
unveil its value: Nelfinavir, which was ini-
tially developed to treat the human immuno-
deficiency virus (HIV), is now used for can-
cer treatments. Researchers first designed 
amantadine to combat the type A influenza 
viral infection, but it is presently used to 
treat Parkinson’s disease. And remdesivir, 
an experimental drug initially developed to 
inhibit Middle East Respiratory Syndrome, 
is being repurposed for COVID-19.

In recent years, the rapid growth of drug-
related datasets and open data initiatives has 
inspired new developments for computa-
tional drug repositioning, particularly struc-
tural-based drug repositioning (SBDR). 
Machine learning (ML), network analysis, 
and text mining and semantic inference are 
three major computational approaches that 
researchers commonly apply to drug repur-
posing [7]. Rapid accumulation of genetic 
and structural databases, development of 
low-dimensional mathematical representa-
tions of complex biomolecular structures 
[10], and availability of advanced deep 
learning algorithms have made ML-based 
drug repositioning one of the most promis-
ing approaches for COVID-19 [7].

The first step of SBDR is the selection 
of one or several effective targets. Studies 
show that the SARS-CoV-2 genome is 
very close to that of the early SARS-
CoV. The sequence identity percentages 
of the SARS-CoV-2 main protease, RNA 
polymerase, and spike protein with those 
of corresponding SARS-CoV proteins are 
96.08, 96, and 76, respectively. The cata-
lytic sites of the SARS-CoV main protease 
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variety of geometric, spectral, and topo-
logical representations [2]. 

Discrete mathematics—such as geomet-
ric graph theory, algebraic graph theory, 
topological graph theory, and combina-
torics—is a prominent apparatus for data 
representation [4, 5, 10]. The integration of 
multiscale analysis, spectral analysis, and 
topological data analysis promises some 
of the most powerful data representations 
[8, 14]. Figure 1 depicts the use of math-
ematical representations to (i) construct 
math-poses that recreate 3D structures of 
protein-ligand complexes and (ii) extract 
math-features that contain critical chemical  
and biological information [13]. We pair 
math-poses and math-features with CNN, 
generative network complex, and reinforce-
ment learning algorithms for protein-ligand 
pose selection, binding affinity prediction, 
ranking, scoring, and screening [9, 13].

One can validate top-ranking existing 
drugs inferred from virtual screening with 
in vitro cell culture tests. The toxicities of 
FDA-approved drugs are known, which 
means that researchers can then bypass 
many steps in conventional drug discovery. 
Controlled clinical trials can further test 
the confirmed effective drugs to study their 
antiviral efficacy, dose, and frequency.
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are very conservative and serve as attrac-
tive therapeutic targets. Therefore, a potent 
inhibitor of this protease is likely a potent 
inhibitor of the SARS CoV-2 main prote-
ase. Unfortunately, there is also currently 
no effective SARS-CoV therapy.

Nevertheless, the SARS-CoV main prote-
ase is relatively well-studied. Roughly 119 
three-dimensional (3D) X-ray crystal struc-
tures of the SARS-CoV or SARS-CoV-2 
main protease and its ligand complexes are 
in the Protein Data Bank (PDB), and the 
binding affinities of more than 277 potential 
SARS main protease inhibitors are available 
in the ChEMBL database. Additionally, 
there are 17,679 protein-ligand complex-
es—with binding affinities and 3D X-ray 
crystal structures—in the PDBbind 2019 
general set. Moreover, the DrugBank1 con-
tains about 1,600 drugs approved by the 
U.S. Food and Drug Administration (FDA) 
and nearly 6,000 experimental drugs. The 
aforementioned data provides a sound foun-
dation for an SBDR machine learning model 
for SARS-CoV-2 main protease inhibition.

After selecting an appropriate target for 
COVID-19 drug repositioning, the next 
challenge involves accurately screening 
existing drugs from the DrugBank. Over the 
last several decades, researchers have devel-
oped a wide variety of methods for virtual 
screening. It turns out that mathematics-
based artificial intelligence (AI) approaches 
were top winners in recent years in the D3R 
Grand Challenge,2 a worldwide competi-
tion series in computer-aided drug design 
that is funded by  the National Institutes of 
Health [11, 13]. Essentially, although deep 
learning algorithms—such as convolutional 
neural networks (CNNs)—can automati-
cally extract features from simple data (e.g., 
images), they do not work well for data with 
intricate internal structures. In the case of 
macromolecules with intrinsically complex 
structures and high ML dimensionalities, 
AI approaches must invoke descriptors or 
representations to simplify their structural 
complexity and reduce their dimensionality.

Mathematics is a natural choice for data 
presentation. For example, topology [6]—
especially persistent homology [1, 3]—
offers the so-called topological simplifica-
tion that represents complex protein-drug 
interactions in terms of low-dimensional 
topological invariants or Betti numbers. 
Such invariants can be translational, rota-
tional, and scale invariant, which is a 
requirement of ML [10]. Differential geom-
etry, particularly differentiable manifold, 
provides a sophisticated abstraction of 
high-dimensional data [10]. The interplay 
among differential geometry, differential 
topology, and algebraic topology yields a 

1   https://www.drugbank.ca/
2  https://drugdesigndata.org/about/grand-

challenge

Figure 1. Flow chart of the mathematics and artificial intelligence (AI)-based COVID-19 drug 
repositioning. Figure courtesy of [12].


